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A B S T R A C T

A fovea is a pitted invagination in the inner retinal tissue (fovea interna) that overlies an area of photoreceptors
specialized for high acuity vision (fovea externa). Although the shape of the vertebrate fovea varies considerably
among the species, there are two basic types. The retina of many predatory fish, reptilians, and birds possess one
(or two) convexiclivate fovea(s), while the retina of higher primates contains a concaviclivate fovea. By re-
fraction of the incoming light, the convexiclivate fovea may function as image enlarger, focus indicator, and
movement detector. By centrifugal displacement of the inner retinal layers, which increases the transparency of
the central foveal tissue (the foveola), the primate fovea interna improves the quality of the image received by
the central photoreceptors. In this review, we summarize ‒ with the focus on Müller cells of the human and
macaque fovea ‒ data regarding the structure of the primate fovea, discuss various aspects of the optical function
of the fovea, and propose a model of foveal development. The “Müller cell cone” of the foveola comprises
specialized Müller cells which do not support neuronal activity but may serve optical and structural functions. In
addition to the “Müller cell cone”, structural stabilization of the foveal morphology may be provided by the 'z-
shaped' Müller cells of the fovea walls, via exerting tractional forces onto Henle fibers. The spatial distribution of
glial fibrillary acidic protein may suggest that the foveola and the Henle fiber layer are subjects to mechanical
stress. During development, the foveal pit is proposed to be formed by a vertical contraction of the centralmost
Müller cells. After widening of the foveal pit likely mediated by retracting astrocytes, Henle fibers are formed by
horizontal contraction of Müller cell processes in the outer plexiform layer and the centripetal displacement of
photoreceptors. A better understanding of the molecular, cellular, and mechanical factors involved in the de-
velopmental morphogenesis and the structural stabilization of the fovea may help to explain the (patho-) genesis
of foveal hypoplasia and macular holes.

1. Introduction

Vertebrate species possess a retina which is inverted with respect to
the light path. The inverted structure allows an efficient trophic and
structural support of photoreceptors by the retinal pigment epithelium
(RPE). However, it has the disadvantage that the incoming light has to
traverse the entire neural retina before it arrives at photoreceptors.
Cellular elements with dimensions within or near the wavelength range
of visible light, e.g., cell processes and organelles, are phase objects that
reflect and scatter light (Zernike, 1955; Land, 1972; Tuchin, 2000).

Light scattering by the retinal tissue in the living eye is evidenced by the
fact that optical coherence tomography (OCT) delivers images of retinal
layers. In OCT images, the highest light reflectivities are found in the
nerve fiber (NFL) and inner plexiform layers (IPL), the outer plexiform
(OPL) and Henle fiber layers (HFL), the outer limiting membrane
(OLM), and the transition zone between the inner and outer photo-
receptor segments (Fig. 1Ba and 2A). Light reflection within the NFL,
plexiform (synaptic) layers, and HFL suggests that a substantial portion
of the incident light is scattered at neuronal and photoreceptor cell
axons and synapses. Retinal light scattering is expected to reduce visual
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sensitivity and acuity, and decreases the signal-to-noise ratio of the
visual image (Agte et al., 2011). In addition, angioscotomas produced
by light scattering and absorption at blood vessels decrease the quality
and brightness of the visual image (Weale, 1966).

Various retinal adaptations developed during the evolution of the
vertebrate eye in order to minimize retinal light scattering and to in-
crease the visual resolution. It has been shown for the retina of non-
primate mammals (Franze et al., 2007; Agte et al., 2011; Labin et al.,
2014), and proposed for the human and avian retina (Labin et al., 2014;
Zueva et al., 2014), that Müller cells act as living optical fibers which
guide the light with minimal intensity loss through the inner retinal
layers toward the photoreceptors. Müller cells, the principal macroglial
cells of the vertebrate retina (Müller, 1851; Bringmann et al., 2006;
Reichenbach and Bringmann, 2010), are specialized radial glial cells
which span the whole thickness of the neural retina, from the vitreal
surface to the subretinal space (Müller, 1856; Reichenbach and
Bringmann, 2017). The endfeet and inner main processes of Müller cells
are light-guiding fibers (Franze et al., 2007) which bypass the light-
scattering nerve fibers and synapses in the inner retina. The image,
which is transported to the photoreceptors by a population of Müller
cells, is resolved in 'pixels' corresponding to individual Müller cells
(Franze et al., 2007). Because the local densities of cone photoreceptors
and Müller cells are roughly equal in many species (Reichenbach and
Robinson, 1995; Agte et al., 2011), every cone may have its ‘private’
Müller cell which delivers the appropriate pixel of the image, while
several rods (up to 10 in the peripheral human retina; Reichenbach and
Bringmann, 2010) are illuminated by one Müller cell. Through the
thick, multilayered outer nuclear layer (ONL) of the peripheral retina of
nocturnal mammals, in which the outer Müller cell processes are very
thin, light is transported by the nuclei of rod photoreceptor cells which
are arranged in linear vertical rows and thus form chains of lenses
which transmit the light delivered by Müller cells and direct it to the
receptor segments (Solovei et al., 2009; Kreysing et al., 2010).

In addition to optical image magnification factors like eye size, lens
radius, and anterior segment light refraction, visual acuity mainly de-
pends on the density of photoreceptors and the ratio between the
numbers of photoreceptors and ganglion cells (Wässle and Boycott,
1991). (The acuity of stereoscopic vision also depends on the central
visual information processing). Across the vertebrate species, the den-
sity of retinal cells may be increased in the central retina, the temporal
retina, and/or the horizontal meridian of the retina (Müller, 1861;
Walls, 1942). In areas of high cell densities, the retina is thickened, and
photoreceptors may show a bouquet-like spatial arrangement (Franz,
1913). The retina of nonprimate mammals does not contain a fovea but

may have specialized areas of high cell densities like a concentrically
organized area centralis (predators like the cat), a visual streak (as in
rabbits and tree shrews) which lies along the horizontal meridian of the
retina, or a combination of a visual streak and an area centralis
(Reichenbach and Robinson, 1995; Ahnelt and Kolb, 2000). The dif-
ferent morphologies of these regions are adaptations to the feeding
behavior and habitats of the animals. The visual streak of rabbits, for
example, is a high-density area that scans the horizon without the need
of extensive head movements. The retina of dogs contains a fovea ex-
terna, i.e., a central area without a foveal pit which contains a fovea-
like bouquet of cone photoreceptors and a high ganglion cell density
(Franz, 1913; Beltran et al., 2014).

