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Development/Plasticity/Repair

Simultaneous Requirements for HesI in Retinal
Neurogenesis and Optic Cup-Stalk Boundary Maintenance

Bernadett Bosze,' Myung-Soon Moon,' Ryoichiro Kageyama,>* and ““Nadean L. Brown'
'Department of Cell Biology and Human Anatomy, University of California Davis, Davis, California 95616, 2Institute for Frontier Life and Medical Sciences,
Kyoto University, Kyoto 606-8507 Japan, and *Institute for Integrated Cell-Material Sciences, Kyoto University, Kyoto 606-8501, Japan

The bHLH transcription factor Hes! is a key downstream effector for the Notch signaling pathway. During embryogenesis neural pro-
genitors express low levels of Hesl in an oscillating pattern, whereas glial brain boundary regions (e.g., isthmus) have high, sustained
Hesl1 levels that suppress neuronal fates. Here, we show that in the embryonic mouse retina, the optic nerve head and stalk express high
Hes1, with the ONH constituting a boundary between the neural retina and glial cells that ultimately line the optic stalk. Using two Cre
drivers with distinct spatiotemporal expression we conditionally inactivated HesI, to delineate the requirements for this transcriptional
repressor during retinal neurogenesis versus patterning of the optic cup and stalk. Throughout retinal neurogenesis, Hes! maintains
proliferation and blocks retinal ganglion cell formation, but surprisingly we found it also promotes cone photoreceptor genesis. In the
postnatal eye, HesI inactivation with Rax-Cre resulted in increased bipolar neurons and a mispositioning of Miiller glia. Our results
indicate that Notch pathway regulation of cone genesis is more complex than previously assumed, and reveal a novel role for HesI in

maintaining the optic cup-stalk boundary.
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ignificance Statement

axons.

The bHLH repressor Hes1 regulates the timing of neurogenesis, rate of progenitor cell division, gliogenesis, and maintains tissue
compartment boundaries. This study expands current eye development models by showing Notch-independent roles for Hes1 in
the developing optic nerve head (ONH). Defects in ONH formation result in optic nerve coloboma; our work now inserts Hes1 into
the genetic hierarchy regulating optic fissure closure. Given that Hes1 acts analogously in the ONH as the brain isthmus, it prompts
future investigation of the ONH as a signaling factor center, or local organizer. Embryonic development of the ONH region has been
poorly studied, which is surprising given it is where the pan-ocular disease glaucoma is widely believed to inflict damage on RGC

~
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Introduction

The mammalian retina contains six neuronal and one glial cell
class. They are generated in a conserved, overlapping birth order,
with retinal ganglion cells (RGCs), amacrines, horizontals and
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cone photoreceptors specified first, while rods, bipolars and Miil-
ler glia generated mostly after birth. This diversity arises from a
pool of multipotent progenitor cells (RPCs) with dynamic tran-
scriptional profiles, during retinal development (Livesey and
Cepko, 2001; Clark et al., 2019). The interplay among signaling
pathways and transcription factor hierarchies produces a lami-
nated retina that receives, interprets and relays visual input to the
brain.

The Notch signaling pathway is highly conserved, and regu-
lates both the timing of neurogenesis and progenitor cell popu-
lation dynamics during mouse retinal development. At the
molecular level, Notch ligand-receptor binding induces sequen-
tial proteolytic cleavages of the receptor, releasing the intracellu-
lar domain (N-ICD), which forms a nuclear protein complex
with Rbpj, MAML, p300 and other proteins. This complex tran-
scriptionally activates downstream genes, with HesI a frequent
target (for review, see Kovall et al., 2017). Numerous studies
demonstrated that too little or too much Notch signaling pro-
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Table 1. Authentication of primary antibodies used in this study

Bosze et al. ® Hes7 in the Embryonic Mouse Eye

Antigen Source Host (atalog no. (clone)  Dilutionused  Application  Authentication ~ Antibody ID References (PMID)
Atoh7 Novus Rabbit NBP1-88639 1:500 IF 1,2,3,4 AB_11034390 29225067
Lot R12065
Blimp1/Prdm1 Santa Cruz Rat SC-47732 (6D3) 1:100 IF 1,3 AB_628168 30184502
30463012
30850343
A3 EMD Millipore Rabbit AB15282 1:1000 IF 1,3 AB_11210270 26453550
Cone arrestin 25798616
24651551
cleaved PARP (Rodent-specific)  Cell Signaling Rabbit 94885 1:500 IF 1,3 AB_2800237 this paper
RFP-Biotin Abcam Rabbit AB34771 1:1000 IF 1,3 AB_777699 26587807
28641110
28817801
GFP Aves Chicken GFP-1020 1:3000 IF 1,3 AB_10000240  >>100 in registry
Glutamine Synthetase EMD Millipore Mouse MAB302 (GS-6) 1:1000 IF 1,3 AB_309678 26283925
26527153
25907681
Hes1 Cell Signaling Rabbit 11988 D6P2U 1:500 IF 1,2,3,4 AB_2728766 29681454
30059908
Hes1 Brown lab Rabbit N/A 1:500 IF 2,3,4 30059908
28675662
25100656
19828801
16038893
Mitf Thermo Fisher Mouse (IgG;, ~ MS-771-P1(C5) 1:100 IF 1,3 AB_141542 this paper
Otx2-Biotin R&D Systems Goat BAF1979 1:1000 IF 1,3 AB_2157171 28089909
30048641
Pou4f/Brn3 * Santa Cruz Goat SC6026 1:50 IF 1,3 AB_673441 18626943
21246546
21452196
+12 more
Pax2 BioLegend Covance  Rabbit 901001 1:1000 IF 1,23 AB_2565001 20437530
PRB-276P AB_291611 20737600
22473852
30659795
Pax6 BioLegend Covance Rabbit 901301 1:1000 IF 1,2,3,4 AB_2565003 28132835
PRB-278P AB_291612 +24more
Pax6 Santa Cruz Mouse (IgG,)  SC-32766 (AD2.38)  1:50 IF 1,23 AB_628107 =40 in Registry
Rax TaKaRa Rabbit M228 1:1000 IF 3 29117559
this paper
S0x9 Millipore Rabbit AB5535 1:500 IF 1,3 AB2239761 18626943
+ 33 others
Thrh2 Douglas Forrest, NIH  Rabbit N/A 1:3000 IF 2,3 19282790
Tubb3 BioLegend Rabbit 802001 1:1000 IF 1,3 AB_2564645 29247817
Covance PRB-435P AB_291637 16874803
+others
Tubb3 BioLegend Mouse MMS-435-P 1:50 IF 1,3 AB_2313773 16680766
16786555
+160 more
Vsx2/Chx10 Exalpha Sheep X1180P 1:500 IF 1,3 AB_2314191 19827163
N-terminus 27565351

Authentication methods used were as follows: 1, Antibody identification at http://antibodyregistry.org; 2, Genetic validation; 3, Comparison with known published patterns in the literature; and 4, Colabeling of tagged protein with

endogenous protein.
*Discontinued.
IF, Immunofluorescence.

foundly disrupts retinal development. For example, mouse
Notchl or Rbpj conditionally mutant eyes prematurely produce
RGCs and cones, progressively lose RPCs, and display retinal
rosettes composed of excess photoreceptors (Jadhav et al.,
2006a,b; Yaron et al., 2006; Riesenberg et al., 2009; Zheng et al.,
2009; Riesenberg and Brown, 2016).

