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Abstract

The fovea centralis (fovea) is a specialized region of the primate retina that plays crucial roles in
high-resolution visual acuity and color perception. The fovea is characterized by a high density
of cone photoreceptors and no rods, and unique anatomical properties that contribute to its
remarkable visual capabilities. Early histological analyses identified some of the key events that
contribute to foveal development, but the mechanisms that direct the specification of this area

are not understood. Recently, the expression of the retinoic acid-metabolizing enzyme CYP26A1
has become a hallmark of some of the retinal specializations found in vertebrates, including

the primate fovea and the high-acuity area in avian species. In chickens, the retinoic acid
pathway regulates the expression of FGF&1to then direct the development of a rod-free area.
Similarly, high levels of CYP26A1, CDKNIA, and NPVF expression have been observed in

the primate macula using transcriptomic approaches. However, which retinal cells express these
genes and their expression dynamics in the developing primate eye remain unknown. Here, we
systematically characterize the expression patterns of CYP26A1, FGF8, CDKN1A, and NPVF
during the development of the rhesus monkey retina, from early stages of development in the first
trimester until the third trimester (near term). Our data suggest that some of the markers previously
proposed to be fovea-specific are not enriched in the progenitors of the rhesus monkey fovea. In
contrast, CYP26A1 is expressed at high levels in the progenitors of the fovea, while it localizes
in a subpopulation of macular Miller glia cells later in development. Together these data provide
invaluable insights into the expression dynamics of several molecules in the nonhuman primate
retina and highlight the developmental advancement of the foveal region.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Sight is our most important sense and has provided us with an unparalleled evolutionary
advantage for complex tasks, such as decision making, attention, and memory. Vision
begins at the retina, an intricate laminar structure that lines the back of the eye (Dowling,
1987). The retina detects light and converts it to neural signals that are then relayed to the
visual centers of the brain. To accomplish these functions, the retinal layers contain diverse
and specialized sets of cellular populations, including sensory receptors (rod and cone
photoreceptors), projection neurons (retinal ganglion cells, RGCs), interneurons (horizontal
cells, bipolar cells, and amacrine cells), and a population of glia (Miiller glia) (Kolb, 1995).
It is well established that during development, a single population of multipotent progenitor
cells produces these seven main retinal cell types (Holt et al., 1988; Turner and Cepko,
1987). Moreover, the sequential birth order of these cells is conserved across all vertebrate
species, such that RGCs, cones, horizontal cells, and GABAergic amacrine cells are born
first, while other amacrine populations, rod photoreceptors, bipolar cells, and Muller glia are
generated later during the period of neurogenesis (La Vail et al., 1991; Rapaport et al., 2004;
Sidman, 1961; Wallace, 2011; Young, 1985; Zhang et al., 2023).

Despite this conservation, there are species-specific retinal differences due to visual
necessities, behaviors, and habitats, namely variations in the ratios of different cell types
and populations (Baden, 2020; Viets et al., 2016). Even within a single retina, specialized
regions with distinct cell compositions exist. The primate fovea centralis (fovea) is one

such example of a specialized retinal region, where cone photoreceptors are the dominant
cell population in a sharp contrast to the majority of the retina where rods outnumber

cones 20:1 (Curcio et al., 1987, 1990). Located at the center of the macula lutea (macula),
slightly temporal to the optic disk, the fovea contains a particularly high number of densely-
packed cone photoreceptors, organized in a bouquet-like spatial arrangement, and no rods
(Curcio et al., 1987, 1990; Kolb et al., 1995). Other differences between the macula and the
neighboring retina include a different ratio of photoreceptors to RGCs, the output neurons
of the retina. The ratio of cones to RGCs in the fovea can be 1:3 (Sjostrand et al., 1999),
whereas outside the fovea, there is convergence of signals from many photoreceptors onto
one RGC. This adaptation results in a higher concentration of RGCs in the macula, such that
a region that occupies only 0.002% of the total retinal surface contains 25% of all RGCs
(Curcio and Allen, 1990). Additionally, the fovea develops into a pitted invagination by
peripherally displacing the inner retinal layers (Hendrickson and Kupfer, 1976; Hendrickson
et al., 2012; Provis et al., 1998). Together with the lack of blood vessels (foveal avascular
zone (Gariano et al., 2000; Provis and Hendrickson, 2008)), these specializations minimize
light scattering and provide the fovea with the highest visual resolution of the retina.

Even though the development of the retina has been well studied, the mechanisms governing
the development of the fovea have remained largely unexplored, mostly due to the lack of
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a fovea in small animal model organisms. Gaining understanding into the factors governing
how the fovea develops is not only critical for unraveling the fundamental principles of
retinal development, but also holds tremendous potential for therapeutic strategies aimed at
combating retinal diseases and restoring vision.

Besides primates, birds of prey and lizards also have high-acuity vision and foveated

retinas (Mitkus et al., 2017; Rasys et al., 2021; Roll, 2001; Sannan et al., 2018), and other
species, including chickens and zebrafish, have retinal specializations with the features of a
high-acuity area (HAA) (da Silva and Cepko, 2017; Yoshimatsu et al., 2020). Using some
of these models, the retinoic acid (RA) pathway has been proposed as a key regulator

of foveal development. RA is an active derivative of vitamin A, and its spatial and

temporal distributions result from the regulated expression of RA-synthesizing retinaldehyde
dehydrogenases (RALDHSs) and RA-metabolizing cytochrome P450s (CYP26) enzymes.
Together with FGF8, CYP26A1 expression is an early distinctive feature of the chick HAA,
and, in fact, the expression of FGF8 regulated by RA seems to be a requirement for the
development of a rod-free region in avian species (da Silva and Cepko, 2017). Notably,
transcriptomic approaches using human (Lu et al., 2020) and nhonhuman primate (rhesus
monkey) (Fishman et al., 2021) samples have also shown high levels of expression of
CYP26A1 in the developing macula, underscoring its potential roles in foveal development.
These studies have also identified other genes with higher expression rates in the developing
temporal retina, including NPVFand CDKN1A (P21C'P1). However, their expression
patterns in the developing primate retina have yet to be described.