A further retinal specialization which minimizes light scattering and
increases the visual acuity is the presence of a fovea. The retinas of
various vertebrate species possess one or two foveas (Müller, 1861,
1862, 1863). A fovea is a pitted invagination in the inner retina (fovea
interna) that overlies an area of photoreceptors specialized for high
acuity vision (fovea externa). A fovea contains particularly high num-
bers of photoreceptors and neurons, and provides the highest visual
resolution (Walls, 1942; Polyak, 1957). The foveal pit may improve the
local visual acuity by magnifying the image and/or by improving the
transparency of the retinal tissue due to lateral displacement of the
light-scattering inner retinal layers. Although the foveal shape varies
considerably across the species, there are two basic types of the verte-
brate fovea. The typical fovea of many predatory teleosts, reptilians
(lizards, certain snakes), and birds, which have avascular retinas, is the
convexiclivate fovea (Slonacker, 1897; Wood, 1917; Walls, 1942; Duke-
Elder, 1958). A convexiclivate fovea is a funnel-shaped fovea (Fig. 3A)
and is localized in the near-central and/or temporal retina. The pit of
the convexiclivate fovea can be shallow, medium, or deep (Fig. 3C)
(Slonacker, 1897). The walls of deep-pit foveas have a convex shape,
and the slope of the pit is more or less steep (Fig. 3A,C). In many species
with deep foveas, the foveal center does not contain light-scattering
ganglion cell somata and axons (Fig. 3C); depending on the depth of the
pit, the foveal center may lack further inner retinal layers like the IPL
and inner nuclear layer (INL), and may also show a (partial) displace-
ment of the ONL (Fig. 3A) (Fite and Rosenfield-Wessels, 1975). How-
ever, many birds and teleosts possess a fovea in which all retinal layers
are present in the foveal center, albeit with reduced thickness (Walls,
1942). It has been proposed that light refraction at the vitreoretinal
border of the convexiclivate fovea provides a local magnification of the
image (Fig. 3B and C; see 3.) that (in addition to the high density of
photoreceptors and the 1:1:1 ratio between photoreceptors, bipolar
cells, and ganglion cells (Ramón y Cajal, 1891) underlies the high

Fig. 1. Müller cells of the primate retina. A. Müller
cells form the cores of the functional units of retinal
information processing. Every Müller cell is sur-
rounded by a distinct group of photoreceptors and
neurons (a) with which it interacts specifically
during development and mature functioning (b).
Blue, Müller cells. Yellow, neurons. Orange, cones.
Brown, rods. B. Morphological diversity of Müller
cells in the human retina. a. OCT image of a human
fovea. Note that the image is optically inverted, i.e.,
light-reflecting structures appear dark. b.Müller cells
as well as photoreceptors and neurons of their col-
umns in three parts of the retina. In the foveola (left
side), where the inner retinal layers are shifted per-
ipherally and the light nearly directly hits the pho-
toreceptor cells, short specialized Müller cells extend

from the vitreal (inner) surface of the retina to the outer limiting membrane (dashed line). These cells do not form a functional column with photoreceptors and
neurons. In the fovea walls and parafovea (middle), very long Müller cells display a z-shaped morphology because (within the Henle fiber layer) Müller cell processes
run centrifugally in association with photoreceptor cell axons. In the retinal periphery (right side), shorter and thicker Müller cells run roughly straight through the
tissue. While the overall number of photoreceptors and neurons per Müller cell does not change from the fovea wall to the retinal periphery, there is an alteration in
the composition of the functional unit, i.e., peripheral units contain more rods and fewer neurons than more central units. Modified after Reichenbach and Bringmann
(2010, 2017).
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acuity of foveal vision (Walls, 1942).
Retinas of nonprimate mammals do not possess a fovea; a fovea was

‘reinvented’ by higher primates (Slonacker, 1897). Most prosimian
primates are nocturnal and have an area centralis with higher photo-
receptor and neuron densities in which large blood vessels are absent;
several species also have elongated photoreceptors in the central retina.
Higher diurnal primates (haplorrhines: tarsiers, monkeys, apes) have a
concaviclivate fovea (Walls, 1942). The concaviclivate fovea is a dish-
or bowl-shaped fovea (Fig. 1Ba, 2A,B, and 3A); this fovea is a

specialization of the area centralis that lies along the horizontal mer-
idian of the retina (Fig. 4A) (Polyak, 1957). The fovea is situated
slightly temporal to the retinal center near the optic axis where chro-
matic aberration is least (Pumphrey, 1948; Polyak, 1957). In the center
of the concaviclivate fovea (the foveola or 'little fovea'), all inner retinal
layers are shifted peripherally (Fig. 3A) and blood vessels are absent
(the foveal avascular zone; Fig. 4B) (Müller, 1856). (However, there are
variations in the morphology of the foveola; see 4.5.) Nocturnal tarsiers
have a foveal pit from which blood vessels and most ganglion cells, but

Fig. 2. Pathology of the foveola. A. OCT images of horizontal
(above) and vertical sections (below) through the center of the
foveola of a normal human subject (22 years, male). Note the
hyperreflective dot in the inner layer of the central foveola
(arrow) which is the central light reflex at the deepest point
of the foveal pit (Tick et al., 2011). The position of the dot
coincides with the tip of the fovea externa, i.e., the central
'photoreceptor pyramid' created by the elongated photo-
receptor segments which is recognizable at the oblique ar-
rangements of the outer limiting membrane (OLM) and the
inner/outer segment (IS/OS) boundary. B. Fovea of a 60
year-old female with Müller cell sheen dystrophy. Note that
the inner Müller cell layer of the foveola contains multiple
hyperreflective dots (arrow). C. Fovea of a 58 year-old female
with vitreoretinal traction syndrome. The foveola is detached
because of tractional forces from membranes which adhere at
the edges of the foveola. Note the strong hyperreflectivity of
the inner Müller cell layer of the foveola which contains
many hyperreflective dots (arrow). Note also that the foveola
is detached at the boundary between the outer nuclear layer
(ONL) and OLM. D. Fovea of a 71 year-old female with
Müller cell sheen dystrophy. The inner layer of the foveola is
detached from the ONL by a large cyst. The detached inner
layer is connected to the fovea walls by Müller cell processes
to the nerve fiber and inner plexiform layers. The ONL of the
foveola is well preserved while the fovea externa is flattened.
E. Hematoxylin/eosin-stained section through the foveola of
a rhesus macaque. Note the tissue disruptions between the
inner Müller cell layer and Henle fiber layer (HFL) in the
more peripheral foveola (*), and between the inner layer and
OLM in the central foveola. The locations of tissue disrup-
tions suggest that these regions have a low resistance against
mechanical stretch. Disruptions of the tissue at these sites are
often seen before the development of macular holes (Chung
and Byeon, 2017). F. Development of macular holes, as
suggested by Chung and Byeon (2017). There are (at least)
two modes of macular hole formation which differ in the
early stage. Macular hole formation is often caused by
anteriorposterior vitreoretinal traction resulting from peri-
foveal posterior vitreous detachment. Vitreoretinal traction
produces a tissue disruption and cyst formation within the
foveola (left side) or a detachment of the foveolar neuroretina
(right side). In cases of intrafoveolar tissue splitting and cyst
formation (left), there are often horizontal cleavages at the
boundary between the inner Müller cell layer and HFL of the
peripheral foveola, and a vertical cleavage in the center of
the foveola. Disruption or loss of the “Müller cell cone” in the
foveola precedes the development of a full-thickness macular
hole. After formation of a full-thickness macular hole, the
foveolar ONL degenerates within several days after loss of
the “Müller cell cone” (left) (Byon et al., 2014). Radial ten-
sion from the nerve fibers may produce an elevation of the
retinal tissue around the hole. The edematous cysts in the
HFL and INL are caused (at least in part) by the Müller cell
dysfunction of water transport (Bringmann et al., 2004). The
area of the full-thickness macular hole is limited by the
perifoveal blood vessels which mechanically interfere with
the centrifugal displacement of the retinal tissue. When vi-