Vertebrate HES/Hes genes are orthologues of Drosophila hairy
and the Enhancer of Split complex, and encode basic helix-
loop-helix (bHLH) transcriptional repressors (for review, see
Kageyama et al., 2008; Harima et al., 2014). HesI is arguably the

best understood, due to its involvement in a wide array of devel-
opmental processes, and association of human HESI mutations
with cancer (for review, see Liu et al., 2015; Dhanesh et al., 2016).
During eye development, all cells initially express HesI, regardless
of origin from the neural ectoderm (optic cup, stalk and RPE),
surface ectoderm (lens, cornea) or surrounding mesenchyme
(muscles and embryonic vasculature). During embryonic growth,
Hesl mRNA and protein oscillate, controlled cyclically by Hes1
autorepression (Hirata et al., 2002; Jensen et al., 2003), to main-
tain CNS progenitor proliferation. Hes! is downregulated at cell
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Table 2. Secondary antibodies used in this study

Dilution
Antibody Source Host (Catalogno.  used
Anti-chicken IgY Thermo Fisher Goat A-11039 1:1000
Alexa Fluor 488
Anti-sheep IgG Jackson Donkey 713-585-147  1:500
Alexa Fluor 594 ImmunoResearch
Anti-goat lgG Thermo Fisher Donkey A11058 1:500
Alexa Fluor 594
Anti-rabbit IgG Thermo Fisher Goat A11037 1:500
Alexa Fluor 594
Anti-mouse IgG (H + L) ~ Thermo Fisher Goat A21236 1:200
Alexa Fluor 647
Anti-mouse lgG, Thermo Fisher Goat A212540 1:200
Alexa Fluor 647
Anti-rat IgG Jackson Donkey 712-586-153  1:500
Alexa Fluor 594 ImmunoResearch
Streptavidin Jackson Not applicable  $32356 1:1000
AlexaFluor 594 ImmunoResearch
DAPI'1 mg/ml Sigma-Aldrich Not applicable 1:500

Rax-Cre; Ai9 Chx10-Cre; Ai9 Hes1 Tubb3 DAPI

Figure 1.

F;500 wm in Cand D.

cycle exit and differentiation. Importantly, HesI also exhibits
high, sustained expression in domains that are physical bound-
aries between CNS progenitor cell compartments (for review, see
Kageyama et al., 2007; Imayoshi et al.,, 2013; Imayoshi and
Kageyama, 2014). One region is the brain isthmus, where cells
expressing high Hes1 proliferate at a slower rate, and differentiate
into glia (Baek et al., 2006). In the embryonic eye, at the juncture
of the optic cup and optic stalk, is a ring of cells termed the optic
nerve head (ONH), which is a boundary between neural retina
and optic stalk glia (Tao and Zhang, 2014). We found that ONH
cells express Hesl at high, sustained levels, whereas adjacent

Hes1 protein and Cre driver spatiotemporal expression domains. A, Anti-Hes1 labeling delineates low, nonuniform
retinal and high, sustained ONH Hes1 expression. B, Hes1 and Tubb3 colabeling clearly shows high Hes1in ONH and 0S cell nuclei,
adjacent to RGCaxons of the opticnerve. , D, G, H, Lateral view of live mouse embryos showing Cre-activated Ai9 reporter activity.
Rax-Cre is expressed earlier than Chx10-Cre (C, G, arrows). Both drivers express robustly in E11.5 optic cup (arrows in D, H), with
Rax-Cre also seen in the developing forebrain. E, F, 1, J, E13.5 horizontal sections containing the ONH labeled with anti-DsRed to
better show spatial differencesin the two Cre transgenes. Chx10-Cre mediated activity is restricted to the neural retina, but the long
half-life of tdTomato expression also lineage traces nascent RGC axons (E). Antibody colabeling for Cre-GFP fusion and Pax2
proteins show absent Chx10-Cre expression in the OS or ONH (arrows in F—F'"). I, Rax-Cre activity in the neural retina, RPE, ONH,
0S and lineage-traced RGCs axons. J, Comparison of tdTomato (anti-DsRed) and Pax2 highlights Rax-Cre activity within ONH cells.
L, lens; NR, neural retina; ONH, optic nerve head; 0S, optic stalk; RPE, retinal pigmented epithelium Scale bars: 50 umin 4, B, E, and
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RPCs exhibit the “salt and pepper” pattern characteristic of oscil-
latory behavior.

Previous explorations of Hes! used a germline mutant mouse,
ex vivo retinal culture and viral misexpression (Tomita et al.,
1996; Furukawa et al., 2000; Takatsuka et al., 2004; Lee et al.,
2005). These studies highlighted Notch-dependent Hes! activi-
ties, including regulating the ratio of proliferating to differentiat-
ing RGCs, the embryonic apical outer limiting membrane and
retinal lamination. Without HesI, apical N-Cadherin in RPCs is
discontinuous, and RGCs occupy the subretinal space, leading to
cellular rosettes, a manifestation of abnormal lamination (Takat-
suka et al., 2004). Hes] is not solely regulated by the Notch path-
way, since it also depends on Hedgehog (Hh) signaling (Solecki et
al., 2001; Wall et al., 2009). It remains unknown how HesI has
two simultaneous expression modes, and how it responds to par-
ticular signaling inputs. To unravel these questions, we removed
Hesl during retinal development, using two Cre transgenic mouse
lines, Chx10-Cre and Rax-Cre, and compared these mutant phenotypes
across eye development. The Chx10-Cre driver deletes genes
from E10.5 exclusively within RPCs. Al-
though this driver has mosaic activity, it is
relatively low before E13.5. Rax-Cre initi-
ates recombination at least one day ear-
lier, without mosaicism, and acts in the
ventral thalamus/hypothalamus, optic
vesicle, cup and stalk, RPE, ONH and
RPCs. (Klimova et al., 2013; Klimova and
Kozmik, 2014; Pak et al., 2014).

The onset of neurogenic phenotypes
in both conditional mutants phenocopy
each other, and germline mutants (To-
mita et al., 1996; Takatsuka et al., 2004;
Lee et al., 2005). We discovered that both
conditional mutants produce significantly
fewer cone photoreceptors that persists
into adulthood. This is in stark contrast to
an overproduction of cones in Notchl,
Rbpj, DIl4 or DII;DIl4 retinal mutants,
suggesting Hesl does not directly repress
cone-specific gene expression, but acts in
amore complex manner. Both adult HesI
Cre mutants have excess bipolar neurons;
but only Rax-Cre;Hes! mutants have ab-
normally positioned Miller glial cells.
Only Rax-Cre mutants revealed a novel
role for Hesl in maintaining the optic
cup-stalk boundary, where Pax6+ neural
retina expanded at the expense of Pax2+
optic stalk, resulting in a failure to close
the optic fissure. Our data significantly ex-
tend the known roles for HesI during ver-
tebrate eye development, and implicate
human HESI mutations as candidates for optic nerve coloboma.

