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Abstract

The fovea, a pit in the retina, is crucial for high-acuity vision in humans and is found
in the eyes of other vertebrates, including certain primates, birds, lizards, and fish.
Despite its importance for vision, our understanding of the mechanisms involved in
fovea development remains limited. Widely used ocular research models lack a fove-
ated retina, and studies on fovea development are mostly limited to histological and
molecular studies in primates. As a first step toward elucidating fovea development
in nonprimate vertebrates, we present a detailed histological atlas of retina and fovea
development in the bifoveated Anolis sagrei lizard, a novel reptile model for fovea
research. We test the hypothesis that retinal remodeling, leading to fovea formation
and photoreceptor cell packing, is related to asymmetric changes in eye shape. Our
findings show that anole retina development follows the typical spatiotemporal pat-
terning observed in most vertebrates: retinal neurogenesis starts in the central retina,
progresses through the temporal retina, and finishes in the nasal retina. However,
the areas destined to become the central or temporal fovea differentiate earlier than
the rest of the retina. We observe dynamic changes in retinal thickness during ocular
elongation and retraction—thinning during elongation and thickening during retrac-
tion. Additionally, a transient localized thickening of the ganglion cell layer occurs
in the temporal fovea region just before pit formation. Our data indicate that anole
retina development is similar to that of humans, including the onset and progression
of retinal neurogenesis, followed by changes in ocular shape and retinal remodeling
leading to pit formation. We propose that anoles are an excellent model system for

fovea development research.
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1 | INTRODUCTION

For centuries, physicians and researchers alike have been capti-
vated by the eye and have sought to understand the pathways that
enable sight. As a result, decades of work have centered around
investigating the development of the human retina. Discovered by
Samuel Thomas von Sémmerring in the early 1800s, the fovea is a
pit located in the macular region of the human eye (Barber, 1955;
Mann, 1928) and has long been thought to be a critical feature for
high visual acuity in humans as well as certain other vertebrates
(Slonaker, 1897). Although present in some species of birds (Fite
& Rosenfield-Wessels, 1975; Walls, 1942), lizards (Hulke, 1866;
Ro6Il, 2001; Underwood, 1970; Walls, 1942), and fish (Collin, 1999;
Easter Jr., 1992), much of our understanding of fovea development
comes from work in foveated primates (Hendrickson, 1992, 2005,
2015; Hendrickson et al.,, 2012; Hendrickson & Drucker, 1992;
Hendrickson & Kupfer, 1976; Hendrickson & Provis, 2006;
Hendrickson & Yuodelis, 1984; Peng et al., 2019; Springer
& Hendrickson, 2004a, 2004b, 2005; Voigt et al., 2019; Yan
et al., 2020; Yuodelis & Hendrickson, 1986). This body of work
includes histological studies of the primate eye that have provided
important insights into the timing and progression of retina devel-
opment and foveal morphogenesis. The primate fovea initially de-
velops through the lateral displacement of the retina's ganglion cell
layer (GCL) and inner nuclear layer (INL) (Hendrickson et al., 2012;
Hendrickson & Yuodelis, 1984). Over time, the photoreceptor
cells, which make up the entire outer nuclear layer (ONL), move
and pack in around the foveal center (Hendrickson et al., 2012;
Hendrickson & Drucker, 1992; Hendrickson & Yuodelis, 1984;
Yuodelis & Hendrickson, 1986).

Currently, the underlying developmental mechanisms involved
in reshaping the retinal landscape remain poorly understood.
Additionally, it is unclear how specific retinal regions are in-
structed to develop a fovea. Addressing these questions requires
the ability to manipulate gene function or disrupt cell signaling
pathways implicated in fovea development. This is challenging
in primates due to their reproduction schedule, generation time,
and ethical concerns regarding genome modification and raising
of mutant lines. Determining the mechanisms involved in pit for-
mation is also not feasible in other commonly used animal models
for eye research, such as mice, chicks, Xenopus, and zebrafish, be-
cause they all lack a foveated retina. Hence, there is a need for a
new foveated model system that can be easily reared in a labora-
tory setting, reproduces frequently, has a short generation time,
and whose genome can be easily edited. To address this need, we
are developing the brown anole lizard (Anolis sagrei) as a foveated
model system for research (Rasys, Divers, et al., 2019; Rasys, Park,
et al., 2019; Rasys, Pau, Irwin, Luo, Kim, et al., 2021; Rasys, Pau,
Irwin, Luo, Menke, et al., 2021).

The retina of Anolis sagrei, and other anole lizards, possesses both
a prominent, funnel-shaped central fovea and a shallower tempo-
ral fovea (Fite & Lister, 1981; Makaretz & Levine, 1980; Rasys, Pau,
Irwin, Luo, Kim, et al., 2021; Sannan et al., 2018; Underwood, 1970;
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Walls, 1942). This deep central fovea lacks all retina cell layers at
its center, while the shallower temporal fovea retains all these cell
layers. Although among reptiles the presence of a deep central
fovea and a second, shallower temporal fovea is unique to anoles,
this arrangement is commonly found in birds (Bringmann, 2019;
Underwood, 1970; Walls, 1942). All other foveated lizards that have
been examined possess a single fovea located in the central retina
(Underwood, 1970) or, in the case of geckos, a single fovea located
in the temporal region of the retina (R6ll, 2001). While the central
fovea is thought to provide high visual acuity for detecting distant
objects (Bringmann, 2019; Fleishman, 2024; Locket, 1992), the tem-
poral fovea is thought to enhance depth perception, which is partic-
ularly useful for prey capture (Fleishman, 2024; Mitkus et al., 2018).
The dual foveal system is postulated to allow anoles to have sharp
vision in both the lateral and frontal visual fields, aiding in their pred-
atory behavior (Fleishman, 2024). Studies of foveal development in
A. sagrei are expected to provide insights into the cellular and molec-
ular mechanisms underlying fovea formation and retinal remodeling.