treoretinal traction produces a detachment of the inner Müller cell layer from the ONL (left), the operculum contains the tissue of the inner layer of the foveola; after
detachment of the foveolar tissue (right), the operculum may contain the whole foveolar tissue. Images are modified after OCT images shown by Chung and Byeon
(2017).
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not INL cells, are excluded (Rohen and Castenholtz, 1967; Wolin and
Massopust, 1970; Ross, 2004). Night monkeys (Aotes) vary in respect to
the presence of a fovea; there are species in which a fovea is absent,
rudimentary, or present in 10% of the individuals (Moritz et al., 2014).
The owl monkey Aotes, which evolved from a diurnal ancestor and
returned to a nocturnal lifestyle, has a fovea externa and a fovea-like
thinning of the ganglion cell layer (GCL) and INL; however a foveal pit,
a foveal avascular zone, and true midget ganglion cells (see 2.4.1.) are
absent (Woollard, 1927; Kolmer, 1930; Webb and Kaas, 1976). In ad-
dition, the retina of owl monkeys lacks blue cones (Jacobs, 1998).

The centrifugal displacement of inner retinal layers in the central
primate fovea greatly reduces the light scattering at neuronal structures
and blood vessels, and allows a nearly direct illumination of photo-
receptors (Müller, 1856; Polyak, 1957; Duke-Elder, 1958; Weale, 1966).
The degree of light scattering in the human retina is least at the fovea
and increases more peripherally; the retina is most transparent in the
fovea (Gorrand, 1979). The advantage of the displacement of the inner
retinal layers is also suggested by the reduced visual acuity of many
individuals with foveal hypoplasia which contain all retinal layers in
the foveal center (Thomas et al., 2011; Wilk et al., 2014; McCafferty

et al., 2015). The shallow bowl of the foveola is surrounded by convex
fovea walls (Figs. 3A and 5A,B). The extreme packing of cone photo-
receptors in the fovea externa in association with the midget system of
photoreceptors and neurons in the fovea walls, i.e., the 1:2:2 circuitry
between cones, midget bipolars, and midget ganglion cells (see 2.4.)
(Polyak, 1941), is the main basis of the high-acuity vision provided by
the primate fovea (Hendrickson, 2005). In this review, we summarize ‒
with the focus on Müller cells of the human and macaque fovea ‒ data
regarding the structure of the primate fovea, discuss certain aspects of
the optical function of the fovea, and propose a model of foveal de-
velopment in which Müller cells and astrocytes contribute to the for-
mation of the foveal pit.

2. Structure of the primate fovea

The presence of the human macula lutea was discovered by Buzzi
(1782). The presence of the human fovea was discovered in 1791 and
described by Sömmerring (1795) as 'foramilunum centrale retinae'.
Shortly after, Buzzi (1795) described that the fovea centralis is not a
hole, but a localized thinning of the retinal tissue (Belloni, 1983).

Fig. 3. Convexiclivate and concaviclivate fovea. A. Histological section through the central convexiclivate fovea of an American golden eagle (left) and scanning
electron microphotograph of the fovea of a macaque monkey (right). Note the different shapes of the pits of both fovea types. In the eagle fovea (left), all inner retinal
layers, with the exception of the ganglion cell layer (GCL), are present up to the center of the pit, although at lower thickness. In the macaque fovea (right), the nerve
fiber layer (NFL), GCL, inner plexiform (IPL), inner nuclear (INL), and outer plexiform layers (OPL) are absent in the foveola. Note the extremely high packing density
and elongation of cone photoreceptor segments (PRS) in the central foveola and the centrifugal course of cone cell axons in the Henle fiber layer (HFL). B. Presumed
optics of both fovea types. Left: As hypothesized by Walls (1942), the steep walls of the convexiclivate fovea constitute a means to expand the image on its way
through the retinal tissue and thus to generate a magnified image at the level of the photoreceptor cells. The peripheral retina does not provide image magnification.
Right: A similar image-magnifying function may have the central walls of the concaviclivate fovea (which may be rather steep, too) whereas the flat foveola proper
allows a short, direct pathway of the image to the central cones, without light-scattering at inner retinal layers. C. Presumed optics of deep and shallow convexiclivate
foveas. The images show cross-sections through the deep fovea of the European bank swallow (left) and the shallow fovea of a tuatara (right). As suggested by Snyder
and Miller (1978), the deep fovea with steep fovea walls (left) provides a huge magnification of a small part of the foveal image. The steeper the slope of the central
fovea walls, the steeper is the curvature of the ganglion cell-free (bracket) concave bottom of the foveal pit, and the higher is the magnitude of image magnification. In
the shallow fovea (right), the ganglion cell-free zone (bracket) is wider than in the deep fovea; however, the foveal image is less magnified compared to the deep fovea.
Note the shallow bowl formed by the OPL below the base of the foveal pit of the deep fovea (left) which likely serves as projection area for the magnified image. In
birds, deep foveas are used fo lateral high-acuity monocular vision in great distances, while shallow foveas are used for binocular vision in near distances with lower
acuity (Müller, 1863; Tucker, 2000). ONL, outer nuclear layer; OPP, outer photoreceptor cell processes; RPE, retinal pigment epithelium. The images of A (left) and C
are modified from Polyak (1957) and Walls (1942), respectively.
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In humans, the macula lutea is an elliptically shaped area, about
5.5 mm in diameter, which includes the foveal, parafoveal, and peri-
foveal retina (Fig. 6). The fovea (delimitated by the rim of the foveal
pit) comprises the foveola proper and the central fovea walls (Fig. 4A),
the parafovea includes the peripheral fovea walls, and the perifovea is
the area between the margins of the parafovea and the macula (Fig. 6).
The more or less flat foveola proper, which is elliptical with a long
horizontal axis of about 300 μm and a vertical axis of about 200 μm
(Detwiler, 1943), is the central fovea which does not contain inner
retinal layers (Polyak, 1957). The foveal pit has a diameter of about
0.8–1.5mm, and the parafovea is a 0.5 mm-wide annular zone sur-
rounding the fovea (Polyak, 1957). The fovea walls are the sites of the
thickest retina (thickness, 275–410 μm on the temporal side and
220–350 μm on the nasal side) (Duke-Elder, 1958). The human fovea
lies 3.5–5.5mm temporal to the optic disk and 0.6–0.8 mm below the
center of the optic disk (Figs. 4A and 6) (Detwiler, 1943). The foveas of
pigtail and stumptail macaques lie 3.60 and 3.15mm, respectively,
temporal to the optic disk (Schein, 1988; Packer et al., 1989).