Materials and Methods

Animals. Mouse strains used in this study were a HesI “¥© allele
(Hes1 ™' %) maintained on both CD-1 and C57BL/6] backgrounds
(Imayoshi et al., 2008); Hes1 /" (Hes1"™'"8") or Hes1 *°'*;Atoh7 ¢
Grp/+ mice (Ishibashi et al., 1995; Hutcheson et al., 2005) maintained on
a CD-1 background; Chx10-Cre BAC transgenic line [ Tg(Chx10-EGFP/
cre;-ALPP)2Clc; JAX stock number 005105] maintained on a CD-1
background (Rowan and Cepko, 2004); Ai9 Cre lineage tracer
[(Gt(ROSA)26Sor M9(CAG-tdTomato)Hze] maintained on a C57BL/6 back-
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Live

Hes 1CKO/CKO

J

Chx10-Cre
Hes 1CKO/CKO

Rax-Cre;
He S 1 CKO/CKO

Figure 2.  Hes7 conditionally mutant ocular defects. A, E, I, Lateral views of E13.5 live embryos. Chx10-Cre;Hes7 ““/*? eyes (E) are indistinguishable from control littermates (4). However

Rax-Cre;Hes 7 X%/™? ayes have fully penetrant colobomas (arrow in /). B, F, J, Anti-Hes1 labeling of E13.5 cryosections indicates the identical loss of low, nonuniform expression from the retina of
both Cre-mutants. However, Chx10-Cre;Hes 7 /%P eyes retain high, sustained Hes1 expression in the ONH (arrows in each panel). Rax-Cre;Hes7 “%/*° uniquely exhibited an abnormal elongated
shape to the retina (J). C, G, K, Gross examination of P21 eyes suggests microphthalmia in Chx10-Cre;Hes7 “%/° (G) and Rax-Cre;Hes7 ““/™*° (K) mutants. D, H, L, However, H&E-stained P21
sections at the level of the optic nerve support smaller eyes only for Rax-Cre;Hes7 ¥/, Both mutants have lamination defects and retinal rosettes (H), along with severe thinning of retinal layers
(L).D’,H’,and L' are higher magnifications of boxed areasin D, H, and L, respectively. L, lens; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bars: 50 wmin B, D,
and D" and 500 wm in A and €. n = 3 biologic replicates per age and genotype were evaluated.

ground (Madisen et al., 2010); and Rax-Cre BAC transgenic line Tg(Rax-
cre) NL44Gsat/Mmucd created by the GENSAT project, cryobanked at
MMRRC U.C. Davis (stock no. 034748-UCD) and maintained on a
CD-1 background. PCR genotyping was performed as described previ-
ously (Ishibashi et al., 1995; Rowan and Cepko, 2004; Hutcheson et al.,
2005; Imayoshi et al., 2008; Madisen et al., 2010). Conditional mutant
breeding schemes mated one Cre Tg/+ mouse to another homozygous
for the Hesl conditional allele to create Cre;HesI “X°’/" mice, used in
timed matings to HesI ““%/“X© mice, The date of a vaginal plug was
assigned the age of E0.5. All mice were housed and cared for in accor-
dance with guidelines provided by the National Institutes of Health,
Bethesda, MD, and the Association for Research in Vision and Ophthal-
mology, and conducted with approval and oversight from the U.C. Davis
Institutional Animal Care and Use Committees.

Histology and immunohistochemistry. For histology, PO and P21 eyes
were dissected and fixed in 4% paraformaldehyde overnight at 4°C and
underwent standard processing for paraffin-embedding, then 4 um sec-
tions were generated and H&E stained. For immunohistochemistry, em-
bryonic tissue was fixed in 4% paraformaldehyde/PBS for 1 h on ice,
processed by stepwise sucrose/PBS incubation ranging from 5 to 15%,
and embedded in Tissue-Tek OCT, then 10 wm frozen sections were
generated and antibody labeled as in (Mastick and Andrews, 2001). De-
tails about the primary and secondary antibodies used are provided in
Tables 1 and 2. Nuclei were counterstained with DAPI.

EdU incorporation. EAU pulse labeling was performed by injecting
EdU in pregnant dams carrying E13.5 litters (12 ug/g body weight of 1
mg/ml EdU in 0.15 M NaCl) and harvesting embryos after 1.5 h. EAU was
detected using Click-iT EdU Cell Proliferation Kit for Imaging (Thermo
Fisher Scientific, catalog #C10339).

Microscopy and statistical analysis. Digital TIF images of living embryos
with tdTomato expression were captured on a Leica MZ12 dissecting
microscope, equipped with a UV light source, Spot B&W and color cam-
eras and Spot software (v5.2). TIF images of adult mouse heads were
imaged using a Leica MZ8 dissecting microscope, DFC290 HD camera
and Leica LAS V4.2 software. Histologic sections were imaged with a
Zeiss Axio Imager M.2 microscope, color camera and Zen software

(v2.6). Antibody labeled cryosections were imaged using a Leica DM 5500
microscope, equipped with a SPEII solid state confocal and processed
using Leica LASX (v.3), Image]J software, and Adobe Photoshop (CS5)
software programs. All images were equivalently adjusted for brightness,
contrast, and pseudo-coloring. For embryonic sections, =3 individuals
were analyzed, using at least 2 sections per individual. For cell counting,
three or more animals were analyzed per genotype and age, with =2
sections per control or mutant littermate. Sections were judged to be of
equivalent depth by presence of or proximity to the optic nerve.
Marker+ cells in tissue sections were counted using the count tool in
Adobe Photoshop CS5 and statistical analyses performed using Prism
software (GraphPad v7) and Excel (v16.16.11), with p-values determined
with one-way ANOVA with Dunnett’s test.

Results

At the end of gastrulation, the eye field is specified, bisected lat-
erally and each optic vesicle evaginates from the ventral dien-
cephalon. Multiple signaling pathways regionalize the growing
optic vesicles, delineating the neural retina (NR), retinal pigment
epithelium (RPE) and optic stalk (OS). This process also pro-
duces a unique cuff of cells, called the optic nerve head (ONH),
which serves as a physical and molecular boundary between the
neural retina and glial optic stalk (for review, see Tao and Zhang,
2014). Retinal progenitor cells (RPCs) exhibit nonuniform HesI
expression, consistent with its established role in promoting
growth and suppressing neurogenesis. Using a validated antibody
(Lee et al., 2005), we found that beginning around E12.5, ONH
cells express high levels of Hesl protein, compared with the ad-
jacent retina, RPE and lens epithelial domains. These expression
differences are easily seen at E13.5 and E16.5 (Fig. 1 A, B). In cross
section, the ONH is triangular, defined morphologically by the
opening that allows RGC axons to exit into the optic stalk lumen,
but molecularly where it is contiguous with the NR (Fig. 1B). The
high Hes1 domain corresponds to that of Pax2, previously shown
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to be essential for ONH and OS development (see Figs. 1A, F,
3A,D) (Torres et al., 1996; Otteson et al., 1998; Schwarz et al.,
2000).