Here, we have investigated the expression dynamics of CYP26A1, FGF8, NPVF, and
CDKN1A at different developmental stages using the rhesus monkey model (Macaca
mulatta). The rhesus monkey offers unique advantages, as it shares most of the features

of human vision, including our high-resolution central vision (Picaud et al., 2019), and it is
possible to obtain samples across all stages of gestation. Our data indicate that some of the
markers transcriptionally enriched in the fovea at early stages of development are expressed
by Maller glia cells, highlighting the developmental advancement of this region, but these
markers are not fovea-specific at later stages of development. We also show that CYP26A1
exhibits high expression levels in the progenitors of the fovea, albeit its expression is not
limited to this region at early stages, while at later stages of development, this gene is
restricted to the Mller glia cells of the macula. Together, these data underscore the stark
advances of the foveal area in comparison to the rest of the retina and suggest that the foveal
Muiller glia could have unique molecular signatures.

2. MATERIALS and METHODS

2.1. Sample collection

All animal procedures conformed to the requirements of the Animal Welfare Act and
protocols were approved prior to implementation by the Institutional Animal Care and Use
Committee (IACUC) at the University of California at Davis. Healthy adult female rhesus
monkeys (Macaca mulattd) were time-mated and identified as pregnant using established
methods (Tarantal 2005). Pregnancy in the rhesus monkey is divided into trimesters by
55-day increments: 0-55 days gestational age represents the first trimester, 56110 days
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represents the second trimester, and 111-165 days the third trimester (term 165 + 10

days). Normal fetal growth and development were confirmed by ultrasound during gestation
(Tarantal, 2005). Dams were scheduled for hysterotomy (e.g., approximately 40, 50, 60, 75,
80, 110, 140, and 145 days gestational age; all gestational ages +2 days based on timed
mating protocol) for fetal tissue collection. Gestational percentages (Table 1) are 24% and
30% gestation (1st trimester), 36%, 42%, and 65% gestation (2nd trimester), and 85% and
88% gestation (3rd trimester). For each time point we collected at least two samples with the
early stage (40 days gestational age) and later stage (140 days gestational age) represented
by three samples. Dams were returned to the breeding colony post-hysterotomy.

The fetal eyes were collected into cold media (DMEM and FBS) then extraneous tissue was
removed and the retina was incubated in oxygenated media for 90 min at room temperature.
Samples were then fixed in modified Carnoy’s fixative (ethanol, formaldehyde, and acetic
acid) overnight at 4 °C, dehydrated in stepwise ethanol/water solutions, cleared with xylene,
and embedded in paraffin blocks. Retinas were sectioned (6 pm) on a horizontal plane and
were stored in open slide boxes at room temperature before subsequent staining.

For all comparisons between nasal and foveal regions, the nasal area was selected at
the same distance from the optic nerve head as the presumptive fovea (also referred as
temporal).

2.2. RNAscope in situ hybridization and immunohistochemistry

RNAscope detection was performed according to the RNAscope Multiplex Fluorescent
Reagent Kit v2 Assay manual. Following sample fixation and preparation described above,
sections were treated with heat and three pretreatment steps: After baking for 1 h at 60

°C and deparaffinizing with xylene and ethanol, sections were pretreated with hydrogen
peroxide for 10 min at room temperature, target retrieval for 15 min at 99 °C, and protease
plus for 30 min at 40 °C. Sections were incubated with the appropriate hybridization probes
for 2 h at 40 °C, followed by a series of amplification steps and fluorescent labeling

with Opal dyes (Opal 520 and 620), as per manufacturer instructions. After the final wash
buffer step in the RNAscope protocol, we began an immunohistochemistry protocol to
combine the RNA /n situ with antibody staining. Sections were incubated in PBS for

5 min and blocked in 10% normal donkey serum/PBS-0.1% Triton X-100 for 1 h at

room temperature. Primary antibodies were diluted in blocking solution for an overnight
incubation at 4 °C. After primary antibody incubation, sections were washed five times (5
min each) in PBS. Species-specific, fluorescently labeled secondary antibodies (Invitrogen,
1:200) were diluted in blocking solution for a 1 h incubation at room temperature. Cell
nuclei were counterstained with 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich). The
sections were rinsed five times (5 min each) in PBS and mounted for microscopy using a
Fluoromount-G (Southern Biotech). See table below for details of antibodies and working
dilutions. Images were taken using a Fluoview FVV3000 confocal microscope (Olympus) or
Axio Imager.M2 with Apotom.2 microscope system (Zeiss). All images were assembled
using Photoshop and Illustrator (Adobe).
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Antibody Source Catalog Lot Concentration
Anti-ATOH7 (Rabbit) Novus Biological 88639 A106752 1:200
Anti-BRN3 (Goat) Santa Cruz sc-6026 H2416 1:100
Anti-CRX (Mouse) Abnova H00001406-M02 KB191-4G11  1:200
Anti-Glutamine Synthetase (Mouse Millipore MAB302 3821584 1:150
1gG2a)

Anti-LHX4 (Rabbit) Proteintech 11183-1AP 00040977 1:200
Anti-NRL (Goat) R&D Systems AF2945 VYMO032002A  1:400
Anti-OTX2 (Goat) R&D Systems AF1979 KRS0320091 1:200
Anti-PAX6 (Rabbit) Bio Legend 901301 B386304 1:200
Anti-PCNA (Rabbit) Abcam AB18197 GR3262110-2  1:100
Anti-PH3 (Rabbit) Thermo Fisher PA5-17869 1:100
Anti-TUJ1 (Mouse) BioLegend 801201 B264428 1:500
Anti-RXRgamma (Mouse) Santa Cruz $C-365252 D0623 1:200

2.3. Hematoxylin and eosin (H&E) staining

Samples were fixed and prepared as described above. Next, sections were deparaffinized
using xylene, rehydrated with stepwise ethanol/water solutions, stained with hematoxylin,
rinsed with acid alcohol and ammonia water, counterstained with eosin, and dehydrated in
stepwise ethanol/water solutions. Sections were then rinsed with xylene and mounted for
microscopy using Permount (Fisher Chemical).