Remarkably, during embryonic development, anole eyes undergo
dynamic changes in their ocular shape (Rasys, Pau, Irwin, Luo, Kim,
et al., 2021). First, the eye dramatically elongates in the regions that
will develop a fovea. This is followed by a retraction period, where
the eye returns back to its original spherical shape. It is during this
retraction phase that the foveae develop. We previously proposed
that remodeling of the retina landscape results from changes in eye
shape, eventually leading to the organization of high visual acuity
areas (Rasys, Pau, Irwin, Luo, Kim, et al., 2021). Here, we test this
hypothesis by carefully examining the morphology of the retina prior
to, during, and after ocular elongation.

2 | METHODS

21 | Animals

Lizards are maintained in a laboratory breeding colony at the
University of Georgia following the anole husbandry and care rec-
ommendations outlined by Sanger, Hime, et al. (2008). Eggs were
maintained in the lab following the protocol described by Rasys, Pau,
Irwin, Luo, Kim, et al. (2021). Experiments included both male and fe-
male lizard embryos as well as hatchlings. Hatchlings were euthanized
according to the American Veterinary Medical Association (AVMA)
Guidelines for the Euthanasia of Animals (Association AVM, 2020;
Conroy et al., 2009). All experiments were approved, performed, and
overseen by the University of Georgia Institutional Animal Care and
Use Committee in accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

2.2 | Staging and dissection

Anole embryos develop over a 30-33day period when incubated at
28°C. Embryos were collected from eggs at various timepoints after
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FIGURE 1 Diagram of cell organization in the adult brown anole lizard retina.

egg lay and removed from their egg shells following the protocol de-
scribed by Rasys, Pau, Irwin, Luo, Kim, et al. (2021). Embryos were
staged according to the guidelines by Sanger, Losos, et al. (2008).
Eyes were collected from 4 or more embryos from each develop-

mental stage.

2.3 | Fixation, embedding, and staining

After dissection, the eyes were placed in Bouin's fixative, chosen
over 4% Paraformaldehyde (PFA) solution due to its superior ability
to maintain ocular shape and resist shrinkage artifacts during the
dehydration process. Additionally, it was selected for its quality in
preserving individual cell morphology, enabling easy detection of
mitotic, differentiating, and pyknotic cells on histological sections.
The eyes were fixed at 4°C overnight on a rocker and then rinsed the
next day in 1x phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl,
10mM Na,HPO,, 1.8 mM KH,PO,, pH 7.4) with five 15-min washes.
They were then dehydrated in a series of graded ethanol solutions
(70%, 80%, 90%, 96%, and 100% twice) for 15min each. After de-
hydration, the eyes were soaked in xylene for 30 min and incubated
in a series of three paraffin wax jars for 30min at 65°C. The eyes
were embedded in paraffin, serially sectioned along the horizontal
plane at a 10pum thickness, stained, and mounted following stand-
ard hematoxylin and eosin (H&E) and Cytoseal (Thermo Scientific™
Richard-Allan Scientific™) protocols. The sections were imaged using
a KEYENCE BZ-700 microscope, and photomosaic images were gen-
erated with Keyence image stitching software. Contrast and white
balance of images were digitally enhanced using Adobe Photoshop
CC (2017.01 release).

2.4 | Retina measurements

Retina measurements were performed on horizontally sectioned
eyes from stage 6 (n=4), stage 14 (n=4), and hatchling (n=6) lizards
following our approach published in Wahle et al. (2023). Total outer
and inner retinal lengths were measured, and the mean plus stand-
ard deviation was recorded for each section. The outer and inner
retina lengths were divided into 10 individual bins, with each foveal
region centered in a bin. Retinal width measurements (13 different
areas) were taken at the intersection of the bins, the foveal center,
and parafoveal regions. This approach ensured consistent sampling
of the same regions across multiple embryo retinas and stages.
Retina length and width were recorded in micrometer (um) units.

3 | RESULTS

3.1 | Structure of the adult retina

The results of this study reference the retinal structure of the adult
anole, as depicted in this sketch modeled on histological sections cut
through anole eyes (Figure 1). This retinal structure is similar to that of
other vertebrates. The ganglion cell layer (GCL) consists of ganglion
cells and putative displaced amacrine cells. The inner nuclear layer
(INL) contains amacrine cells, bipolar cells, Mdller glia, and horizontal
cells, while the outer nuclear layer (ONL) is populated by photore-
ceptor cells. The inner plexiform layer, located between the GCL and
INL, consists of synaptic connections between neurons in these two
layers. Similarly, the outer plexiform layer (OPL), located between
the INL and ONL, consists of synaptic connections between bipolar
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FIGURE 2 Foveal areas in anoles have retina mounding and undergo retinal lamination before the rest of the retina. Side panels show
H&E-stained horizontal sections of stage 5 (a), stage 6 (g), and stage 8 (m) embryos. The retina areas: NR—nasal retina (b, h, and n), NR«<C—
area between the central and nasal retina (c, i, and o), CR—central retina (d, j, and p), C-=TR—area between the central and temporal retina