Chx10-Cre and Rax-Cre driver activities overlap in RPCs but
not in the ONH

To tease apart Hesl functions in the developing retina versus
ONH/optic stalk, we used two conditional deletion strategies.
First, a Chx10-Cre BAC transgenic driver was used for consis-
tency with previous retinal analyses of Notch1 and Rbpj (Jadhav et
al., 2006a,b; Riesenberget al., 2009). Because Chx10/Vsx2 expres-
sion is quickly confined to RPCs once the optic cup forms, we also
searched for another Cre transgenic line that would remove Hesl
at earlier stages, and within the forming ONH/OS. The Rax/Rx
transcription factor is one of the earliest genes to demarcate the
eye field (Furukawa et al., 1997; Mathers et al., 1997). Previously
the GENSAT/MMRRC project created a Rax-Cre BAC transgenic
mouse by recombineering a Cre expression cassette into the iden-
tical BAC clone used by Sasai and colleagues for a widely used
Rax-GFP transgenic mouse cell line (Wataya et al., 2008). So, we
acquired this MMRRC Rax-Cre line, and compared its activity to
Chx10-Cre (Fig. 1). Although an ONH-specific Cre driver would
be ideal for our experiments, an exhaustive search identified only
one possible tool, a BAC transgenic Pax2-Cre mouse containing
120kb of the mouse Pax2 locus (Ohyama and Groves, 2004) that
unfortunately lacks embryonic eye enhancer(s).

First, we compared the spatiotemporal expression of a
Cre-induced tdTomato reporter (Ai9-Rosa26-CAG-loxP-STOP-
loxP-tdTomato) in timed matings with each Cre driver (Fig. 1C—
J). For Chx10-Cre, we did not detect any tdTomato expression in
the E9.5 optic vesicles (Fig. 1C, arrow), but readily saw expression
from E10.5 onwards (Fig. 1D, arrow), in agreement with previous
studies (Rowan and Cepko, 2004). At E13.5, anti-DsRed labeling
of horizontal sections highlighted tdTomato expression within
the NR, and lineage-traced nascent RGC axons within the OS
(Fig. 1E,F). To confirm retinal-specificity, we colabeled E13.5
Chx10-Cre cryosections with anti-GFP and anti-Pax2, further
demonstrating that the Cre-GFP fusion protein is almost entirely
absent from Pax2+ ONH and OS cells (Fig. 1F-F'"").

By contrast, Rax-Cre;Ai9 embryos have tdTomato expression
in the E9.5 optic vesicle and developing forebrain (Fig. 1G) thatis
highly visible at E11.5 (Fig. 1H, arrow). The reporter expression
within the telencephalon and diencephalon (data not shown),
reflects endogenous Rax expression domains (Furukawa et al.,
1997; Mathers et al., 1997; Asbreuk et al., 2002). At E13.5 anti-
DsRed labeling demonstrated the expected NR, RPE, ONH and
OS domains, since these tissues derive from the optic vesicle (Fig.
11).In E13.5 DsRed/Pax2 colabeled sections all Pax2+ ONH cells
are present in the Rax-Cre lineage (Fig. 1J-J'"). Where Chx10-
Cre and Rax-Cre activities overlap in the NR, nonuniform Hes]
activity will be removed from RPCs, thereby inducing neurogenic
phenotypes akin to those previously described for the Notch
pathway (Jadhav et al., 2006a,b; Riesenberg et al., 2009). How-
ever, Rax-Cre is predicted to also remove high, sustained Hesl
expression, allowing us to test the requirements for Hes! in the
ONH and/or OS.

Hes1 conditional mutants have retinal lamination defects and
persistent coloboma

We, and others, previously showed that Hes! germline mutant
embryos are microphthalmic and die before birth, from multiple organ
system defects (Tomita et al., 1996; Lee et al., 2005; Kameda et al., 2011).
To demonstrate that these conditional mutants are adult viable,
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Chx10-Cre;
Hes 1CKO/CKO

Rax-Cre;

Hes 1CKO/CKO Hes 1CKO/CKO
N

Pax2 Pax6

Rax Mitf

Hes1**;
Atoh7¢PTg

Hes1”;
Atoh7¢ Tg

Figure 3. Specific alteration of the optic cup—stalk boundary in Rax-Cre;Hes7 “%/© and
Hes1 ™~/ embryos. Immunolabeling of E11.5 and E13.5 horizontal sections containing retina,
ONH and optic stalk. A-F, Pax6-Pax2 colabeling. These transcription factors are initially coex-
pressed, but by E13.5, abut each another in nonoverlapping domains, thereby highlighting the
NR/OC-ONH boundary (arrow in D). Although the abutting expression domains arise in both
Chx10-Cre;Hes1 %/ (B, F) and Rax-Cre;Hes 1 “O/® (. F) eyes, the position of the boundary
is more proximal and highlights an expansion of the retinal territory (F). This defect is pheno-
copied in Hes7 germline mutants (N, P). G-L, Rax-Mitf colabeling for the retinal-RPE boundary
in nearby sections. In both conditional mutants, these tissues are essentially normal, although
Rax-Cre;Hes1 X%/%0 eyes always displayed complete suppression of Mitf in the E11.5 ONH/0S
(arrows in G—/and insets of Mitf expression). At E13.5, proximal expansion of RPE matched that
of the neural retina. M, 0, Normal Pax6, Pax2 (arrow in 0) and Atoh7-GFP transgene expression
domains. N, P, In HesT germline mutants, inappropriate proximal expansion of Pax6+ optic
cup cells, accompanied by a proximal shift of the Pax2 ONH domain, which is also misshapen
(arrow in P). Atoh7-GFP expression highlights a previously described RGC neurogenic pheno-
type.L, lens. Scale barsin A, M, 0,50 pum. n > 3 biologic replicates per age and genotype were
analyzed.
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we bred mice homozygous for the Hesl
floxed allele (Hesl “¥9’“K°) to Chx10-
Cre;Hes1 “€°'* or Rax-Cre;Hes1 “<°'* mice
(Fig. 2). Conditionally mutant adults were
produced at an expected 25% Mendelian ra-
tio, with completely penetrant ocular defor-
mities (Fig. 2) (n = 7 mutants Chx10-Cre; 3
mutants Rax-Cre). Throughout this study,
controls are Hesl /KO littermates, and
Cre; Hesl heterozygotes (Hes1 “°'") dis-
played no obvious phenotypes.

Then, we analyzed the morphology of
control and mutant eyes during embryo-
genesis (Fig. 2A,EI). E13.5 Chx10-Cre;
Hes] “K9/CKC eves showed no apparent
differences compared with control retinas
(Fig. 2E). However, E13.5 Rax-Cre;
Hes] CKC/CKO eyes exhibited coloboma, a
failure of optic fissure closure (Fig. 2I,
arrow). The optic fissure is a transient
structure that normally closes by E12.5.
However, at all ages examined, Rax-Cre;
Hes1 %9/ animals had incomplete fis-
sure closure (100%, n > 22), thus we
conclude this defect is not simply a
developmental delay. Next, we con-
firmed the loss of Hesl nuclear protein
by immunohistochemistry (Fig. 2 B,F,J).
In Chx10-Cre;Hesl “¥9/CKO retinas, low,
nonuniform expression in RPCs was ab-
sent, although high, sustained expression
persisted in the adjacent ONH and OS
(Fig. 2F, arrow). In Rax-Cre;Hes CRO/CKRO
retinas nearly all expression domains were
missing (Fig. 2]), and the optic cup had a
fully penetrant, elongated shape.