The movements which create the primate fovea during the onto-
genetic development involve a centrifugal displacement of the inner
retina (see 4.3.) and a centripetal displacement of the outer retina (see
4.4.). The former produces the foveola, and the latter produces the
fovea externa. Both movements causes the formation of the HFL. The
HFL contains the axons of photoreceptor cells which draw from the
photoreceptor cell somata in the ONL to the OPL where they make
synapses with bipolar cells; the axons are surrounded and bound to-
gether by the outer processes of Müller cells (Fig. 7I). Thus, the foveal
photoreceptor cell axons and the local Müller cell processes follow the
same ‘z course’ (Fig. 1Bb, 8A‒D, and 9C). The displacement of the inner
retinal layers at the foveola produces a thickening of the inner retinal
layers in the foveal walls and parafovea (Fig. 1Ba). The parafovea has

Fig. 4. Nerve fiber bundles, blood vessels, and Henle
fibers around the primate fovea. A. Above:
Horizontally placed area centralis, which produces a
bilateral symmetry of the retina, in the fundus of the
rhesus macaque. The horizontal meridian of the re-
tina extends from the fovea to the temporal margin
of the retina (left). Note the similar spatial arrange-
ments of large blood vessels (thick lines) and nerve
fiber bundles (thin lines). Thinner arteries and thicker
veins emerge from the optic disc (right). The area
centralis is supplied with blood by the superior and
inferior vascular arcades. Nerve fiber bundles draw
above and below from the horizontal meridian.
Below: Schematic representation of the macular re-
gion of primates. Note that the foveal slope is steeper
in the nasal hemimeridian than in the temporal
hemimeridian. B. Blood vessels supplying the human
foveal region, drawn from an injected preparation by
Heinrich Müller. C. Appearance of the ocular fundus
of a human subject with albuminuric retinitis. The
degenerative patches arranged in a stellate fashion
around the fovea (left) reflect exudates localized in
the Henle fiber layer caused by leakage of the outer
capillary plexus (located at the border between the
inner nuclear and outer plexiform layers). Note the
large area of the Henle fiber layer around the fovea.
The stellate structure around the optic disk (right) are
light reflexes or exudates in the nerve fiber layer.
Images are modified after Piersol (1897), Wood and
Woodruff (1904), and Polyak (1957).

Fig. 5. Morphological variation of the primate fovea. A. Cross-sections through
two foveas of the common squirrel monkey (Saimiri sciureus). Note the different
thickness and shapes of the outer nuclear (ONL) and Henle fiber layers (HFL) in
the center of the foveola. B. Cross-section through the fovea of a siamang
(Symphalangus syndactylus). Müller cells are visualized by vimentin im-
munohistochemistry (brown); cell nuclei are stained with hematoxylin-eosin
(blue). Arrowheads, centralmost blood vessels. CHO, choriocapillaris; GCL,
ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; NFL,
nerve fiber layer; OPL, outer plexiform layer; PRS, photoreceptor segments;
RPE, retinal pigment epithelium. Bars, 100 μm.
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the largest accumulation of neurons in the retina; the INL of the par-
afovea consists of up to 12 rows of cells (Fig. 5A and B and 10Ja). The
GCL forms up to 9 rows of closely packed cells at the foveal edge; the
thickness of the GCL decreases to 4 cell layers at the peripheral edge of
the parafovea, and to a monolayer of cell somata at the peripheral edge
of the perifovea (Hendrickson, 2005). Thus, the macula is characterized
by containing two or more ganglion cell layers.

The fovea externa, i.e., the pyramid-like indention into the foveolar
tissue which is created by the elongated central cone receptors
(Schultze, 1866) (Fig. 2A,E, 4A, 10A, and 11B), contains the foveal cone
mosaic and corresponds with the rod-free site of the highest visual
acuity (see 2.3.). The tip of the fovea externa, which is located in the
foveolar center (the site of the smallest thickness of the foveola;
Fig. 2A,E, 10A, and 11B), indents the foveola resulting in a decreased
length of the light path between the inner retinal surface and the re-
ceptor segments. Because the foveola is largely rod-free (Fig. 7A)
(Ahnelt, 1998; Provis et al., 2005; Bumsted O'Brien, 2008), the primate
fovea is blind at night (with the exception of the fovea of nocturnal
tarsiers in which rods are present at significant densities throughout the
central retina [Polyak, 1957; Hendrickson et al., 2000]).

Most mammals but primates are dichromates; they possess two
types of cones, middle-wavelength (green light)-sensitive (M) cones
(termed in the following text as 'green cones'), used for shape and
contrast detection, and a minority of short-wavelength (blue light)-
sensitive (S) cones ('blue cones'), used for color information. Simian
primates add a third type of long-wavelength (red light)-sensitive (L)
cones ('red cones'); a splice mutation of the gene encoding the green-
sensitive cone photopigment generated a long wavelength-sensitive
photopigment (Lamb et al., 2007; Lamb, 2013). This improvement in
color vision has evolved three separate times in simian primates
(Jacobs, 1998; Jacobs and Deegan, 2001). However, many primate
species have more than two alleles for the M/L photopigments and a
polymorphic color vision comprising populations of di- and tichromatic
individuals.

The central fovea of primates is also free of blood vessels (Fig. 4B)
(Müller, 1856; Polyak, 1957; Duke-Elder, 1958). The foveal avascu-
larity removes angioscotomas from the visual image (Weale, 1966).
Circularly arranged capillaries at the GCL-IPL, IPL-INL, and INL-OPL

boundaries, which form anastomoses and join as a single layered ring,
delimitate the foveal avascular zone in the foveal slope. In the macaque
fovea, the vascular coverage of the photoreceptor layer is zero in the
foveal avascular zone, 30% at 1mm from the foveal center (the edge of
the foveal pit), and 45% at 2mm from the foveal center (Snodderly
et al., 1992). In macaques, the foveal avascular zone has a diameter of
500–650 μm (Snodderly et al., 1992; Provis et al., 2000). In human
subjects, the foveal avascular zone may have diameters between
200 μm and 1mm (Adler, 1929; Dubis et al., 2012a); most subjects have
a 400–600 μm-wide avascular zone (Weale, 1966; Mansour et al.,
1993). In the sample of the human fovea shown in Fig. 7J, the cen-
tralmost vessel is located at around 250 μm from the foveal center;
Müller cell processes cover the outer surface of the vessel (Syrbe et al.,
2018). The central fovea of primates is also free of astrocytes (Fig. 12B
and C) and microglia (Schnitzer, 1987; Penfold and Provis, 1991;
Distler et al., 1993; Provis et al., 2000).

Among most primates, from marmosets to humans, the absolute
dimensions of the fovea externa (foveal cone density and areas of the
foveal cone mosaic and rod-free zone), the diameter of the foveal pit,
and the relative position of the fovea in the temporal retina remain
constant despite a fivefold variation in eye size and retinal area (with
the exception of the howler monkey which has a small rod-free zone
associated with a very high central cone density) (Franco et al., 2000).
Thus, in larger eyes, the fovea subtends a decreasing visual angle. About
50% of the primary visual cortex processes information provided by the
fovea (Wässle et al., 1989). It has been suggested that larger foveas may
not be possible without enlarging the brain beyond its cranial capacity
(Hendrickson, 2005). In addition, the absence of blood supply in the
foveal center may restrict the size of the fovea (Franco et al., 2000).