2.4. EdU Click-iT

For 5-Ethynyl-2’-deoxyuridine (EdU) labeling experiments, eyes were incubated in
oxygenated media for 90 min, followed by a 2 h incubation of EdU at 5 mg/ml at 40

°C. Eyes were then fixed with modified Carnoy’s media (see above), paraffin embedded,
and sectioned. Tissue sections were treated with antigen retrieval steps of hot (95 °C) 0.01
M sodium citrate pH 8 twice for 5 min each, followed by an acid treatment (2 N HCI

and PBS-0.5% Triton X-100/PBS) for 1 h at room temperature in a humidifying chamber.
EdU was then detected following the manufacturer instructions (Thermo Fisher Scientific,
C10337). RNAscope /n situs (protocol above) were performed in combination with Edu
Click-it kit staining. Here, the EdU protocol was initiated after the final wash buffer steps of
the /in situ protocol. In this case, we did not perform the sodium citrate antigen retrieval.

2.5. Statistical methods

Quantifications of retinal length were obtained for each side of the retina (temporal and
nasal) from the ONH to the ora serrata using three biological replicates. Mean and P-values
were obtained using the Student’s T-test. Similarly, the ganglion cell layer thickness was
quantified at the foveal center and at the equivalent distance from the optic nerve head in
the nasal side from three biological replicates at 40 days gestational age (first trimester).
Student’s T-test was used to obtain mean and P-values. All statistical analyses and plot
generation was performed using Prism 9 (GraphPad).
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3. Results

3.1. Neurogenesis in the developing rhesus retina follows a fovea-to-periphery gradient

Fetal rhesus monkey samples spanning the three trimesters of gestation were analyzed using
H&E staining (Table 1). We analyzed samples from the first trimester (~40 days) to the late
third trimester (140 days gestational age; term 165 + 10 days). These experiments revealed
the asymmetry of the developing retina from 40 days gestational age (~24% gestation),
where the temporal region is larger (1.93-fold larger, p-value: 0.001, Fig. 1A-B, Table 1)
and shows a wider ganglion cell layer (GCL) (Fig. 1C, p-value: 0.011 and Fig. 1D). We also
observed a clear developmental advancement of the foveal region, evidenced by an earlier
presence of plexiform layers in the foveal region compared to the equidistant region from
the ONH in the nasal region (Fig. 1E-P). By 50 days gestational age (~30% gestation), the
inner plexiform layer (IPL) begins to develop at the center of the foveal anlage, and by 60
days (~36% gestation), the IPL is distinct in the temporal retina but not yet in the nasal
retina (Fig. 1F-G, L-M, arrows). Similarly, by 80 days gestational age (second trimester,
~48% gestation) the IPL is well-defined across the entire retina, with the initial presence

of the outer plexiform layer (OPL) only in the foveal region (Fig. 1H, N). By 110 days
(beginning of the third trimester, ~67% gestation), the foveal pit has started to develop

into a shallow depression that already exhibits some lateral RGC displacement (Fig. 1D,

Q, Table 1). At 140 days gestational age (~85% gestation), the fovea consists of a deep
invagination and part of the GCL has displaced peripherally, as revealed by a thinner GCL
at the foveal center (1-2 cells thickness, Fig. 1D and S, Table 1). However, the inner nuclear
layer (INL) still maintains a uniform thickness between the pit region and the surrounding
retina (Fig. 1S). Similar regions in the nasal side do not present these modifications (Fig. 1R,
T). Immunohistochemistry confirmed that while the majority of CRX + photoreceptors are
NRL + rods throughout the retina, we did not detect NRL + cells at the center of the foveal
pit, indicating the predominance of cone photoreceptors in this region (Fig. 1U-V").

A switch from early to late progenitor competence takes place in the late first trimester at 50
days gestational age in the center of the fovea.

We used cell-specific antibodies to evaluate neurogenesis of different retinal populations.
Recent analyses have revealed a distinct shift in retinal progenitor cells (RPCs) consistent
with their competence to generate early-(e.g., RGCs and cones) versus late-born retinal
cell types (e.g., bipolar cells and Muller glia). Early and late RPCs express distinct
transcriptional signatures, and single cell “omics™ have distinguished broad transitions in
RPCs at embryonic day 16 (E16) in mice and between 11 and 15 gestational weeks in
humans (Clark et al., 2019; Lu et al., 2020; Sridhar et al., 2020).

At the earliest stage analyzed (40 days gestational age), we observed BRN3+ TUJ1+ RGCs
in the apical side throughout the retina (Fig. 2A-B’, arrows). RPCs divide at the apical side
of the retina and as a result, newly born postmitotic neurons need to migrate basally to their
appropriate layers. Thus, the presence of BRN3+ TUJ1+ cells in the apical region indicates
active RGC neurogenesis. By 50 days, most of the RGCs are localized in the GCL in the
temporal side of the retina, suggesting that RGC genesis is completed in the fovea (Fig.