Next we surveyed the adult eyes from
Hesl conditional mutants. Both Cre
mutants grossly appear to have bilateral
microphthalmia (Fig. 2G,K), however
smaller eye size was only evident in P21
Rax-Cre;Hes]1 “K9/CXO  gcular sections
(Fig. 2L). Both Chx10-Cre; Hesl CRO/
cxo and Rax-Cre;Hesl “¥9/“K© retinas
had lamination defects that included
retinal rosettes (Fig. 2D,D',H,H’,L,L").
Our data corroborate previous descrip-
tions of Hes1 germline mutants, and allow

<«

the outer retina and/or have aberrant trajectories (arrows in E
and F). G-I, Precocious Atoh7 expression at E11 (arrows in H,
1), also phenocopies Hes 7 germline mutants (Takatsuka et al.,
2004; Lee et al., 2005). J-L, P, E13.5 sections containing the
ON from embryos pulse-labeled with EdU 90 min before dis-
section. M—0, Q, Anti-cPARP labeling of nearby sections to
assess apoptosis. P, Statistically significant loss of EdU * RPCs
in both mutants. @, cPARP * cells (arrows in N, 0) were in-
creased, with statistical significance for Rax-Cre;Hes7 /0
eyes. Both graphs display individual data points, the mean and

Figure 4.  Hes7 conditional mutants have expected neurogenic and RPC pool depletion phenotypes. A—F, TUBB3 labeling of ~ SEM; n.s., notsignificant; *p << 0.05;**p << 0.01.L, lens. Scale

nascent retinal neurons at E11.5 and E13.5. Premature neurogenesisisin progress at E11,and by E13.5, there is a dramaticincrease
of Tubb3+ cellsin both Chx10-Cre;Hes 7 %’ and Rax-Cre;Hes 7 X%/0 eyes. Some ectopic neurons are improperly positioned in

barsin Aand M, 50 wm. n = 3 biologic replicates (2 or more
sections/replicate) per age and genotype were quantified.
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Figure 5.

Rax-Cre;
Hes 1CKO/CKO

RGC patterning defects in Hes retinal mutants. A—C, Colabeling for Tubh3 and Mitf highlights patches of abnormal
neuronal processes inappropriately on the apical side of the retina (inset boxes). D—F, Pou4f nuclear expression in differentiated
RGCs better highlights RGC cell body mispatterning in the patches (arrows in E, ). Previous examination of Hes7 germline mutants
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mains can separate without Hesl, we con-
clude that its role is to maintain the ONH
boundary.

Next, we investigated whether loss of
Hesl also affected NR and RPE separa-
tion, particularly at the ciliary margin, by
colabeling with specific antibodies for Rax
(NR) and Mitf (RPE). At both ages, con-
trol and Chx10-Cre;Hesl “¥°/“K° optic
cups had indistinguishable expression of
these markers (Fig. 3G, H,J,K). Although
at E11.5 Mitf is normally present in both
the RPE and OS, later it becomes re-
stricted to the RPE (Fig. 3G,H, arrows and
insets). In contrast, we never saw Mitf
expression within the E11.5 Rax-Cre;
Hes] CKO/€KO g (Fig. 31, inset), suggesting
these cells may be changing their fate to retinal.
At E13.5, Rax-Cre;Hes] CKO/CKO eyes dis-
played an inappropriate expansion of Rax
and Mitfinto the OS (cf. Fig. 3L and J,K),
as shown for Pax6 (Fig. 3F). We conclude
that the NR, RPE and ciliary margin ter-
ritory formation is unaffected in both
conditional mutants. But, in Rax-Cre;
Hes] ©X9/CKO eyes, lacking both low,
nonuniform and high, sustained Hes1 ex-
pression, a profound requirement for
Hes1 in ONH cells to sustain this bound-
ary was revealed.

showed an early loss of the OLM, a boundary that also confers apical-basal positional information to RPCs (Takatsuka et al., 2004).

G-I, PO H&E sections with retinal rosettes and breaks in the outer retina (arrows in H, ). L, lens. Scale bars: A and D, 50 pm with
insets 400X magnified; G, 500 .Lm. n = 3 biologic replicates per age and genotype analyzed.

us examination of HesI functions at every stage of retinogenesis.
Importantly, Rax-Cre;HesI “¥%/“*© phenotypes most closely
matched those of Hesl germline mutants, and uncovered two
significant defects: persistent coloboma and early changes in op-
tic cup shape.

Hes1 maintenance of the optic cup—stalk boundary

The cells situated between the optic cup and stalk, represent a
neural-glial cell tissue boundary that is defined molecularly by
the mutually suppressive activities of Pax2 and Pax6 (Schwarz et
al., 2000). Although these factors are initially coexpressed in the
E9.5 optic vesicle, they are simultaneously downregulated in adja-
cent tissues: Pax2 in optic cup, and Pax6 in the OS. This establishes a
boundary via mutually exclusive expression domains. The clearest
demonstration that the ONH is a boundary came from Pax2 germ-
line mutants, in which Pax6 NR expression expands proximally,
along the optic stalk (Torres et al., 1996; Schwarz et al., 2000). At
E11.5, we saw that the Pax6 and Pax2 domains were actively separat-
ing, but were still coexpressed in the forming ONH (Fig. 3A, arrows).
E11.5 Chx10-Cre;Hesl “¥9/“C and Rax-Cre;Hes] CK©/CKO optic
cups showed essentially normal Pax6 and Pax2 domains, although
the area of coexpression appeared broader in some Rax-Cre mutants
(Fig. 3B,C, arrows). At E13.5, in both wild-type and Chx10-Cre;
Hes1 “¥9/KO optic cups there was complete separation of Pax6 NR
and Pax2 ONH/OS domains (Fig. 3D,E). However, in Rax-Cre;
Hes1 “¥9'KO eyes the Pax6 NR domain was clearly expanded, but
the Pax2+ ONH cells were also misplaced proximally (Fig. 3F, ar-
row). This defect is identical to HesI germline mutants (Fig. 3M-P),
where all Hesl expression is lacking. Because Pax6 and Pax2 do-

Hesl in embryonic retinal

progenitor cells

Multiple analyses of HesI germline mu-
tants describe precocious and rapid neurogenesis of Tubb3+
neurons that impact the remaining progenitor cell pool (Ishi-
bashi et al., 1995; Nakamura et al., 2000; Ohtsuka et al., 2001;
Takatsuka et al., 2004). These mutants also display patchy defor-
mity to the outer limiting membrane, and contain excess retinal
neurons in the subretinal space (Takatsuka et al., 2004). Although
the excess Tubb3+ neurons are highly likely to be RGCs, this was
not formally shown. First, we labeled E11.5 and E13.5 control,
Chx10-Cre;Hes1 ““¥/“*© and Rax-Cre;HesI “€%/“X° sections
with Tubb3 to verify that both conditional mutants contained
ectopic Tubb3+ optic cup cells (Fig. 4A—F, arrows). At the older
age, ectopic Tubb3 expression was quite expanded apically,
which was more prominent in Rax-Cre;Hes1 ““°/“XO eyes. Some
ectopic Tubb3+ neurons and their processes could be seen in the
subretinal space (Fig. 4 E, F, and see Fig. 5, arrows). The proneural
bHLH factor Atoh7 normally initiates expression in the E11.5
central optic cup (Brown et al., 1998) (Miesfeld et al., 2018).
Previously we reported precocious Atoh7 mRNA expression at
E9.5, but without an increase in expression levels in HesI germ-
line mutants (Lee et al., 2005). In the central optic cup of both
conditional mutants, we observed ectopic Atoh7+ cells (Fig.
4H,I, arrows), whereas control littermates had not yet initiated
expression (Fig. 4G).