2.1. Foveola

The foveola is formed by cone and Müller cells (Yamada, 1969). In
addition, few dispersed ganglion cell and interneuron somata (Fig. 7F),
as well as few cone pedicles, may be present (Polyak, 1957; Leventhal
et al., 1988; Fukuda et al., 1989; Savy et al., 1991; Ahnelt, 1998;
Hendrickson, 2005; Rudich et al., 2013; Syrbe et al., 2018). The human
foveola has an average diameter of 350 μm (Curcio et al., 1990) and a

Fig. 6. Human macula. The macular region includes
the fovea (i.e., the foveal pit) with the foveola (the
area of the highest visual acuity and the highest
density of cone photoreceptors), the parafovea (the
area of the highest cell density and the thickest re-
tina), and the perifovea. The rim of the avascular
zone is located at the slope of the foveal pit. The
location and size of the umbo (the area of the light
reflex at the central concavity of the floor of the fo-
veal pit) depend upon the shape of the foveal pit and
the angle of the incoming light.
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thickness of 90–130 μm (Polyak, 1957; Yamada, 1969; Burris et al.,
2002; Yanni et al., 2012). However, there is a high interindividual
variability in the dimensions of the foveola. There are individuals with
a small and thick foveola; here, the ONL is thickest in the center of the
foveola, and the central fovea may contain remnants of inner retinal
layers (Fig. 13D) (Tick et al., 2011). In individuals with a wide, flat, and
thin foveola, the central ONL is v-shaped and thickest in the periphery
of the foveola (Fig. 13D) (Tick et al., 2011). A v-shaped central ONL is
also found in the monkey foveola (Figs. 5A and 10A). In a specimen of a
macaque fovea, the local density of ONL nuclei peaks between 100 and
120 μm from the foveal center (Fig. 10E). In the sample of the human
fovea shown in Fig. 7C, the foveola has a thickness of about 65 μm
(measured between the inner limiting membrane [ILM] and OLM)
while the fovea walls have a thickness of 220 μm (Fig. 7A) (Syrbe et al.,
2018). The foveola of cynomolgus monkeys has a thickness of 45–67 μm
(Fig. 7C) (Schein, 1988; Syrbe et al., 2018). (However, it cannot be
ruled out that the foveal thickness in these specimens is decreased due
to tissue dehydration during histological processing.)

The foveola is composed of four layers which lie in front of the fovea
externa, i.e., the inner layer, the HFL, the ONL, and the layer of the
outer cone cell processes. The inner layer of the foveola, which fills the
bottom of the foveal pit, is mainly composed of Müller cell somata and
processes (Fig. 14A–C). This layer has a thickness of 10–12 μm in the
human foveola and 5.5–9.5 μm in the foveola of cynomolgus monkeys

(Fig. 7C) (Syrbe et al., 2018). The thin HFL runs between the inner
Müller cell layer and the ONL in the more peripheral foveola (Fig. 14A).
The obliquely oriented outer processes of cone cells connect the peri-
karya in the ONL with the inner segments at the OLM (arrow in Fig. 7A;
Fig. 7C,G, 10A, and 13C). The ONL of the foveola contains obliquely
arranged rows of stacked cone cell somata (Fig. 5A and B, 7A, 10A, and
11A); the cone cell somata are separated by the outer processes of
Müller cells of the fovea walls (Figs. 1B and 7K). The foveola contains
the greatest accumulation of cone cell somata in the entire retina
(Polyak, 1957; Lujan et al., 2011). In individuals with a v-shaped ONL,
2–3 loosely scattered cone cell somata are stacked in the center of the
foveola while up to 8–10 somata are stacked in the peripheral foveola
(Figs. 5A, 7A and 10A, and 11A) (Polyak, 1957; Yuodelis and
Hendrickson, 1986; Syrbe et al., 2018). Individuals with more shallow
foveal pits have the greatest accumulation of cone cell somata in the
center of the foveola (Fig. 13D). The outer cone cell processes are
longest in the center of the foveola; along with the increase of the
number of stacked cone cell somata, the length of the outer cone cell
processes decreases (Figs. 7A, 10A and 11A, and 13C).

2.1.1. Basal lamina of the ILM
The ILM consists of the vitreal surface of Müller cell endfeet and the

overlying basal lamina (Reichenbach and Bringmann, 2010). The basal
lamina is morphologically different in the foveola and the fovea walls.