Differentiation. Author manuscript; available in PMC 2024 February 15.
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2C-C”). In contrast, we still detected many BRN3+ RGCs in the most apical part of the
retina in the nasal region (Fig. 2D, arrows).

The basic-helix-loop-helix (bHLH) transcription factor ATOH?7 plays a critical role in
early neurogenesis, and while ATOH7+ progenitors can generate all different cell types,
it is necessary for the generation of RGCs (Brown et al., 1998; Brzezinski et al.,

2012). Its expression starts during the final cell division of RPCs and follows a highly-
regulated expression pattern that coincides with the first wave of neurogenesis. In mouse
retinas, Atoh7 expression initiates at E11, peaks at E14.5, and rapidly decreases after
E16.5 (Miesfeld et al., 2018). In the rhesus monkey retina, ATOH7 is downregulated
first at the center of the fovea at 40 days gestational age, later extending within the
temporal side (Fig. 2E-F"). By 50 days, ATOH7 is not detected in the foveal region by
immunohistochemistry, but ATOH7 expression still remains expressed elsewhere within
the same retina (Fig. 2G-H"). Similarly, we observe RXRgamma + photoreceptors
(presumptively cone photoreceptors) first in the temporal retina. By 40 days gestational age,
we observe RXRg + photoreceptors in the foveal region, but only at 50 days, we observe
RXRg + photoreceptors across all regions (Fig. 2 1-L’).

Correspondingly, at this stage, LHX4+ OTX2+ bipolar cells and RLBPI+ Miuiller glia are
detected only in the center of the fovea, indicating that by end of the first trimester (50
days gestational age), foveal RPCs are producing late cell types (Fig. 3). Previous studies
have identified LHX4 expression in cone photoreceptors (Buenaventura et al., 2019) and
therefore, to further validate that the LHX4+ cells detected at 50 days are indeed bipolar
cells, we assessed the expression of LHX4 and OTX2 at different developmental stages
(Supplementary Fig. 1). By 75 days gestational age, we only detected LHX4+ cells in the
INL (bipolar cells) and not in OTX2+ cells of the ONL (photoreceptors). By 110 days
(beginning of the third trimester), we begin to see LHX4+ cone photoreceptors at the apical
side of the ONL in the temporal side, but its expression remains constrained to the INL in
the nasal side. These data suggest that LHX4 is expressed in bipolar cells at early stages of
development, and only at later stages of maturation is it expressed in cones.

We also analyzed the presence of mitotic cells using phospho-Histone3 (PH3)
immunostaining (Supplementary Fig. 2). At 50 days gestational age, we detected mitotic
cells across the retina, but from 60 days onward, we no longer observed PH3+ cells in

the center of the foveal region. As development proceeds, the absence of PH3 extended
peripherally, but by 80 days gestational age, we still detected PH3+ mitotic RPCs in the
nasal side of the retina. By the late third trimester (140 days gestational age), we only
detected a few mitotic cells in the ciliary margin, nor did we observe PH3+ RPCs in either
side of the retina.

As summarized in Table 1, these data indicate that the fovea is developmentally advanced
compared to the rest of the retina and that neurogenesis takes places in a wave that begins
in the center of the fovea and extends towards the periphery. Our results also indicate that
a shift between early and late RPC competence states takes place in the late first trimester
(around 50 days gestational age) in the rhesus monkey fovea.

Differentiation. Author manuscript; available in PMC 2024 February 15.
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CYP26A1is highly expressed in the developing rhesus monkey fovea at different stages of
development.

In order to describe the expression pattern of genes previously proposed to be enriched in
foveal RPCs, we used RNAscope /n situhybridization (Advanced Cell Diagnostics). In our
experiments, the background levels detected with this method are very low (Supplementary
Fig. 3).

At 40 days gestational age, the earliest time-point analyzed, CYP26A1 is highly enriched in
the developing fovea and only expressed at low levels in the nasal region (Fig. 4A-B"). We
also detected CYP26A1 expression in RPCs surrounding the optic nerve head (ONH, Fig.
4A-B’), in the ciliary marginal zone, and in the lens epithelium (Fig. 4A-A", Table 2). The
cells that expressed the highest levels of CYP26A1 are PCNA+ (Fig. 4B-B’, Supplementary
Fig. 4A-A") and some colocalize with EdU (Supplementary Fig. 4B—C”), indicating that
CYP26A1 is expressed by RPCs. However, even within the foveal anlage, not every EdU

+ cell expressed CYP26A1. We did not detect colocalization with OTX2+ photoreceptors
nor any expression in the GCL, suggesting that CYP26A1 is not expressed in photoreceptors
or RGCs (Supplementary Fig. 4D-D”, Table 2). This expression remains unchanged at 50
days, where the foveal RPCs and a small patch of cells bordering the ONH exhibit the
highest levels of CYP26A1 (Fig. 4, Table 2).

At later stages of development, CYPZAL expression is restricted to the Maller glia (Fig.

5). The Miiller glia of the fovea and macula regions (including the foveal center, parafovea
and part of the perifovea) express high levels of CYP26A1, but this gene is not expressed
by the Muller glia of other parts of the retina (Fig. 5A-D). Thus, CYP26A1 colocalizes with
RLBPI (also known as CRALBP), a robust marker of Miiller glia cells (Vazquez-Chona et
al., 2009), and glutamine synthetase (GS, Fig. 5E-E” and Supplementary Fig. 5A-A").