Hesl has well described functions in influencing cell cycle
dynamics (Uriu, 2016). All HesI mutants contain excess neurons,
which negatively feedbacks on growth. Therefore, we quantified
the pool of proliferating RPCs by EAU pulse-labeling timed preg-
nant mice. We observed significant reduction in the number of
EdU+ RPCs in both Chx10-Cre;Hesl “¥9/°K© and Rax-Cre;
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Figure 6.  Loss of HesT results in failed cone photoreceptor formation. A—C, J, RPCs competent to develop into photoreceptor or bipolar neurons express the 0tx2 homeobox protein, as well as
early-stage E9 —E13 RPE cells (Nishida etal., 2003; Fossat etal., 2007). The percentage of Otx2 + retinal cells was quantified (J), using total DAPI+ nuclei to normalize for the elongated retinal shape
of Hes1 mutants (arrows in B, C). D—F, K, Anti-Thrb2 labeling (a cone-specific factor) of E16.5 sections also showed a statistically significant loss of cones in the (Figure legend continues.)
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Hes “XO/°KO retinas compared with control littermates (Fig. 4/—

L,P). To determine which defects contribute to microphthalmia
in Hesl mutants, we also quantified apoptotic cells at E16.5 by
labeling with anti-cPARP (Fig. 4M-0,Q). There was an increase
in the number of cPARP+ cells in both Chx10-Cre;Hes1 ©X©/¢k©
and Rax-Cre;Hes1 ©X/CKO retinas, compared with controls (Fig.
4Q). Overall we conclude that both conditional mutants recapit-
ulate HesI germline mutant phenotypes regarding loss of prolif-
erating RPCs and excess neurogenesis. However, unlike the
previous studies, here, we observed a significant increase in apo-
ptosis, consistent with conditional deletion of Notchl, Rbpj and
DIl4 (Yaron et al., 2006; Riesenberg et al., 2009; Zheng et al., 2009;
Luo et al., 2012).

To explore the abnormal retinal neuron patterning in HesI
conditional mutants further, we labeled E16.5 sections with
Tubb3, and Mitf, or the nuclear RGC marker Pou4f (Fig. 5). At
E16.5, there were many Tubb3+ neurons inappropriately posi-
tioned apically, or in the subretinal space, between the retina and
RPE cells expressing Mitf (Fig. 5A—C, inset boxes). This pheno-
type was patchy, with no particular directionality in the nasal-
temporal, proximal-distal or dorsal-ventral dimensions. We
attribute a missing outer limiting membrane (OLM) previously
reported in E14-E16 HesI germline mutants, for allowing access
to the subretinal space (Takatsuka et al., 2004). To definitively
identify the ectopic neurons as RGCs, we labeled E16.5 sections
with a pan-Pou4f antibody and saw groups of RGC nuclei mis-
positioned apically (arrow in 5E,F), and in the subretinal space, in
both conditional mutants. At PO, H&E staining highlighted the
persistence of outer retinal “gaps” (arrows in Fig. 5H,I). Further
analysis at this age was challenging, since lamination defects be-
came difficult to assign as a missing OLM versus formation of a
retinal rosette.

Loss of HesI causes a reduction in cone

photoreceptor genesis

Previous work has consistently shown that blocking Notch sig-
naling increases both RGC and cone photoreceptor differentia-
tion (Jadhav et al., 2006b; Yaron et al., 2006; Riesenberg et al.,
2009). However, E13.5 Hesl germline mutant retinas contained
fewer Crx+ cells (Riesenberg et al., 2009). To address this para-
dox, we quantified developing cone photoreceptors at three ages:
E13.5, E16.5, and P21. First, the Otx2 transcription factor is one
of the earliest markers for RPC commitment as a tripotential cell
(cone, rod or bipolar) (Nishida et al., 2003; Fossat et al., 2007).
Although Otx2 is also present in adjacent RPE cells, they are easily
identifiable by tissue position and shape. So, we quantified Otx2+
optic cup cells in control, Chx10-Cre;HesI “<°/“X© and Rax-Cre;
Hes1 XO/KO eyes (Fig. 6A—C,J). We found a significant reduc-
tion in the percentage of Otx2+ cells in both conditional mutants
(Fig. 6]). To specifically examine cone genesis however, we quan-
tified Thrb2+ cells at E16.5, which is the peak of cone neurogen-
esis (Fig. 6D-F,K). Here, too, we observed a significant
reduction in Thrb2 * cones in both Chx10-Cre;Hes1 “€°/“*© and
Rax-Cre;HesI /K€ retinas (Fig. 6K ). To address the possibil-
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(Figure legend continued.)  absence of HesT (K). G-I, L, Anti-Arr3 (cone Arrestin) labeling of
P21 further highlighted this reduction of cones (L), plus shorter outer segments in the disorga-
nized Arr3+ cones for Rax-Cre; Hes T ¥%/%© eyes (1). L, lens; ONL, outer nuclear layer; INL, inner
nuclear layer; GCL, ganglion cell layer. Scale bar, 50 pm, with boxed insets at 400 X magnifi-
cation. All graphs display individual data points, mean, and SEM; *p << 0.05; **p < 0.01;
¥¥¥p < 0.001; ****p < 0.0001. n = 3 biologic replicates (2 or more sections/replicate
quantified) per age and genotype.
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ity that early loss of Hes!I only induced a developmental delay, we
also quantified Cone Arrestin+ (Carr3 ™) cells in P21 control,
Chx10-Cre;HesI “€9/“K© and Rax-Cre;Hesl “<%/°K° eyes (Fig.
6G-1,L). Both conditional mutants contained significantly fewer
Carr3+ cells, which was more dramatic in Rax-Cre;Hes ©X©/¢KO
retinas, where the Carr3+ cones had abnormal outer segments
(Fig. 61, arrow, L). We conclude that canonical Notch signaling
does not normally suppress cone photoreceptor genesis, via Hes1
transcriptional repression of cone-promoting genes.