Fig. 7. Ultrastructure of Müller cells in the central foveas of a 40 years-old human male without apparent intraocular disease and an adult cynomolgus monkey
(Macaca fascicularis). A. Semithin cross-section through the human fovea. The foveola is composed of a thin inner layer which contains the somata and inner
processes of specialized Müller cells. The inner Müller cell layer lies in front of the outer nuclear layer (ONL) and the central bouquet of cone photoreceptors (bracket).
The ONL of the foveola is composed of obliquely arranged rows of cone cell somata (including nuclei) which are separated from the outer limiting membrane (OLM)
by a layer which contains outer cone processes (OCP) and Müller cell processes (arrow).White arrowheads indicate the centralmost rod nuclei which are located at 270
and 370 μm, respectively, from the foveal center. The black arrowhead indicates the deepest point of the foveal pit. B. Different morphologies of the inner limiting
membrane (ILM) in the human foveola (above) and fovea walls (below). In the foveola, the basal lamina of the ILM (bracket) is very thin (about 40 nm). Depending on
the distance to the foveola, the thickness of the basal lamina increases (about 900 nm). The Müller cell processes, which contact the basal lamina, contain smooth
endoplasmic reticulum and mitochondria. C. Cross-sections through the foveola of the human (left) and macaque retina (right). The tissue composition is similar in the
human and macaque foveola. The foveola of both species is composed of four layers which lie in front of the fovea externa, i.e., the inner layer, the Henle fiber layer
(HFL), the ONL, and the layer of the outer cone cell processes. The inner layer, which mainly contains the cytoplasm, nuclei, and inner processes of specialized Müller
cells, as well as watery cysts, overlies the central Henle fibers and ONL. Arrowhead, Müller cell nucleus. Black and white asterisks, nuclei of cone cells. In the center of
the foveola, 2–3 cone cell somata are stacked. Above the cone cell nuclei, Henle fibers are bended centrifugally. The cytoplasm of the outer Müller cell processes
becomes less electron-dense (brighter) and more loosely distributed in the course from the inner Müller cell layer to the OLM. Müller cell processes which accompany
the cone cell axons in the HFL of the foveola also display a relatively electron-lucent cytoplasm. In the macaque foveola, the outer cone cell processes have a diameter
of about 2.2 μmat the OLM; the cone inner segments have a diameter of about 2.8 μm. The length of the outer cone cell processes (between the cone cell nuclei and
OLM) is≥ 15 μm. Note that the thickness of the foveola is smaller in the macaque compared to the human tissue. D. Cross-section through the inner layers of the
transition zone between the foveola and the fovea wall. The innermost layer contains numerous watery cysts and thin Müller cell processes, which run below the ILM.
The human tissue contains Müller cell (above) and neuronal cell nuclei (below) which lie near the HFL. The macaque tissue contains a neuronal cell nucleus
(arrowhead). E. Cross-sections through the inner Müller cell layer of the foveola. The composition of the inner layer of the foveola is similar in the human and
macaque tissues. The thickness of the basal lamina of the ILM is less than 40 nm. The tissue between the ILM and Müller cell nuclei (arrowheads) is composed of
numerous lamelliform and tubular Müller cell processes, which form an elaborated plait below the basal lamina; the Müller cell processes surround fluid-filled cysts
(brackets). Many Müller cell processes have a thickness similar to that of the basal lamina. The Müller cell cytoplasm contains abundant smooth endoplasmic
reticulum. The arrow points to cross-sections through tubular Müller cell processes with diameters between 30 and 500 nm. F. Cross-sections through the inner layer
and the HFL of the macaque foveola. Note the presence of thin Müller cell processes and cystoid spaces between the ILM and Müller cell nuclei (arrowheads). The right
image shows a Müller cell nucleus (arrowhead) and a neuronal cell body (arrow) in the inner layer of the foveola, located at 45 μm from the foveal center. G. Outer
processes of foveolar Müller cells. a. Section through the ONL of the human foveola. Arrow, cone cell axon. Arrowhead, cone cell soma. Note that the cytoplasm of
Müller cell processes becomes more electron-lucent and more loosely distributed in the course towards the OLM (below). b. OLM of the human parafovea (left) and
foveola (middle and right). The section through the parafovea (left) shows (thicker) cone segments (filled arrowheads) and (thinner) rod segments (unfilled arrowheads).
The cone processes in the sections through the foveola (middle and right) have diameters between 1.9 and 2.1 μmat the OLM. Note that the cytoplasm of Müller cell
processes (arrows) near the OLM of the foveola is less electron-lucent, loosely distributed, and contains membranous and vesicular structures, while the cytoplasm of
cone processes is electron-dense and contains fibrillar structures. c. Outer Müller cell and cone cell processes near the OLM of the macaque foveola. H. Different
morphologies of Müller cell nuclei in the human foveola near the ILM (left) and in the inner nuclear layer (INL) of the fovea wall (right). The nucleus in the foveola has
an oval shape, while the Müller cell soma and nucleus in the fovea wall are polygonal because they are impressed by the surrounding neuronal somata. I. Cross-
section through the HFL in the wall of the macaque fovea. The diameter of a Henle fiber is about 2 μm. The fibers are separated by Müller cell processes. J. Cross-
section through the centralmost blood vessel (arrow) located around 250 μm from the center of the human fovea. At the left side, two Müller cell nuclei are visible
(arrowheads). The processes of the right Müller cell run along the ventral surface of the vessel. An erythrocyte is visible in the vessel lumen. K. Schematic re-
presentation of the Müller cell morphology in the peripheral retina (a), fovea walls (b), and foveola (c). Müller cells in the fovea walls (b) display a 'z-shape' because
of the elongation of their outer processes which run obliquely or horizontally through the HFL. The somata of the specialized Müller cells in the foveola (c) lie in the
innermost layer. The thin lamelliform and tubular inner processes of these cells form an elaborated plait along and below the ILM, and surround the cystoid spaces in
this layer. The outer processes run through the ONL of the foveola up to the OLM and thus form the stalk of the “Müller cell cone”. The cytoplasm of these processes
becomes increasingly dispersed and electron-lucent in their course to the OLM. The fovea externa is the indention into the foveolar tissue caused by the elongation of
the central cone photoreceptors. CHO, choriocapillaris; GCL, ganglion cell layer; IPL, inner plexiform layer; NFL, nerve fiber layer; OPL, outer plexiform layer; PRS,
photoreceptor segments; RPE, retinal pigment epithelium. Modified after Syrbe et al. (2018).
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The basal lamina in the foveola is a thin sheet of extracellular matrix,
while the basal lamina in the fovea walls and the parafovea is much
thicker (Foos, 1972; Henrich et al., 2012). In the human and macaque
foveola, the thickness of the basal lamina is less than 30‒40 nm
(Fig. 7B,E) (Syrbe et al., 2018). Depending on the distance to the fo-
veola, the thickness of the basal lamina increases; the thickness of the
basal lamina in human fovea walls ranges from 900 nm to 1 μm
(Fig. 7B) (Syrbe et al., 2018). The basal lamina in human fovea walls is
composed of a thick layer which contains numerous horizontally
aligned fibers and a thin dark layer at the vitreal surface which displays
a higher electron density; many small dark knobs are integrated in the
thin surface layer (Fig. 7B) (Almeida et al., 2015; Syrbe et al., 2018).
The knobs likely represent remnants of vitreous collagen fibrils nor-
mally adhered to the basal lamina (Gandorfer et al., 2004). In contrast
to the basal lamina of the fovea walls, the basal lamina of the foveola
does not contain an electron-dense vitreal layer (Fig. 7B,E) (Syrbe et al.,
2018). The basal lamina of the human foveola consist of a thin, elec-
tron-lucent (bright) layer in which single scattered electron-dense
(dark) knobs are integrated (Fig. 7B) while the basal lamina of the
macaque foveola consists only of a thin electron-lucent layer (Fig. 7E)
(Syrbe et al., 2018). The basal lamina in the fovea walls has a smooth
vitreal surface; the retinal surface of the basal lamina is irregular and
follows the contour of the underlying Müller cell processes (Fig. 7B)
(Halfter et al., 2014; Syrbe et al., 2018).

2.1.2. Müller cells of the foveola
An inverted cone-like structure composed of Müller cells overlies

the area of high photoreceptor density in the primate foveola (Fig. 11A)
(Yamada, 1969; Gass, 1999). The foveola is formed by the centrifugal
displacement of the inner retinal layers; this also causes a centrifugal
displacement of the somata and inner processes of the centralmost
Müller cells (Fig. 11C). The base of the “Müller cell cone” lines the floor
of the foveal pit (Fig. 14A) and extends laterally into the area of the
slope of the central fovea walls; the central stalk of the “Müller cell
cone”, which is 20–50 μm thick, reaches up to the OLM (Fig. 11A,C).
The apex of the “Müller cell cone” lies in front of the region with the
highest photoreceptor density which is within 40 μm of the foveal
center in the macaque retina (Fig. 11B) (Packer et al., 1989). In the
human retina, the apex of the “Müller cell cone” lies in front of the
central bouquet of about 500 cone photoreceptors (Rochon-
Duvigneaud, 1907; Ahnelt, 1998). The “Müller cell cone” is free of
photoreceptor cell processes except near its apex (Gass, 1999; Rudich
et al., 2013).

The foveola of humans and macaques contains 25‒35 specialized
Müller cells (Fig. 14B) (Syrbe et al., 2018) which form the “Müller cell
cone”. These specialized Müller cells are atypical because their pro-
cesses do not leave the foveola (Fig. 14C and D). A ‘typical’ Müller cell
of the fovea has a characteristic ‘z-shape’ with a soma in the INL of the
fovea wall and an outer process that runs obliquely or horizontally
through the HFL towards the ONL of the foveola (Figs. 1B, 7K and 8A,
and 11C). The outer processes of the specialized foveolar Müller cells do
not leave the foveola and fail to join the course of the photoreceptor
axons into the HFL; instead, they run rather straight within the stalk of
the “Müller cell cone” from the inner layer of the foveola, where the
somata are located, through the ONL to the OLM (Figs. 1B and 7C,K,
11C, and 14D) (Syrbe et al., 2018). The specialized Müller cells of the
foveola have no contact to synapses or neuronal elements other than
central cones which are surrounded by the outer processes of typical
Müller cells (Fig. 7K), i.e., the foveolar Müller cells do not form a
functional column with photoreceptors and neurons (Fig. 1Bb). It fits to
the fact that these cells do not contact synapses and that key enzymes of
the glio-neuronal transmitter recycling, the glutamate uptake trans-
porter GLAST and glutamine synthetase (Bringmann et al., 2013), are
expressed at lower levels by foveolar Müller cells (Fig. 12D) (Nishikawa
and Tamai, 2001; Nishikawa, 2006–07). Müller cells in the central fo-
veola do not express glutamine synthetase (Fig. 12D).