3.2. FGF8is expressed in retinal progenitors in a ONH-to-periphery gradient

In avian species, the RA pathway regulates the expression of FGF8, which serves as a
molecular marker for the HAA throughout development (Amamoto et al., 2019; Yamagata
et al., 2021). We investigated whether this expression is conserved in primates using
RNAscope /n situhybridization. In contrast with the known expression pattern in chickens,
in the early developing rhesus monkey retina, the highest levels of FGF8&were found
localized around the ONH and diffuse in a gradient peripherally (Fig. 6A, Table 2). Co-
labeling experiments using FGF8and CYP26A1 showed distinct expression patterns for
these two genes (Fig. 6. A”). This pattern of expression remained unaltered at 50- and
70-days gestational age (Fig. 6B-G”). At later stages of development, FGF8is only detected
at low levels of expression in both the ONL and INL, but not in other eye tissues (Fig. 6.
H-J’, Table 2).

3.3. CDKNZ1A is expressed by the Miller glia and ONH cells

Previous experiments have identified CDKNIA (p21©'P1) as a gene enriched in the temporal
region of the retina from 50 to 150 days gestational age in rhesus monkeys (Fishman et al.,
2021) and in human fetal week 20 samples (Lu et al., 2020). CDKN1A was also found in

a study aimed at identifying cone-specific transcriptional signatures (Buenaventura et al.,
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2019). p21C'P1 and p27XIC1 are G1-checkpoint CDK inhibitors, and thus, we investigated
the intriguing possibility that CODKN1A could be enriched in foveal RPCs and/or cone
photoreceptors.

RNAscope /n situ hybridization did not detect expression of COKN1A at 40 days gestational
age, but by 50 days, our analyses revealed CDKN1A expression in the center of the foveal
anlage as well as in the optic nerve head (ONH, Fig. 7A-A" arrows, Table 2). This
expression colocalized with RLBPI1. The expression of CDKN1A extended peripherally

as time progressed and by 75 days, it has extended throughout the temporal retina (Fig.
7E-E’). At this stage of development, we still detected high levels of expression in the

ONH (Fig. 7F-F’, arrow). By the late third trimester, we observed CDKN1A throughout

the whole retina and its expression remained restricted to RLBPI+ Milller glia cells in both
the temporal and nasal sides of the retina (Fig. 7H-J"). Together, these data suggest that
CDKN1A is expressed by Miller glia cells throughout development in the rhesus monkey.

3.4. The neuropeptide NPVF is expressed by the Muller glia

Similarly, NPVF (Neuropeptide VVF precursor) was previously found to be enriched in the
temporal primate retina (Fishman et al., 2021; Lu et al., 2020). NPV is expressed by the
hypothalamus and regulates sleep in some species (Lee et al., 2017). Expression of NPVF
was previously correlated with retina aging (Vi et al., 2021), but the pattern of expression
during development has not been explored.

Using RNAscope /7 situ hybridization, we observed NPVF expression beginning at
approximately 50 days gestational age (Fig. 8). At this stage, MPVFis only expressed by

a few cells at the center of the macula. The expression of NPV/Fextends laterally as time
proceeds and colocalizes with RLBPI and GS, indicating that this gene is expressed by the
Muiller glia, possibly at somewhat later developmental stages when compared to CDKN1A
expression (Fig. 8, Table 2).

4. Discussion

In the study described herein, we have characterized key morphological characteristics of the
developing rhesus monkey fovea, the timing of neurogenesis, and the expression patterns of
CYP26A1, FGF8, NPVF, and CDKN1A at different ontogenic stages.

We have shown that the embryonic retina undergoes asymmetrical growth, exhibiting a
larger temporal region, where the incipient fovea resides (Fig. 1). This observation mimics
published histological images that show that, while the optic cup is symmetrical in its
temporal-nasal axis by 30 days gestational age, the temporal side of the optic cup is much
larger than the nasal side from 36 days onward (Townes-Anderson and Raviola, 1981). We
also observed a thicker GCL in the temporal side at 40 days (24% of gestation) and a clear
developmental advancement of the foveal region, as the plexiform layers appear first in

the center of the fovea before extending towards the periphery. The foveal pit is initially a
shallow depression that can be observed by 110 days gestational age (65% of gestation) and
then develops into a deeper pit. The development of the pit takes place in conjunction with a
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lateral displacement of the GCL, similar to prior descriptions in other morphological studies
(Hendrickson, 1992).

Foundational studies by Hendrickson (Hendrickson, 1992; Hendrickson and Kupfer, 1976;
Okada et al., 1994), Provis (Cornish et al., 2005), and Rakic (La Vail et al., 1991; Wikler
and Rakic, 1991), and more recently transcriptomic approaches (Finkbeiner et al., 2022;
Fishman et al., 2021; Lu et al., 2020; Sridhar et al., 2020; Thomas et al., 2022) have
revealed changes in differentiation and maturation rates between the fovea and the rest of
the retina. For instance, late-born cell types, such as bipolar cells and Miiller glia, are found
in the fovea at much earlier developmental stages compared to the nasal retina (Fishman

et al., 2021; Hoshino et al., 2017; La Vail et al., 1991). Correspondingly, progenitors exit
the cell cycle much sooner in the foveal region (Dyer et al., 2009; Fishman et al., 2021;
Hoshino et al., 2017). Classic studies from La Vail, Rapaport, and Rakic (La Vail et al.,
1991) used 3H-thymidine labeling at different times during development to define the timing
of cell genesis in the rhesus monkey retina. Since these analyses were performed at later
stages, several factors could be confounding the data: (1) significant retinal growth takes
place after neurogenesis and thus passive cell movements to accompany organ growth
could have occurred between cell birth and sample collection, (2) active cell movements
towards and away from the fovea have been described during pit formation (Bringmann et
al., 2018; Hendrickson and Kupfer, 1976; Hendrickson and Yuodelis, 1984; Yuodelis and
Hendrickson, 1986), (3) all the analyses were performed after the period of cell death and
RGC culling (Rakic and Riley, 1983), and (4) all the analyses were based on cell position
but no specific markers were used.