Hesl and late-forming retinal cell types

There has been no evaluation of the requirements for HesI during
postnatal retinogenesis, using loss of function mutations. Here
we focused on potential P21 phenotypes for INL cell types namely
amacrines, bipolars and Miiller glia. Given the small size of both
conditional mutant retinas (Fig. 2) and irregular ONL architec-
ture, examination of Hes! functionality during rod neurogenesis
should use different Cre drivers that activate at older ages, with
restricted expression to those RPCs giving rise to rods and cones.
To estimate the percentage of INL amacrine neurons, we labeled
P21 sections with Pax6. However, we found no change upon
removal of HesI for either Cre driver (Fig. 7A-C,M). For bipolar
neurons, we quantified Vsx2+ nuclei (Fig. 7D-F,N), where we
found a significant increase in both Chx10-Cre;Hesl CKO/CKO 4nd
Rax-Cre;Hes1 “¥©/°K© retinas compared with controls (Fig. 7N).
This was somewhat unanticipated given that in vitro culture of
Hesl '~ retinas suggested that fewer bipolar neurons would be
produced (Tomita et al., 1996). Finally, we examined Miiller glia,
which are specialized radial glia that stretch across the retina from
apical to basal, with their nuclei in the INL. Numerous studies
have shown that loss- or gain-of function mutations in the Notch
pathway affect gliogenesis, and that HesI is weakly expressed by
this cell class (Furukawa et al., 2000; de Melo et al., 2016). We
used two different Miiller glial markers, Sox9 which is confined to
the nucleus and allows for quantification (Fig. 7G-I); and Glu-
tamine Synthetase, a membrane-localized protein that highlights
radial glial patterning in the mature retina (Fig. 7J-L"). For Sox9,
there was no statistically significant difference in glial cell num-
bers, among the three genotypes (Fig. 70). Morphologically, al-
though Sox9+ Miiller glia nuclei were aligned normally in the
INL (Fig. 7H) of Chx10-Cre;HesI ““'“*© eyes, they were ran-
domly arranged in Rax-Cre;Hesl ““/“*© eyes, including dis-
placement to the ONL (Fig. 71, arrows).

Next, we examined Miiller glial radial morphology. Normally,
the apical processes of Miiller glia MG photoreceptors form tight
junctions at the outer limiting membrane, which is integral with
retinal integrity. Given that all Hes] mutant embryos have a
patchy OLM (Takatsuka et al., 2004), we wondered how this
affected mature Miiller glial architecture. Glutamine Synthetase
expression was normal in Chx10-Cre;HesI “%%/“¥© eyes (cf. Fig.
77,J and K,K'). However, in Rax-Cre;HesI “¥%/“K© retinas Miil-
ler glia processes often did not stretch across the apical-basal
extent of the retinal layers and appeared to be sparser (Fig.
7L,L"). Overall, we conclude that HesI activity is necessary for
normal bipolar neuron and Miiller glia formation.

Discussion

The bHLH repressor HesI has diverse functions throughout ver-
tebrate development, particularly in the CNS, where it regulates
the timing of neurogenesis, the rate of progenitor cell division,
gliogenesis, and maintenance of tissue compartment boundaries.
These activities correlate with two modes of Hesl gene expres-
sion, low, nonuniform (oscillating) or high, sustained; for exam-



1510 - J. Neurosci., February 12, 2020 - 40(7):1501-1513 Bosze et al. ® Hes7 in the Embryonic Mouse Eye

Chx10-Cre; Rax-Cre;
Hes 1CKO/CKO HeS 1CKO/CKO HeS 1 CKO/CKO

Pax6 DAPI

p
giaofss
sl

Sox9 DAPI Vsx2 DAPI

GS DAPI

M N " o) ns
- 50 - 55 = 22
e n.s T iE % n.s
g e n.S. g 50 a 20 .
L] E
z A S 5 ] = S 1
Z 4, . 4 = Z
: + F 3o 5 ;
< 8 2= R :
© . o 35 2 O 1a
o > (2] 7y
R B E ] -
e 3 e & & <
& e 0@0“*" o S}\dp 9@ S dp\“ Q,Oo\dP Q‘* o
& ‘.t\Qd_o\ 6"' *§’+ 9,3 S O & (,\L s & '{}- Q..gt- IS
‘(\99 o @’9’\ Q"?‘eg o N Q}‘eg ¢ < d ‘(\09
0y

Figure7. Evaluation of adultinnerretinal cell types in Hes7 retinal mutants. A-C, M, The percentage of Pax6 + INL amacrine cells was equivalent among genotypes. D—F, N, For bipolar neurons,
Vsx2+ nuclei were quantified, although some Miiller glial cells also express this protein. The Vsx2+ cells were significantly increased in both Hes7 mutants (N). G-L’, 0, Two Miiller glial markers
were evaluated, Sox9 in the nucleus (G-/) and glutamine synthetase in the cell membrane (J-L"). Although the percentage of Sox9-+ nuclei was not (Figure legend continues.)
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ple, oscillating HesI in neuronal progenitor cells, keeps the pace
of cell division, and acts in determining the exit point for differ-
entiation (Shimojo et al., 2008). Here, we extended the known
roles of HesI during retinal development, by uncovering an un-
predicted requirement in promoting cone photoreceptor and bi-
polar neuron formation. By comparing and contrasting the
spatiotemporal phenotypes induced in two HesI conditional mu-
tants, we also show the embryonic optic nerve head is another
CNS location where high, sustained Hes1 expression maintains a
neural-glial boundary. Loss of Hes! in this domain resulted in
optic nerve coloboma, thereby inserting this gene into the genetic
hierarchy regulating optic fissure closure.

Hes1 and embryonic retinogenesis

It is generally accepted that retinal mutations in the Notch path-
way deplete the RPC pool and produce ectopic early-born cell
types, namely RGCs and cones. Indeed, we saw that Hes] retinal
mutants have a significant, early loss of cycling RPCs, and a dra-
matic increase in RGCs. However, we discovered a substantial
loss of cone photoreceptors, which sharply contrasts cone over-
production in other experimental paradigms where Notch sig-
naling is blocked (Jadhav et al., 2006b; Yaron et al., 2006;
Riesenberg et al., 2009). We believe that the Hes] mutant cone
phenotype reveals an additional level of regulation for cone gen-
esis. Although it is possible that the substantial loss of cones re-
flects a change in cell fate, to the benefit of RGCs, this seems
unlikely, given the simultaneous increase of RGCs and cones in
other Notch retinal mutants. Alternatively, developing cones
could be eliminated via apoptosis, in the absence of HesI. We do
not favor this possibility because the percentages of Otx2- and
Crx-expressing retinal cells are already abnormally low at E13.5,
when photoreceptor production is largely cones (Riesenberg et
al., 2009; this paper). Although at E16.5, we noted an increase in
apoptosis, it is much milder than the loss of Thrb2+ cones. Fi-
nally, Hes genes are normally not present in differentiated cone
photoreceptor cells, and Hes5 by itself, has no role in embryonic
retinal neurogenesis (Hojo et al., 2000). Previously, we reported
an exclusion of Hes5-GFP BAC transgenic expression in nascent
embryonic cones (Riesenberg et al., 2018). Moreover, Hes5 ex-
pression is upregulated in Hes! mutants (Hatakeyama et al.,
2004) which suggests that the removal of Hes] releases sufficient
Hes5 activity to ectopically squelch cone differentiation. To ad-
dress this possibility, future experiments will evaluate the early
retinal neurogenic phenotypes of mutants lacking multiple Hes
genes.