The inner layer of the foveola mainly consists of somata (including
nuclei) and inner processes of the 25‒35 specialized Müller cells
(Fig. 7C,E,F and 14A,B) (Syrbe et al., 2018). The nuclei of these Müller
cells have an oval shape (Fig. 7F,H) (Syrbe et al., 2018) while the nuclei
and somata of the typical Müller cells in the fovea walls are polygonal
(Fig. 7H) because they are impressed by the surrounding neuronal so-
mata (Lu et al., 2006). The somata of the specialized foveolar Müller
cells extend numerous thin lamelliform and tubular inner processes
which form an elaborated plait which spreads along and below the
basal lamina of the ILM and thus covers the vitreal surface of the fo-
veola (Fig. 7E and F) (Syrbe et al., 2018). The complex network formed
by the inner Müller cell processes extends into the transition zone be-
tween the foveola and the fovea walls (Fig. 7D). Thin Müller cell pro-
cesses also cover the retinal surface of the basal lamina in the fovea
walls (Fig. 7B). The Müller cell processes, which run along the inner
surface of the foveola, are often very thin and display a thickness si-
milar to that of the basal lamina of the ILM (Fig. 7E). The cytoplasm of
Müller cells in the inner layer of the foveola is densely packed with
smooth endoplasmic reticulum (Fig. 7B) (Syrbe et al., 2018), likely to
produce secretory proteins including components of the basal lamina
(Ponsioen et al., 2008; but see Halfter et al., 2014).

The spaces between the thin inner Müller cell processes are com-
monly very narrow, but at many locations, they are expanded and form
small watery cysts (Fig. 7B,E) (Syrbe et al., 2018). In addition, larger
cystoid spaces are present in the inner layer of the foveola
(Fig. 7B,C,E,F). Small and large watery cysts are also present in the
transition zone between the foveola and the fovea walls (Fig. 7D), and
in the innermost layer of the fovea walls (Fig. 7B) (Syrbe et al., 2018).

The outer processes of the foveolar Müller cells run from their so-
mata between the somata and outer processes of the central cone cells
to the OLM (Fig. 7C,K and 14A,D). The cytoplasm of these Müller cell
processes becomes increasingly dispersed and electron-lucent in the
course from the inner layer of the foveola to the OLM (Fig. 7C,G) (Syrbe
et al., 2018). In addition, the cytoplasm of the processes of ‘typical’
Müller cells which enwrapp the axons, somata, and outer processes of
central cone cells are electron-lucent (Fig. 7C,G). Near the OLM, the
cytoplasm of Müller cell processes displays a watery appearance and
contains only dispersed membranous and vesicular structures
(Fig. 7C,G). In contrast, Müller cells in the fovea walls (Fig. 7D,H) and
Müller cell somata and processes in the inner layer of the foveola
(Fig. 7E and F) have an electron-dense cytoplasm. A watery cytoplasm
of the outer Müller cell processes within the central 50 μm of the fo-
veola was also described by other authors, e.g., Nishikawa (2006–07).

The retina is structurally and functionally compartmentalized into
cellular columns which represent the smallest functional unit of the
forward processing of visual information (Fig. 1A) (Reichenbach et al.,
1994; Reichenbach and Robinson, 1995). In many species, the core of
the columns is constituted by one Müller cell in association with one
cone photoreceptor (Fig. 1B) (Reichenbach and Robinson, 1995; Agte
et al., 2011). Each Müller cell is responsible for all functional and
metabolic interactions with the photoreceptors and neurons of the
column (Bringmann et al., 2006; Reichenbach and Bringmann, 2010).
However, because the photoreceptor cells in the foveola are surrounded
by the outer processes of Müller cells of the fovea walls (Figs. 1B and
7C,G), the centralmost specialized Müller cells, which form the “Müller
cell cone”, are likely not involved in supporting photoreceptor cell
function. Therefore, the centralmost Müller cells in the foveola seem to
be additionally inserted into the tissue. It is probable that the two
Müller cell populations in the fovea may have different metabolism
because the Müller cells of the fovea walls support the activities of
photoreceptors and neurons and have contact to retinal vessels whereas
the foveolar Müller cells apparently do not support neuronal activity (as
suggested, for example, by the low expression of GLAST and glutamine
synthetase) but may serve optical and structural functions.
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2.1.3. Possible functional roles of foveolar müller cells
The specialized Müller cells of the foveola may have various func-

tional roles. These cells contain macular pigment at high density.
Depending on the cone cell distribution in the foveola, there is a sharp
peak of macular pigment density in the center of the foveola (Fig. 11B)
or (in subjects with a v-shaped ONL) there is an annular distribution of
macular pigment in the foveola (Elsner et al., 1998). In the fovea walls,
macular pigment is preferentially deposited in the IPL and HFL. Ma-
cular pigment reduces the effects of chromatic aberration on the visual
acuity and protects the central photoreceptors from light damage by
absorbing short-wavelength (blue-violet) light (Reading and Weale,
1974; Snodderly et al., 1984). The density of macular pigment de-
creases at the border between the nonvascularized and vascularized
parts of the fovea because blood vessels form a yellow screen which also
acts as a short-wavelength light filter (Schultze, 1867; Balaratnasingam
et al., 2015). The high density of macular pigment in Müller cells of the
foveola (Fig. 11B) is one reason for the facts that the central
100–200 μm of the human retina contain only few blue cones (see
2.3.1.) and that the foveal center is largely insensitive to blue light
(König, 1894; Wilmer and Wright, 1945). The density of macular pig-
ment is inversely related to the central foveal thickness
(Balaratnasingam et al., 2015). The density is higher in subjects of
African descent than in subjects of Caucasian ancestry (Wolf-
Schnurrbusch et al., 2007; Ctori and Huntjens, 2017); subjects of
African ancestry have a thinner foveola than subjects of Caucasian
descent (Wagner-Schuman et al., 2011). Possibly, the density of ma-
cular pigment increases in thin foveolas to compensate the higher levels
of blue light that reaches the photoreceptors.

The pale outer processes of the foveolar Müller cells, which sur-
round the somata and outer processes of cone cells in the central fo-
veola (Yamada, 1969; Hogan et al., 1971), are characterized by a low
density of the cytoplasm (Fig. 7C,G) (Nishikawa, 2006–07; Syrbe et al.,
2018). The low density of the cytoplasm may reflect the very thinness of
these processes which allows the high packing density of central cones.
In addition, the watery cytoplasm may support the light transmission
through the foveola (see 3.).