In the La Vail dataset, the onset of neurogenesis was defined at ~30 days gestational age,
when the first RGCs and horizontal cells are born in the foveal center. The onset of cone
genesis was found at ~33 days, and the onset of genesis of late cell types was identified

at ~45 days. This study describes a pronounced fovea-to-periphery gradient of cytogenesis.
Similarly, /n silico predictions have been recently used to estimate the onset of neurogenesis
for different retinal cell populations (Fishman et al., 2021). These calculations estimate
RGC genesis to begin around 33 days, rod bipolar genesis onset to be ~52 days, and

bipolar cell genesis to begin at ~55 days gestational age. To shed light on the timing of

cell birth in rhesus monkeys, we have explored neurogenesis during the embryonic period.
Our data suggest that RGC genesis begins prior to 40 days and is completed by 50 days

in the foveal center (Fig. 2), while bipolar cells and Miiller glia are found in the center of
the foveal anlage by 50 days (late first trimester) (Fig. 3). ATOH7, a transcription factor
dynamically expressed in subsets of RPCs and required for RGC formation (Brown et al.,
1998; Brzezinski et al., 2012; Miesfeld et al., 2018), is downregulated from the fovea by day
50. Together these data validate the dataset published by La Vail and indicate that the shift
between early and late competence periods takes place at the end of the first trimester in the
primate fovea.

Through the advent of high-throughput sequencing technologies, our understanding of
primate retina cell types and their gene expression profiles has broadened (Peng et al.,
2019; Yan et al., 2020; Yi et al., 2021), spurring the search for reliable foveal markers and
the complementing mechanisms driving foveal development. Notably, the RA catabolizing
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enzyme CYPZ6A1 has been previously identified as a foveal marker in several studies (da
Silva and Cepko, 2017; Fishman et al., 2021; Lu et al., 2020; Peng et al., 2019), and

a pathway involving CYP26A1 and FGF8 is required for the patterning of the HAA in
chickens (da Silva and Cepko, 2017). Our data indicate that CYP26A1 is highly enriched
in primate foveal RPCs, although we also detected some levels of CYP26A1 expression

in other regions of the eye. Contrarily, FGF&is not enriched in the developing fovea at

any of the gestational ages analyzed. These expression patterns suggest that RA-dependent
patterning could be an important aspect regulating the development of the fovea and high
acuity areas across species, but the exact molecular mechanism(s) downstream may not be
conserved between avian species and primates.

RA is known to participate in dorso-ventral patterning (Marsh--Armstrong et al., 1994) and
in mice, Cyp26A1and Cyp26CI1 cooperate to establish a stripe of lower RA levels within
the equatorial rodent retina (Sakai et al., 2004; Wagner et al., 2000). Alterations in Cyp26
expression leads to perturbations of the ratios of cone opsins and RGC projection patterns
(Sakai et al., 2004). However, mice do not have foveal specialization or rod-free regions,
and thus, neither CYP26A1 expression nor lower levels of RA are sufficient to drive foveal
development.

At later times in development, CYP26A1 is expressed by RLBPI+ GS + macular Muller
glia, including the Miiller glia within the foveola, fovea, parafovea, and part of the perifovea,
but CYP26A1 is not expressed by Miiller glia in other parts of the retina. This expression
pattern has been observed in the adult rhesus monkey eye (Peng et al., 2019). Similarly,
novel findings using the zebrafish model also suggest conserved expression patterns of
cyp26al in the Miller glia of the HAA (Lahne and MacDonald, 2023).

Similar to CYP26A1, CDKN1A and NPVF have been identified in transcriptomic analyses
as genes enriched in the developing fovea. In our previous analyses, NPVFwas shown to
have one of the highest enrichments in the temporal retina compared to the nasal retina (420-
fold enrichment at 90 days gestational age). CDKN1A showed 11.7-fold enrichment in the
temporal side, comparable to the 17.9-fold enrichment exhibited by CYP26A1 at the same
developmental time point (Fishman et al., 2021). Here, we observed a clear colocalization
between both CDKN1A and NPVFwith RLBPI, indicating that these molecules are
expressed in Miller glia cells. By 50 days gestational age, we observed substantial levels of
CDKNI1A in the temporal retina, while NPVF is only expressed by a few cells in the center
of the foveal anlage. As development proceeds, the region that expresses these genes extends
peripherally, such that by 140 days gestational age (late third trimester), we observed
CDKN1A expression in both sides of the retina, while MPV/Fexpression had extended in the
temporal retina but is only modestly expressed by the Miller glia at the nasal side. Together,
these data suggest that these genes are not exclusive of the developing fovea but are instead
expressed by Miller glia at different stages of maturation, and that the enriched expression
detected in previous studies is associated with the gradient of Miiller glia production and
maturation.

The presence of different glial cells in the foveal pit remains poorly understood. Early
electron microscopy studies (Yamada, 1969) observed “cone-shaped Miiller glia” in the
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innermost part of the fovea. Gass (1999) revisited these preparations and observed that

the cytoplasm composing the outer portion of these Muller cells appeared optically empty,
indicating that perhaps the Mller glia of the foveola could have unique properties. More
recently, one study has identified GFAP + glial cells in the foveal center but these glia

cells do not appear to express RLBP1 or GS (Delaunay et al., 2020). The authors of

this study proposed that the glial cells present in the foveal floor are not Miiller glia but
astrocytes. However, previous primate studies suggest that the avascular zone within the
macula remains devoid of astrocytes and vessels at all times (Provis et al., 2000) and thus,
the identity of the glia cells of the foveola remains a contentious topic. In our preparations,
we observed a reduction in RLBPI in the center of the foveal pit at 140 days gestational

age (see Fig. 7H’ and 8E’). However, we did not observe a corresponding reduction in
CYP26A1, CDKNI1A, or NPVF, indicating that Muller glia cells are likely present in this
region. Single-cell sequencing studies have reported differences between the glial cells of
the fovea and the periphery, but expression of RLBPI has been detected in both foveal and
peripheral Miller glia (Moigt et al., 2019). However, most “omics” studies analyze the tissue
obtained within a 2-3 mm punch and thus, these approaches do not distinguish the center of
the fovea from the rest of the macula. The possible reduction of RBLP1 together with the
expression of CYP26A1 only in the macular Muller glia suggests that the Muller glia of the
fovea/macula exhibit some unique molecular signatures.