(e, k, and q), and TR—temporal (f, |, and r) are shown for each (a), (g), and (m) sections. Magnified inserts of the foveal regions are shown for
stage 5 (d' and f'), stage 6 (j' and I'), and stage 8 (p' and r') embryos. Images (b-f, h-1, and n-r) and (d'-f', j'-I', and p'-r') are respectively to scale
with one another. Markers: Black arrows—mitotic cells; RPE—retinal pigmented epithelium; NR—neural retina; IPL—inner plexiform layer;
OPL—outer plexiform layer; scale bars—250pum (a, g, and m), 50 pm (b-f, h-I, and n-r), and 20 um (d'-f', j'-I', and p'-r').

cells, horizontal cells, and photoreceptors. Immediately adjacent to
the ONL on the posterior side of the eye is the retinal pigmented epi-
thelium (RPE). The RPE is a single-cell layer with an extensive array
of microvilli extending from its apical surface, interdigitating with
the outer segments of the photoreceptors. Adjacent to the RPE is
the heavily vascularized choroid and cartilaginous sclera, which form
the tough outer surface of the ocular globe.

3.2 | Earlyretinal development of foveal areas

In the early developing eye of stage 5 embryos, the prospective cen-
tral and temporal foveal regions of the neural retina exhibit a thick-
ened, mound-like appearance when compared to adjacent regions
(Figure 2a-f; compare regions d and f to b, ¢, and e). These observa-
tions suggest that the regions of the retina that will give rise to the
central and temporal fovea are further along in development than
non-foveated retinal regions.

3.3 | Cell proliferation and retina lamination

During the period that immediately follows optic cup forma-
tion in the developing anole (Sanger stages 1-3; Sanger, Losos,
et al., 2008), mitotic cells are distributed throughout the devel-
oping neural retina adjacent to the retinal pigmented epithelium
(data not shown; see fig. 2 of Rasys, Pau, Irwin, Luo, Menke,
et al. (2021)). By late stage 3, an increase in the number of dividing
cells in the central region of the retina is observed. By stage 4, a
slight mounding of the retina (i.e., increased neural retina thick-
ness localized to a specific area of the retina) is detected centrally
(data not shown; see Anolis Eye Development poster from Rasys,
Pau, Irwin, Luo, Kim, et al., 2021). As the embryo enters stage 5
of development, the eye has grown considerably in overall size,
and regional differences in both morphology and the numbers of
mitotic figures become evident (Figure 2a-f). Retinal mounding in
the central retina increases in both area and thickness, and a simi-
lar, but somewhat smaller, mounded formation is also observed in
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FIGURE 3 Retinal development in midstage embryos. Panels to the left show horizontal H&E-stained sections of stage 9 (a), stage 10

(e), and stage 13 (i) embryos. The nasal retina is depicted in (b, f, and j), the central retina in (c, g, and k), and temporal retina in (d, h, and

). Markers: Black arrows—presumptive horizontal cells; black arrow heads—pyknotic cells; side notches—presumptive amacrine/bipolar
boundary; NR—neural retina; GCs—ganglion cells; Acs—amacrine cells; BCs—bipolar cells; dashed white lines—presumptive amacrine/bipolar
boundary; and scale bars—250pum (a, €, and i), 50 um (b-I), and 20 um (magnified inserts). Inserts are all to scale with each other.

the temporal region where the presumptive temporal fovea will
develop (Figure 2a,d,f). The highest densities of mitotically active
cells are in the mounded regions of the central and temporal retina
(Figure 2a,d,f), with lower densities in the nasal peripheral retina
(Figure 2a-c) and the retinal area between the central and tempo-
ral mounded regions (Figure 2a,e). Most of the mitotic figures ob-
served in the neural retina are consistent with vertically oriented
cell division (the plane of cell division was perpendicular to the
plane of the neuroepithelium). In the mounded area of the central
retina, horizontally dividing cells are also observed (Figure 2d).
The first signs of retinal lamination are observed by stage
6. A prominent inner plexiform layer (IPL) and developing outer
plexiform layer (OPL) are found centrally, while temporally, both
plexiform layers are present but less well developed (Figure 2g,j,1).
Strikingly, lamination is neither evident between the central and
temporal retina regions (Figure 2k) nor observed in the tempo-
ral anterior margin. This indicates that areas with retinal thicken-
ing have progressed further in development compared to other

regions of the retina. During this period, cell proliferation has
largely ceased in the central retina and is greatly reduced in the
temporal retina. The few cells still undergoing mitosis within these
areas are located distally from the ventricle surface (Figure 2j,j',,I').
In contrast, the densities of mitotic figures in the peripheral retina
and the region between the central and temporal foveal areas of
stage 6 embryos are higher compared to those in stage 5 embryos.
In these areas, dividing cells are mostly located adjacent to the
ventricle surface (Figure 2h,l,k), but distally located mitotic cells
are observed in portions of the peripheral retina starting to form
neuropil (Figure 2i,k).

By stage 8, the IPL and OPL are observed in the retina be-
tween the central and temporal areas but do not extend to the
temporal anterior margin (Figure 2m-r). At this stage, cell prolifer-
ation is largely restricted to the anterior nasal retina (Figure 2n,0).
By stage 10, the IPL and OPL extend from the anterior margin on
the temporal side of the eye around the retina but do not quite
reach the anterior margin of the eye on the nasal side (Figure 3e).



Proliferation at this time has largely ceased. By stages 11-12, the
IPL and OPL extend all the way around the retina (data not shown,

but see Figure 3i for stage 13).