We observed multiple rosette-like cell clusters in both Chx10-
Cre;Hes1 “F9/“F© eyes and Rax-Cre;Hesl “%/“K© retinas. Ro-
settes are mainly composed of photoreceptors, but the exact
mechanisms underlying their formation are currently unknown.
However, it is possible that the precocious overproduction of
RGCs and their incorrect positions in the retina can impact the
arrangement of photoreceptors into rosette-like structures, or
another aspect of retinal lamination. Indeed, RGC apical to basal
migration to create the ganglion cell layer is a critical first step in
the progression of retinal lamination. It is plausible that after
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(Figure legend continued.)  significantly differentamong the three genotypes (M), in Rax-Cre;
Hes1 %O/ retinas, these cells were frequently misplaced in the ONL (arrows in /) and had
abnormal radial processes (L”). ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion
cell layer. Scale barin 4, 50 pem. Graphs display individual data points, mean, and SEM. n.s., not
significant; **p << 0.01; ***p << 0.001. n = 3 biologic replicates (2 or more sections/replicate
quantified) per age and genotype.
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their final cell division, the nascent RGC nuclei are unable to
migrate to their final position, thus become “stuck” at the apical
surface of Hes] mutant retinas. Another interrelated possibility is
that the rapid appearance of excess RGCs simply blocks the avail-
able space for RPCs to rise to the apical surface, disrupting cell-
cell signaling dynamics that include Delta—Notch binding
(Norden et al., 2009; Hiscock et al., 2018). In other regions of the
CNS, Notch signaling is essential for cortical neuron migration
(Hashimoto-Torii et al., 2008), and HesI mutants in particular
affect the movement of hypothalamic neurons (Aujla et al,
2011). Another consequence of premature RGC neurogenesis
appears to also affect the outer limiting membrane (OLM), where
extra developing RGCs put pressure on the OLM, inducing local-
ized breaks that allow Pou4f+, Tubb3+ retinal cells to spill into
the subretinal space. Subsequently, differentiating photorecep-
tors may be physically blocked from coalescing apically to initiate
the ONL, resulting in their clustering. To understand the cause
and effect of RPC, RGC and early photoreceptor cell dynamics
requires time-lapse imaging in various control and mutant
retinas.

Hes1 and postnatal retinogenesis

In addition to major changes in cone numbers, we also report a
significant increase in bipolar numbers and a trend towards re-
duced Miiller glia number. In the mouse retina, the generation of
different retinal cell types follows a temporal sequence, in which
bipolar interneurons and Miiller glia are generated last, almost
entirely during postnatal development. The earlier premature
differentiation of RGCs in HesI mutants should negatively im-
pactlater born cell types, via progressive depletion of the progen-
itor pool. However, we found a 1.5-fold overproduction of
bipolars in both Hes! retinal mutants. One explanation could be
that in HesI mutants, cells that normally develop into Miiller glia
adopt a bipolar cell fate. Although there is precedent for bipolar-
Miiller glial cell fate switches, for example in Ascll/Math3(Atoh3)
double mutants (Hatakeyama et al., 2001), we did not observe an
equivalent, statistically significant loss of Miiller glia in either
Hesl conditional mutants. To provide better evidence for this
idea, birthdating studies and possibly Hes! deletion with a
postnatal-specific Cre driver would be necessary.

Hesl and the optic nerve head

In the vertebrate retina, multiple studies have shown low, non-
uniform Hes1 expression, sometimes termed a “salt and pepper”
pattern, within RPCs. There is already precedent that such gene
expression generates diversity in an otherwise genetically identi-
cal progenitor cell population. In other CNS contexts low, non-
uniform Hes1+ cells oscillate, which correlates the promotion of
neural stem cell or progenitor cell growth and suppression of
differentiation, phenotypes first associated with HesI mutant ret-
inas >20 years ago (Tomita et al., 1996). Here, we demonstrate a
previously unknown role for HesI in eye formation: that of main-
taining the neural-glial boundary at the ONH via high, sustained
Hes1 protein expression. Interestingly, high-level Hes1 expres-
sion is strikingly similar to the stripe of Hairy gene expression
separating anterior ocular progenitor cells, from those within the
morphogenetic furrow, where photoreceptor differentiation be-
gins in Drosophila eye imaginal discs (Brown et al., 1991). Thus,
we are curious to understand whether mammalian high Hesl
expression domains might represent components of an evolu-
tionarily conserved module that could even relate to the regula-
tion of Hairy striped expression in the fly embryo, wing, or leg
imaginal discs.
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In the developing optic cup and stalk high, sustained Hesl
initiates at the border between these two compartments, which is
a molecular boundary for OC Pax6 and ONH/OS Pax2 expres-
sion. Because both genes initially coexpress and then resolve
apart in Rax-Cre;Hes] “%°/¢K© eyes, we conclude that HesI main-
tains this boundary. Indeed, the initial report of sustained Hes1
expression was at the midbrain—hindbrain boundary (MHB) or
isthmus (Baek et al., 2006), which regulates the development and
patterning of neighboring brains compartments by secreting Fgf,
Wnt and Shh signals (Gibbs et al., 2017). Interestingly these sig-
naling pathways are also important during eye morphogenesis
and patterning (Fuhrmann, 2008, 2010; Cavodeassi et al., 2019).
Our discovery that HesI is an integral component of the ONH
provokes several questions. First, does its removal result in defec-
tive morphogen signaling, and if so, which signaling molecules
are affected, and are they sufficient to account for the shift in
Pax6-Pax2 border and retinal tissue expansion? Moreover, does
the ONH represent an ocular signaling center, and how does
simultaneous signaling become integrated? What seems clear at
this point is that HesI regulation of the neural-retinal boundary is
independent of canonical Notch signaling, since Rax-Cre dele-
tion of Notchl or Rbpj removes low Hesl in RPCs, but not the
high Hes1 ONH domain (data not shown).

Interestingly, other mouse mutants exhibit strikingly similar
phenotypes to Rax-Cre;HesI mutants. Most notably, Pax2 mu-
tant eyes lack both ONH and OS oligodendrocytes, with these
tissues erroneously adopting a neural retinal fate (Schwarz et al.,
2000). Vax1/Vax2 double mutants also exhibit retinal expansion
tissue into the optic stalk (Take-uchi et al., 2003). In both mu-
tants, the Pax6+ RPE was also expanded, at the expense of the
optic stalk, which manifested as a hyperpigmentation that ex-
tended proximally toward the midline. Given the similarities of
ONH phenotypes and directly overlapping expression between
Hes1 and Pax2, we envision a direct link between these two fac-
tors. Because Pax2 expression initiates normally and is sustained
in Hesl mutants, we conclude that Pax2 is upstream of Hesl.
Future genetic epistasis testing and molecular profiling experi-
ments will reveal the relationship between these two genes, and
identify other factors that act during ONH formation. We predict
that cell adhesion and extracellular matrix genes will be identified
through these studies, since these types of proteins are already
known to be important during optic fissure closure in vertebrates
(Chen et al., 2012; Noh et al., 2016; Gestri et al., 2018; Gordon et
al., 2018; Hardy et al., 2019). It will be extremely interesting to
integrate Hes! into the networks of optic fissure closure and
coloboma-associated genes.
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