Taken together, our results demonstrate the spatial and temporal expression patterns of
several genes, previously hypothesized to be fovea-specific, and reveal that from all the
genes analyzed, only CYP26A1is enriched in the fovea across different ontogenic stages.
However, the dynamic changes of CYP26A1 expression in different regions of the retina,
and in RPCs and Muller glia may pose challenges to be used as a fovea RPC-specific marker
for single-cell approaches.

In the future, by integrating the knowledge obtained from diverse species, including primate,
chickens, and mice, we can advance our understanding of the intricate roles of RA pathway

molecules in retinal patterning and foveal progenitor development. Ultimately, such insights
may contribute to unraveling the mechanisms underlying foveal specialization.
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Fig. 1.
The foveal region is developmentally advanced A. Hematoxylin and eosin (H&E) staining

of a paraffin-embedded section of the eye at 40 days gestational age which shows a larger
temporal side. B-C. Quantifications of retinal length (relative to the nasal side) and GCL
thickness (microns) at 40 days gestational age. Mean =+ SEM. P-values were obtained using
Student’s T-test. D. The number of rows of RGCs in the center of the fovea, macula (tissue
surrounding the center of the fovea), and nasal regions was quantified at different gestational
ages. E-P. H&E staining (40-140 days gestational age). White arrows (F-H) indicate the
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presence of plexiform layers in the temporal side. Q-R. Development of the foveal pit

is observed in the temporal side from ~110 days gestational age. S-T. Mature foveal pit
observed near term at 140 days gestational age. U-V’’. The 140 days gestational age sections
were immunostained with NRL (cyan), CRX (magenta), and counterstained with DAPI
(grey). Arrows in U indicate NRL + cells at the edge of the fovea but note that while there
are CRX + photoreceptors, there are no NRL + rods in the center of the fovea. Scale bars:
250 um in A, 100 pm in O, 200 um in S and U. DG: days gestational age, ON: optic nerve,
GCL: ganglion cell layer, NbL: neuroblastic layer, ONL: outer nuclear layer, INL: inner
nuclear layer.
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Fig. 2.
Early neurogenesis in the developing rhesus monkey retina A-D’. RGCs are stained with

BRN3 (magenta), TUJ1 (cyan), and counterstained with DAPI (grey) at the gestational ages
indicated (40-50 days gestational age). Arrows indicate newly-born RGCs located in the
apical side of the retina. E-H’. ATOH7 is labeled in cyan (arrows) and the retinas are
counterstained with DAPI (grey). Note the absence of ATOH7+ cells in the temporal retina
at 50 days gestational age (G-G”). I-L’. RXRgamma is labeled in magenta (arrows) and the
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retinas are counterstained with DAPI (grey). Scale bar: 100 um. DG: days gestational age,
NbL: neuroblastic layer, GCL: ganglion cell layer.
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Fig. 3.
Late cell types are detected in the foveal anlage at 50 days gestational age A-A’. Low

magnification image of a 50 days gestational age retina showed the expression of LHX4
protein (magenta). B-B’. RNAscope /n situ hybridization for RLBPI (magenta) showed
enriched expression in the temporal retina at 50 days gestational age. C-D-D*’. LHX4+
cells (magenta) colocalize with OTX2 (cyan). Note the restricted expression of LHX4 in the
temporal retina. E-F’. RLBPI exhibits low levels of expression throughout the retina but it
is highly expressed in the foveal region. In all cases, tissues have been counterstained with
DAPI (grey). Scale bar: 250 um in A" and B”, 100 um in D” and F’.ON: optic nerve, T:
temporal, N: nasal.

Differentiation. Author manuscript; available in PMC 2024 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Krueger et al.

Page 22

O
=1
i
Se
Q)
o
[m]
o
< ™~
S
N
S
Q)
| CYP26A1
] TEMPORAL |
: -
[m)]
o
n
: -
o) K
~
Fig. 4.

CYP26ALl is enriched in the progenitors of the fovea A-A’. RNAscope /n situ hybridization
for CYP26A1 (magenta) at 40 days gestational age (DG) revealed enriched expression

in the foveal region. Other regions (A, white arrows) such as the lens epithelium, the

ciliary margin, and a patch of cells around the optic nerve also expressed CYP26AL

B-B’ Colocalization between CYP26A1 (magenta) and PCNA (cyan) is shown at 40 days
gestational age. Retinas were counterstained with DAPI (grey). C-F’. Expression pattern

of CYP26A1 (magenta) in the temporal and nasal retina at indicated ages (50-70 days
gestational age). Samples have been counterstained with DAPI (grey). Scale bars: 250 pm in
B’, 100 pm in F’. ONH: optic nerve head.
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Fig. 5.