3.4 | Neurogenesis of retina cell types

We next sought to determine the approximate timeline for the
emergence of cell types in the developing anole retina. In other
vertebrates, the first retinal cells to be born are ganglion cells, fol-
lowed by horizontal, amacrine, and cone photoreceptor cells. In con-
trast, rod photoreceptors, bipolar, and Miiller glia cells differentiate
later in retinal development (Coulombre, 1955; Kahn, 1974; La Vail
et al., 1991; Prada et al., 1991; Rhodes, 1979; Smith et al., 2001;
Weysse & Burgess, 1906). We monitored the appearance of these
cell types in A. sagrei using morphological criteria described in other
histological studies of the retina (Coulombre, 1955; O'Rahilly &
Meyer, 1959; Weysse & Burgess, 1906).

As retinal cells differentiate, their morphology changes from
spindle-shaped progenitor cells to round-shaped differentiated
cells (Coulombre, 1955; Kahn, 1974; O'Rahilly & Meyer, 1959;
Rhodes, 1979; Weysse & Burgess, 1906). In the anole, the first mor-
phological indication of ganglion cell presence is observed starting
at stage 5 in the central and temporal thickened regions of the retina.
Postmitotically, these cells are large, round, and located at the vitre-
ous surface of the neural retina (Figure 4b,c). Axon fibers extending
from these cells toward the future optic stalk also become appar-
ent. At stage 6, the GCL is clearly visible in the thickened regions of
the central and temporal retina (Figures 2g,j,l and 4e,f). The GCL is
5-6 cell bodies deep in the central retina and 2-3 cells deep in the
temporal retina (Figure 4e,f). Outside of these two regions, ganglion
cells are present but few in number (e.g. Figure 4d). By stage 9, the
GCL is approximately 7-8 cells deep in the thickened central and
temporal retina and 2-3 cells deep in the retina between these two
regions. Nasally, the GCL is just becoming morphologically distinct
(Figure 4g). Shortly after this period, the central and temporal areas
of the developing retina become notably longer, concordant with
asymmetric expansion of the ocular globe along the nasotemporal
and lateromedial axes compared to the dorsoventral axis (St 9-14;
Rasys, Pau, Irwin, Luo, Kim, et al., 2021). This change in length is ac-
companied by a regional decrease in the cellular density of the neu-
ral retina, noticeable as a thinning of the GCL (Rasys, Pau, Irwin, Luo,
Kim, et al., 2021). By stage 15, the ocular globe begins to retract,
accompanied by regional increases in cellular density (Rasys, Pau,
Irwin, Luo, Kim, et al., 2021). By the time of hatching, the GCL is 4-6
cells deep in all retinal regions except that of the central fovea, which
is devoid of ganglion cells due to lateral displacement (Figure 4m-o).

Interestingly, a transient row of cells becomes distinctly visible
in the IPL adjacent to the GCL during retinal development. These
cells first appear in the central retina at stage 6 (Figure 2j,p), then in
the temporal retina in the presumptive foveal region (Figures 2r, 3d
and 4i), and finally in the nasal retina (Figures 3f and 4j). The regional
appearance and subsequent disappearance of these cells correlate
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FIGURE 4 Maturation of the anole retina ganglion cell layer.
Horizontal H&E-stained sections of stage 5 (a-c), stage 6 (d-f),
stage 9 (f-i), and stage 10 (j-1) embryos are shown along with the
hatchling (m-o0). Images (a, d, g, j, and m) are from the nasal retinal
region (NR), (b, e, h, k, and n) from the central region (CR), and (c,

f, i, 1, and o) from the temporal retina area. Images (a-c), (d-f), (g-i),
(j-1), and (m-0) are to scale with each other. Markers indicate: Black
arrows—presumptive ganglion cells; side notches—organized row
of presumptive ganglion or displaced amacrine; PL—plexiform layer;
*CPF—central parafoveal area; *TF—temporal fovea area; and scale
bars—20pum (a-o).

with the progression of retinal differentiation. The identity of these
cells is currently unknown but may include ganglion cells and dis-
placed amacrine cells.

Amacrine cells are in the region of the INL adjacent to the IPL.
Morphologically, differentiated amacrine cells are round with a
larger soma than retinal progenitor cells, which exhibit a spindle-
like form and are densely packed within the neural retina (Figure 3).
Morphologically distinct amacrine cells first appear in small numbers
in the central retina at stage 6 (Figures 2j and 5a-c), in the temporal
retina by stage 7 (data not shown), and in the nasal retina by stage 9
(Figures 3a,b and 5d). The region of the INL enriched with amacrine
cells can be distinguished from that enriched with bipolar somas by
differences in cell density and soma morphologies. These regions
are easily distinguishable from one another throughout embryonic
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FIGURE 5 Bipolar and Miiller glia histogenesis in the anole retina. Horizontal sections from embryonic stages 6 (a-c), 9 (d-f), 10 (g-i),
14 (j-1), 16 (m-0), and the hatchling (p-r) are shown. Nasal retina regions are shown in (a, d, g, j, m, and p), central retina (b, e, h, k, n, and qg),
and temporal retina in (c, f, i, |, 0, and r). Magnified inserts in NR sections (a, d, g, j, m, and p) show presumptive bipolar cells transitioning
from spindle to round morphology. Magnified inserts in CR and TR sections (I, n, and r) depict Miller glia cells. Markers: Black arrows—
presumptive horizontal cells; black arrow heads—presumptive Miiller glia cells; side notches—presumptive amacrine/bipolar boundary;
PL—plexiform layer; asterisk—transient layer of Chievitz; *CF—central fovea; *CPF—central parafoveal region; *TF—temporal fovea; PCs—
photoreceptor cells; and scale bars—20pum (a-u). Images (a-c), (d-f), (g-i), (j-1), (m-0), and (p-r) are respectively to scale.

development and into adulthood (see Figure 3 for a clear representa-
tion). Interestingly, this boundary transiently becomes more distinct
and exhibits marked separation around the presumptive fovea areas
between stages 10 and 12. In this separated area, very few cell bod-
ies are present (Figures 3e,g and 5h).