Atglater stages of gestation CYP26A1 colocalizes with Mdller glia cells A-D’. /n situ
hybridization for CYP26A1 (magenta) at ~140 days gestational age (DG) showed expression
in the center of the fovea and other macula regions (foveolar, fovea, and perifovea. Arrows
in A) but not in the rest of the retina. E-E”. The expression of CYP26A1 (magenta)
colocalizes with RLBPI (cyan) and GS (yellow). All tissues have been counterstained with

DAPI (grey). Scale bars: 400 pm in A”, 150 ym in D”, 100 pm in E’.
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Fig. 6.
FGF8is expressed in a central-to-periphery gradient in the developing rhesus monkey retina

A-A’. FGF8(magenta) is highly expressed in the cells surrounding the optic nerve and its
expression exhibits a gradient that extends peripherally in both temporal and nasal sides of
the retina. This expression pattern does not mimic CYP26A1 expression (cyan, A”). B-G’.
The expression pattern of FGF8(magenta) at 50 and 75 days gestational age show a similar
pattern with higher expression in the central part of the retina. Samples were counterstained
with DAPI (grey) H-J’. At later time points, FGF8is only expressed at low levels in both the
ONL2019 and INL. Scale bars: 250 um in A”, 100 pm in J’. ONH: optic nerve head.
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Fig. 7.
CDKN1A is expressed by Muller glia cells A-A”. RNAscope /n situ hybridization for

CDKN1A (magenta) revealed enriched expression in the foveal region and optic nerve head
cells at 50 days gestational age (arrows in A). The enriched expression at the center of

the fovea colocalizes with high levels of RLBFPI (cyan). B-G’. Expression of CDKN1A
(magenta) and RLBPI (cyan) in different regions of the retina at 50 and 75 days gestational
age. Arrows indicate enriched expression in the temporal retina and optic nerve head. H-J’.
In the late third trimester (~140 days gestation) CODKN1A (magenta) was shown to be
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expressed by RLBPI+ cells (cyan) throughout all regions of the retina. Scale bars: 250 um in
A”,70uminD’, G’, and J’. ONH: optic nerve head, ON: optic nerve.
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Fig. 8.

N/QDVFis expressed by Maller glia cells at slightly later times in development

A-B’. A-B’. NPVF (magenta) was only weakly expressed by some cells at the center of

the foveal anlage (arrows in A) at 50 days gestational age (late first trimester). C-D’. By
110 days gestational age (early third trimester), the expression of NPVF had extended
throughout the temporal side of the retina. E-F’. At 140 days gestational age (late third
trimester), the expression of APV/F can be faintly detected in the nasal retina (arrows in F).
The cells that expressed NPVF also expressed RLBPI (cyan). Scale bar: 100 ym in D”, 150
umin F’,
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Table 1

Summary of morphological characteristics and neurogenesis of the fovea at different periods of gestation.

Gestation Day

% Gestation  Foveal development and morphology

40
50
60
70
110
140

24
30
36
44
65
86

Thicker GCL; early cell types are produced

IPL appears; cones form a continuous row; late-born cells are present in the foveal center
Clear IPL; neurogenesis is done in the foveal center

OPL appears

Shallow foveal pit; OS appear

GCL is 2 cells thick; 2 layer of elongated cones with IS and OS
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Expression patterns of CYP26A1, FGF8, CDKN1A, and NPVFin the rhesus monkey eye. Very low (+/-), low

(+), moderate (++), high (+++), and very high (++++) levels of expression. No detectable expression is
indicated (-). N/ A (not applicable) indicating that the corresponding areas were not defined at that

developmental stage.

DG40 DG50 DG70 DG110 DG 140-145
CYP26A1
RETINA
RPCs temporal/fovea  ++++ ++++ n/a n/a n/a
RPCs nasal + + -+ -+ nfa
RPCs central ++ ++ + - nla
RGCs - —/+ —/+ _ _
Photoreceptors - - - - -
Horizontal cells - - -
Amacrine cells nfa - - -
Bipolar cells n/a - - -
Miller glia nla ++ 44+ ¥ S+ Y
ONH - - - - -
Optic nerve - - —/+ —/+ i
RPE - - - - -
Ciliary margin zone ~ + + + + +
LENS
Lens epithelium ++ ++ ++ ++
Bow region - -
Lens fibers - -
CORNEA - - - - -
*Exclusively expressed in the macula
FGF8
RETINA
RPCs temporal/fovea  ++ ++ nla WE nla
RPCs nasal + + + + nla
RPCs central ++++ ++++ ++++ ++ n/a
RGCs - - - I+ i
Photoreceptors + + +
Horizontal cells -+ —/+ -+ —+
Amacrine cells nla -+ -+ + +
Bipolar cells nla As -+ + +
Muller glia n/a + + +
ONH + + + + +
Optic nerve - - - - -
RPE - - - - -
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Ciliary margin zone
LENS

Lens epithelium
Bow region

Lens fibers
CORNEA

NPVF

RETINA

RPCs temporal/fovea
RPCs nasal

RPCs central

RGCs
Photoreceptors
Horizontal cells
Amacrine cells
Bipolar cells

Muller glia

ONH

Optic nerve

RPE

Ciliary margin zone
LENS

Lens epithelium
Bow region

Lens fibers
CORNEA
CDKN1A

RETINA

RPCs temporal/fovea
RPCs nasal

RPCs central

RGCs
Photoreceptors
Horizontal cells
Amacrine cells
Bipolar cells
Miiller glia

ONH

Optic nerve

RPE

Ciliary margin zone

LENS

DG40 DG50 DG70 DG110 DG 140-145
- - n/a nla n/a
- - nla
- - - - nla
n/a - - - -
nla - - - -
n/a - + ++ +++
- - ~/+ =/+ —/+
++ + -+ -+

- - nla WE nla
- - - n/a
- - - - nla
nla - - - -
n/a - - - -
n/a ++ +++ +++ +++
++ ++ +++ +++ +

+ + + + -
+/- +/- +/- +/- +/-
+/- +/- +/- +/- +/-
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DG40 DG50 DG70 DG110 DG 140-145

Lens epithelium ++ + - -

Bow region - -

Lens fibers - -

CORNEA ++ + + + +
)

indicates exclusively expressed in the macula but not in other retinal regions. Empty table cells: expression not analyzed.
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