Similar to the GCL, the amacrine cell density undergoes regional
changes during the periods of ocular elongation and retraction.
Between stages 8 and 9, both the central and temporal regions
have an amacrine cell layer that ranges from 8 to 9 cells in depth
(Figure 5e,f). At the maximum extent of elongation (stage 14), this
number drops to around 5 to 6 cells in depth. During retraction
(stage 18), the number of cells ranges from 7 to 9 in depth through-
out the retina (Figure 5j-m,p). During foveae formation in the central
and temporal areas (stage 16), the amacrine cell layer progressively
thins as cell bodies become laterally displaced from the foveal cen-
ters. This displacement results in an increase in cell density and ret-
inal thickness in regions adjacent to the foveal areas. By hatching,
the central fovea is completely devoid of amacrine cells, while the
temporal fovea retains a layer of amacrine cells, that is, 3-4 cells
deep (Figures 5r and 6).

Horizontal cells, which occupy the outermost region of the
INL, and photoreceptor cells, which lie adjacent to the ventricu-
lar surface, are first observed in the central, temporal, and nasal
retina areas by stages 5, 6, and 9, respectively (Figure 7b,e-g). By
stage 10, the horizontal cells are neatly arranged into a single row
of cells. From this point until hatching, we detect little change ei-
ther in the cellular morphology or the number of horizontal cells.
During this time, the ONL is largely composed of photoreceptors
approximately 1-2 somas deep. Interestingly, the distance be-
tween neighboring photoreceptor cells differs between the nasal
retina and the presumptive foveal areas of the central and tem-
poral retina. In the nasal region, cells are closely packed together,
while in the central and temporal regions, cells are more spaced
apart (Figure 7g-o0). This difference is most evident during the pe-
riod of ocular elongation (stages 9-14). When the eye undergoes
retraction (stages 15-18), the spacious layout of the central and
temporal photoreceptor cells is lost (Figure 7p-r). By stage 14, the
external limiting membrane (ELM) is present along with the first
morphological indications of inner photoreceptor cell segments
(Figure 7n,0). By stage 16, the number of photoreceptor cells
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FIGURE 6 Fovea formation and photoreceptor cell packing in the anole retina. Top panels show stage 16 embryo (a-c), middle stage

17 embryo (d-f), and hatchling (g-i) horizontal H&E-stained sections. Central fovea areas are depicted in (b, e, and h), and temporal fovea
regions in (c, f, and i). Magnified inserts show photoreceptor cells. Markers signify: GCL—ganglion cell layer; INL—inner nuclear layer; ONL—
outer nuclear layer; RPE—retinal pigmented epithelium; Chd—choroid; Scl—sclera; side notches—external limiting membrane; and scale
bars—250pum (a, d, and g), and 50 um (b-c, e-f, and h-i). Magnified inserts are all to scale with one another.

within the central fovea has increased from 1 to 5 cells deep; pho-
toreceptors are 2-3 cells deep in the temporal fovea (Figure 7q,r).
At the time of hatching, photoreceptor and horizontal cells present
in the central fovea have become completely laterally displaced,
their processes elongated, and their inner and outer segments
lengthened. In contrast, in the temporal foveal center, photore-
ceptor cells are 4-5 cells deep, and horizontal cells are still present
(Figure 7s-u).

Nestled between the amacrine and horizontal cells is a dense
population of presumptive bipolar neurons. Due to the lack of de-
finitive morphological features and the challenges associated with
distinguishing cells in regions of high cell density, we present only
a rough timeline of observable changes in cell morphology (i.e.,
the shift from spindle to round morphology) seen in a large num-
ber of cells. Presumptive bipolar cells were first detected between
stages 9-10, 10, and 12 for the central, temporal, and nasal retina
regions, respectively (Figure 5d-i). As development progresses,
most of these presumptive bipolar cells transition from spindle
to round cell morphology throughout the retina, and by stage 14,
they appear largely uniform in shape (Figure 5j-1). During the for-
mation of the central and temporal foveae (stage 16), the number
of bipolar neurons decreases at the foveal centers, similar to the

pattern seen with amacrine cells. By hatching, the central fovea
is devoid of bipolar cells, while the temporal fovea retains bipolar
cells (Figure 5m-r).

Miuller glia somas tend to be larger than those of other retinal
cells and are typically located in the INL, between the amacrine and
bipolar somas. Miller glia nuclei are also more eosinophilic than
other cells in the INL. The processes of Miller glia extend across the
full thickness of the retina, reaching both the outer and inner limiting
membranes. Cells matching this morphological description are first
observed in small numbers between stages 11, 12, and 13 in the
central, temporal, and nasal areas, respectively, and are more easily
detected when the ELM appears at stage 14 (Figure 5l,n,r).

3.5 | Celldeath

Naturally occurring waves of cell death, which progress in the same
order as neuron birth, have been observed in other vertebrates
(Beazley et al., 1987). In anoles, we found that cell death follows
the same spatiotemporal pattern as neurogenesis: pyknotic cells
appear first in the central retina, followed by the temporal retina,
then regions immediately flanking the central retina, and lastly the
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FIGURE 7 Horizontal and photoreceptor cell development in the anole retina. Images of H&E-stained horizontal sections from stage 5
(a-c), stage 6 (d-f), stage 9 (g-i), stage 10 (j-1), stage 14 (m-0), stage 16 (p-r) embryos are depicted along with the hatchling (s-u). Nasal retina
regions are shown in (a, d, g, j, m, p, and s), central retina (b, e, h, k, n, g, and t), and temporal retinain (c, f, i, |, o, r, and u). Markers indicate:
Black arrows—presumptive horizontal cells; black arrow heads—presumptive photoreceptor cells; side notches—external limiting membrane;
RPE—retina pigmented epithelium; asterisk—RPE absent due to sectioning artifact; PL—plexiform layer; *CF—central fovea; *CPF—central
parafoveal region; *TF—temporal fovea; and scale bars—20 um (a-u). Images (a-c), (d-f), (g-i), (j-1), (m-0), (p-r), and (s-u) are to scale with one

another, respectively.

nasal retina (Figure 3). Cell death is first detected within the GCL
and amacrine layer as early as stage 9, becoming more prominent by
stage 10 in the central and temporal areas of the retina. Although
pyknotic cells are also present in these cell layers in the nasal retina
at this stage, they are relatively few in number (Figure 3c,d,f-h). By
stage 11, the majority of pyknotic cells in the central and temporal
regions are found in the amacrine layer, whereas the bulk of dying
cells in the nasal regions and areas immediately flanking the central
retina are still within the GCL. This progression continues into stages
12-13, where cell death in the central and temporal retina is largely
restricted to bipolar neurons. In other retinal regions, cell death is
predominantly found in the amacrine layer at stage 12 and later in
the bipolar region at stage 13 (Figure 3j-I1). By stage 15, evidence of
cell death is mostly absent from the central retina. Elsewhere, a few
pyknotic cells are detected in the amacrine region of the INL in the
nasal retina, and numerous pyknotic cells are observed in the bipolar
region of the INL in the temporal retina. By stage 16, cell death is
only detected in the nasal retina amongst bipolar neurons. At stage
17, no cell death is observed. We did not observe any obvious py-
knotic cells in the photoreceptor and horizontal cell layers. Given
that these cells represent a small proportion of cells in the retina,

it is possible that cell death in these layers went unnoticed because

fewer cell death events are occurring.

3.6 | Fovea formation and retinal remodeling

We next assessed how ocular elongation and retraction contribute
to remodeling the retina, focusing on the development of the fo-
veae. The foveae form during the last week of embryonic develop-
ment in anoles, between stages 16 and 18, a period when the eye is
actively undergoing ocular retraction (Rasys, Pau, Irwin, Luo, Kim,
et al., 2021). As the foveae form, they do so through the lateral dis-
placement of the retina's nuclear layers and the movement of pho-
toceptor cells toward the foveal centers. Halfway through stage 16,
the first morphological signs of foveae formation can be detected.
At the central fovea, an indentation in the GCL and a pronounced in-
crease in the number of photoreceptor cells (5 cells deep) in the ONL
are observed (Figure 6a-c). By stage 17, all three nuclear layers—
GCL, INL, and ONL—become laterally displaced at the central fovea.
As the ONL displaces, the elongated photoreceptor cell processes
and cell bodies extend approximately 45° away from the ELM at the
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foveal center (Figure 6e). This lateral displacement extends well into
the parafoveal region during this period. By stage 18, ocular retrac-
tion is complete, and the central fovea exhibits all of the essential
characteristics present in adults.

The temporal fovea develops somewhat differently. Before a shal-
low pit is observed, the retina briefly increases in width, forming a slight
mound or dome (Figure 6a,c). This doming of the temporal retina ap-
pears primarily due to a slight increase in the number of ganglion cells
in this region. A slight increase in photoreceptor cells (2-3 cells deep) is
also apparent at the foveal center. By stage 17, photoreceptors are 4-5
cells deep, the INL has narrowed, and a slight pit has formed (Figure 6f).
At hatching, the temporal fovea pit is more pronounced, and the area
with photoreceptor cell packing has expanded (Figure 6g,i).

We next examined the retina more closely for subtle changes
that occur before pit formation. Early in development, shortly be-
fore the onset of neurogenesis, we observed that the areas where
the foveae will develop are thickened and have a mounded appear-
ance relative to the surrounding retina. This thickening is detected
as early as stage 4 in the central retina (data not shown) and by stage
5 in the temporal retina (Figure 2a). By stage 6, these areas become
more pronounced as the plexiform layers develop (Figure 2g). It is
during this time that ocular elongation begins in the central and

temporal regions of the eye (Rasys, Pau, Irwin, Luo, Kim, et al., 2021).
These regions will continue to elongate, peaking around stage 14
(Rasys, Pau, Irwin, Luo, Kim, et al., 2021). As this process occurs,
the regionalized retinal thickening in the presumptive foveal areas
gradually disappears (Figures 2m and 3a,e,i). By stages 9 and 10,
regions with a thickened retina are no longer present (Figure 3a,e).
Nearing the peak elongation (stage 13), the entire retina has dramat-
ically thinned (Figure 3i). After this point, the eye begins to retract;
as it does so, the retina thickens, and pit formation occurs.

To further characterize and quantify alterations to the retina during
periods of ocular elongation and retraction, we assessed changes in
retina length and thickness in embryos during early retina neurogen-
esis (stage 6; n=4), at the peak of elongation (stage 14; n=4), and at
hatching (n=6). Retinas from each sectioned eye were measured
from the temporal to nasal ciliary marginal zones to obtain total retina
lengths. Because eye size varies dramatically between these develop-
mental periods, we divided each retina into ten distinct bins to ensure
that retina widths, measured at the intersection of each bin, were rep-
resentative of the same region across different stage embryos. We
found that total retina length follows a similar pattern to changes in
ocular shape. During early development (stage 6), the mean retinal
length is 3706 + 410 um. At the peak of ocular elongation, retinal length
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increases to 5063 +225um. By hatching, when the eye has retracted,
retinal length decreases to 3509 +90um.

Next, we examined retinal thickness distribution across these
timepoints (Figure 8). We determined that retinal thickness changes
largely as a function of retinal length or the development of the
plexiform layers. Although stage 6 and stage 14 embryos have sim-
ilar overall retinal thickness (Figure 8b,c), at stage 14 the plexiform
layers are developed, whereas at stage 6 the retina is still differenti-
ating (Figure 8). As a result, some retinal growth is expected to occur
from retinal lamination in the stage 6 embryo. From stage 14 to
hatching, retinal thickness dramatically increases through thickening
of both the nuclear and plexiform layers (Figure 8c).

4 | DISCUSSION

The fovea is a fascinating structure. Although rare among mammals,
it is present in the eyes of several species of birds, reptiles, and fish.

Morphological comparisons across these species reveal significant
variation in the fovea's structure. In vertebrates that possess a
fovea, it can range from a deep, funnel-shaped pit, where most or
all retinal cell bodies are laterally displaced, to a shallow depression
with only partial displacement of retinal cell bodies.

This diversity raises several intriguing mechanistic questions:
Is there an evolutionarily conserved mechanism responsible for
creating the foveal pit in all these species, or do different mecha-
nisms act to create different foveal shapes, such as the shallow pit
observed in primates and in the temporal retina of lizards and birds
compared to the deep central fovea found in birds and lizards?
Alternatively, is there a mechanism that functions early in foveal
development that is conserved among species, but the formation
of either a deep, steep foveal pit or a wide, shallow pit depends
on divergent mechanisms? Studies of retinal development in anole
lizards, which exhibit both types of foveal structures, can help
bridge gaps in understanding foveal development across different
vertebrates.



The work we present here shows that foveal regions are morpho-
logically apparent very early on, even before retinal layers are present.
We find that differentiation begins first within these regions before
the rest of the retina (for illustration see Figure 9). We also provide
evidence that ocular elongation occurs shortly after retinal neurogen-
esis appears complete within these foveal areas. Moreover, consistent
with our hypothesis that fovea morphogenesis is driven by remodel-
ing of the retina cell layers, we observed that the retina appears to
be influenced by changes in ocular shape and size as well. As the eye
elongates, foveal areas progressively thin, and retina thickening is lost.
By the point of maximum elongation, when eye size is at its largest,
retinal depth is at its thinnest throughout the entire eye. The eye then
retracts, at which time retina thickness increases, and remodeling of
the retina results in pit formation and photoreceptor cell packing. The
timing and sequence of these events—neurogenesis leading to ocular
elongation followed by retraction and retinal remodeling (i.e., pit for-
mation and photoreceptor cell packing; for illustration see Figure 10)—
suggests that fovea morphogenesis includes a series of steps that
begin early and continue throughout most of embryonic development.

Evidence for a relationship between the timing of retinal defini-
tion and ocular elongation also exists in humans (Rasys et al., 2024).

During early eye development, the macular region, where the
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fovea will eventually develop, is the site where retinal neurogen-
esis first begins and concludes. In humans, this happens between
2 and 4months of gestation in the macular region (Barber, 1955;
Barishak, 1992; Hendrickson, 2015; Hendrickson & Provis, 2006;
Hendrickson & Zhang, 2017; Hollenberg & Spira, 1972, 1973; Linberg
& Fisher, 1990; Mann, 1928; Provis et al., 1985; Rhodes, 1979; van
Driel et al.,, 1990) and between 5 and 7months in the peripheral
retina (Barber, 1955; Hendrickson, 1992, 2015; Hendrickson &
Zhang, 2017; Mann, 1928). This 2-4-month time frame is also when
asymmetrical changes in ocular shape are observed in human em-
bryonic eyes (Rasys et al., 2024). For instance, a transient bulge de-
velops within the temporal posterior region of the eye where the
future fovea will develop, starting at around 2 months and peaking at
4months (Bach & Seefelder, 1911; Badtke, 1952; Sondermann, 1950;
Van & Pilleri, 1961; von Ammon, 1858). This bulge then progres-
sively disappears between 5 and 8 months of gestation (Bach &
Seefelder, 1911; Badtke, 1952; Kénigstein, 1884; Sondermann, 1950;
Van & Pilleri, 1961; von Ammon, 1858), overlapping the time frame
when pit formation occurs (Hendrickson et al., 2012; Hendrickson &
Drucker, 1992; Hendrickson & Yuodelis, 1984; Mann, 1928; Yuodelis
& Hendrickson, 1986). This process in humans is gradual and be-
gins with GCL thickening (Hendrickson et al., 2012; Hendrickson &
Yuodelis, 1984), followed by pit formation, which slowly increases
in depth during the latter months of gestation leading up to birth
(Hendrickson et al., 2012, Hendrickson & Yuodelis, 1984). Following
this, photoreceptor cells move toward and pack around the fovea
center (Hendrickson et al., 2012; Hendrickson & Drucker, 1992;
Hendrickson & Yuodelis, 1984; Yuodelis & Hendrickson, 1986).

Given the occurrence of asymmetric changes in globe expansion
and retraction, one might expect corresponding regional differences
in retinal morphology. For instance, eye elongation occurs to a much
greater extent within the central foveal area compared to the temporal
area, and the shape of its elongation is also very different (Rasys, Pau,
Irwin, Luo, Kim, et al., 2021). One expected outcome is differences
in retinal remodeling, such as pit size and photoreceptor cell packing.
Consistent with this, we find that the central pit is more pronounced
than the temporal fovea, and there is a higher degree of photorecep-
tor packing in the central fovea. Interestingly, the two foveated areas
develop through slightly different sequences of events. In the central
fovea, photoreceptor cell packing and retinal lateral displacement
occur simultaneously, whereas in the temporal fovea, a localized in-
crease in the number of soma in the GCL occurs first, followed by an
increased number of photoreceptor cells and then pit formation.

In humans, ocular elongation encompasses a broad region
of the globe. Similar to the anole's temporal fovea, a localized
increase in the number of soma in the GCL, which results in a
mounded appearance of the GCL, is observed prior to pit forma-
tion (Hendrickson et al., 2012, Hendrickson & Yuodelis, 1984). We
believe that GCL mounding before pit formation is an indication of
ocular retraction, but the degree of mounding is influenced by the
overall shape of ocular elongation (Rasys et al., 2024). The distri-
bution of forces differs between the central fovea than the tempo-
ral fovea. In the central area, elongation is narrow and funnel-like,
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whereas in the temporal region, it is much shallower and broader.
Assuming that foveal retinal areas are subjected to equal internal
resistance (i.e., intraocular pressure) and possess the same intrin-
sic properties (i.e., equal elasticity), it is reasonable to expect that
mechanical forces exerted at the apex of the elongated regions
during retraction would be greater in the central region compared
to the temporal. For instance, a broader, elongated region would
likely disperse and alleviate some of the forces generated during
ocular retraction, whereas a narrower, more confined elongated
region would tend to focus them. This could explain why the cen-
tral and temporal foveal areas are morphologically different in an-
oles. Chameleons also have a fovea and undergo similar changes
in eye shape (Rasys et al., 2024; Rasys, Pau, Irwin, Luo, Kim,
et al., 2021). Their central foveal region elongates and retracts to
a similar degree as in anoles, but the shape of its elongation is
broader than that of the anole's central elongated region. It would
be interesting to determine if GCL mounding occurs during cen-
tral fovea development in chameleons to test the relationship be-
tween ocular elongation patterns and localized retinal thickening.
As noted in the introduction, most of our understanding of
fovea development comes from histological studies of the pri-
mate eye. Therefore, we can compare several morphological as-
pects of foveal development between A. sagrei and haplorhine
primates. Although numerous studies have been published on fo-
veal structures in the eyes of adult birds, reptiles, and fish, only
one study has included fovea development in birds (zebra finch;
Sugiyama et al., 2020) and two studies show some aspects of eye
development in seahorses (Novelli et al., 2015; Ofelio et al., 2018).
However, these studies are very limited and focus only on later
stages when pit formation occurs. Histological sections of the
developing zebra finch central fovea (Sugiyama et al., 2020) re-
veal that its pit develops in a very similar way to the foveae of
anoles. The retina starts off very uniform, with no evidence of
GCL thickening prior to pit formation, similar to the anole central
fovea. The retina then becomes indented, forming the pit as all
the retinal cell layers progressively thin and photoreceptor cells
begin to pack in around the developing fovea. Interestingly, like
the anole's temporal fovea, the zebra finch's central fovea retains
all its retinal cell layers. This also appears true for the fovea of
seahorses. Histological sections of the eyes of two different ju-
venile seahorse species (Hippocampus reidi and Hippocampus
guttulatus) at the time of release from the male seahorse's pouch
show retinal structures with features similar to the temporal fovea
of stage 16 A. sagrei embryos: a regionally mounded retina cor-
relating with an apparent increase in the density of soma in the
inner nuclear layer (INL) and photoreceptors in the outer nuclear
layer (ONL). About 1 month after release from the male seahorse's
pouch, H. guttulatus juveniles possess a well-defined funnel-like
pit (Ofelio et al., 2018). The fovea at this stage of development
appears most similar to the temporal fovea in hatchling A. sagrei.
Although limited, these comparative observations of fovea de-
velopment between A. sagrei, Taeniopygia guttata, and Hippocampus
suggest that, as with primates, fovea morphogenesis is driven by

remodeling of the retinal cell layers. However, because these studies
do not capture key periods of early retinal neurogenesis, it is pres-
ently unclear whether foveal regions in birds and fish are specified
early during retinal development, as they are in anoles and primates.
Moreover, since embryonic studies investigating ocular shape are
still needed, it will be interesting to explore whether fovea morpho-
genesis in birds and fish is influenced by changes in ocular shape and
size as well.

Our detailed histological and morphological analyses of the
anole retina provide a foundation for future experimental ap-
proaches. These include gene manipulation techniques to further
explore the genetic and molecular pathways involved in fovea
formation, potentially shedding light on these processes in a wide
range of species. Overall, the research on Anolis sagrei not only
enhances our understanding of retinal development in this spe-
cific lizard but also provides a valuable comparative model that
can inform studies on foveal development in primates and other
vertebrates.
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