The basal lamina of the ILM functions as a barrier to the vitreous
cavity; it prevents the passage of cells (e.g., hyalocytes and blood cells
in the case of blood-ocular barrier breakdown) and of molecules larger
than 15‒20 nm (Balazs, 1984). One function of the plait of the thin
inner Müller cell processes, which spreads along the basal lamina of the
foveola (Fig. 7E), may be the formation of additional diffusion and cell
passage barriers to the vitreous cavity; these Müller cell barriers com-
pensate the thinness of the basal lamina of the foveola (Syrbe et al.,
2018). The numerous thin inner Müller cell processes as well as the
watery cysts in the inner layer of the foveola (Fig. 7B,C,E) largely in-
crease the surface area of Müller cells and thus the area for the insertion
of receptors which recognize physiological and pathogenic signaling
molecules, and for the release of secretory proteins.

It has been proposed that one function of the deep convexiclivate
fovea of birds is image magnification resulting from light refraction at
the vitreoretinal border of the central fovea walls (Fig. 3B) (Walls,
1942). This mechanism requires that the retinal tissue displays a higher
refraction index than the vitreous; indeed, this has been demonstrated
(Valentin, 1879; Franze et al., 2007). In the fovea walls, the basal la-
mina of the ILM is thick and has a smooth surface towards the vitreal
cavity (Fig. 7B) (Halfter et al., 2014; Syrbe et al., 2018). A smooth
retinal surface minimizes image distortions which result from varying
light refraction angles at uneven surfaces. On the other hand, in the
foveola, the basal lamina of the ILM is very thin (Fig. 7B,E) and seems
not to be capable to mechanically maintain an even retinal surface.
Therefore, another function of the elaborated plait of thin Müller cell
processes, which run horizontally below the basal lamina, is to smooth
the inner surface of the foveola and thus to minimize image distortions
in the area of high-acuity vision (Syrbe et al., 2018). It is conceivable
that the thick basal lamina of the fovea walls has light-scattering

properties and thus may contribute to the hyperreflection of the NFL
outside of the foveola in OCT images (Fig. 1Ba and 2A). It could be that
the basal lamina in the foveola is very thin in order to avoid light
scattering at the inner retinal surface; therefore, the thickness of the
basal lamina is far below the wavelength range of visible light. For the
same reason, the thickness of many inner Müller cell processes which
form the elaborated plait below the basal lamina is smaller than the
wavelength range of visible light (Syrbe et al., 2018).

In addition to improving the optical properties of the foveola, the
specialized foveolar Müller cells may provide the structural stability of
the central fovea (Gass, 1999). Generally, the neuroretina is mechani-
cally stabilized by the glial cell network, in particular, by Müller cells;
neurons do not provide much structural support to the tissue (Müller,
1856; MacDonald et al., 2015). Structural tissue stabilization is sup-
ported by the strands of microtubules and intermediate filaments in
Müller cells (Reichenbach, 1989; Röll, 2001) as well as by adherent
junctions which are present between astrocytes and Müller cells, but
not between glial cells and neurons or among neurons (with the ex-
ception of the junctional coupling between Müller and photoreceptor
cells; see 4.4.) (Holländer et al., 1991; Ramírez et al., 1996; Omri et al.,
2010; Matet et al., 2015). The only type of macroglial cells in the center
of the fovea is the Müller cell (Distler and Dreher, 1996). The plait of
the thin inner Müller cell processes, which spreads along and below the
basal lamina of the foveola (Fig. 7E and F) (Syrbe et al., 2018), may
provide increased resistance against mechanical stretch resulting from
horizontal and vertical tractional forces. Tractional forces onto the
central fovea may occur, for example, in cystoid macular edema and
after partial detachment of the posterior vitreous. In cystoid macular
edema, fluid-filled cysts may be present in the foveola resulting in a
detachment of the inner Müller cell layer; the detached Müller cell layer
often holds the foveal walls together (Fig. 2D). Disruption of the fo-
veolar Müller cell layer results in macular hole formation (Fig. 2F)
(Gass, 1999). The structural support of the fovea is supported by the
extension of the inner Müller cell processes into the central fovea walls
(Fig. 7D). The inner layer of the foveola contains numerous small and
larger watery cysts (Fig. 7B,C,E) (Syrbe et al., 2018). It could be but
remains to be proven that the small cysts between the inner Müller cell
processes allow displacements of single or several Müller cell processes
against the others and thus alterations of the shape of the foveola, i.e.,
flattening and deepening of the foveal pit, depending on the extent of
shearing stress. Larger watery cysts make the tissue softer and thus may
increase the capability of adaptive tissue deformations.

Tractional forces onto the foveola (vitreomacular traction) induces
gliosis of the specialized foveolar Müller cells. Müller cell gliosis is as-
sociated with a hypertrophy of cell processes and upregulation of in-
termediate filaments (Bringmann et al., 2009). Gliosis of the specialized
Müller cells is recognizable in OCT images by the presence of multiple
hyperreflective dots in the inner layer of the foveola (Fig. 2B and C).
The dots are produced by light reflection at optically dense structures of
Müller cells (Yokotsuka et al., 1997).

A further role of the centralmost Müller cells may be the vertical
mechanical stabilization of the fovea externa, i.e., the pyramid-like
arrangement of the elongated cone segments in the center of the foveola
(Fig. 11D). The involvement of tractional forces by the centralmost
Müller cells is suggested by the colocalization of the deepest point of
the foveal pit (black arrowhead in Fig. 7A) which lies in front of the tip
of the fovea externa (Figs. 2E and 10A); the deepest point of the foveal
pit can be identified at the central light reflex in OCT images of many
human subjects (Fig. 2A) (Tick et al., 2011). However, the mechanisms
of central cystoid macular edema and macular hole formation (the
latter may involve a detachment of the inner layer from the ONL of the
foveola [Fig. 2D,F]; Byon et al., 2014) may rather suggest a mechanical
instability of the pale outer processes of central Müller cells which
seems to easily disrupt in the presence of anteriorposterior tractional
forces. The low density of the cytoplasm of outer Müller cell processes,
which does not contain glial filaments or microtubules (Fig. 7G), may
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be one reason for the low vertical stability of the foveola, and may
explain the tissue disruption between the inner layer and the OLM in
the central foveola often seen in cystoid macular edema (Fig. 2D).
Another reason may be the absence of cellular connections between the
atypical foveolar Müller cells and the typical Müller cells of the fovea
walls; therefore, the border between the inner layer and the HFL in the
more peripheral foveola has a low resistance against mechanical stretch
(Fig. 2E) which may be produced by the outer processes of Müller cells
in the fovea walls (Fig. 11D). The sites of low mechanical stability may
explain the locations of tissue disruptions in central cystoid macular
edema and early stages of macular holes (left side of Fig. 2F) (Chung and
Byeon, 2017).

2.2. Müller cells of the fovea walls and parafovea

The photoreceptor cells of the foveola are surrounded by the outer
processes of the 'typical' Müller cells of the fovea walls. The fovea is
formed by a centrifugal displacement of the inner retina and a cen-
tripetal displacement of the outer retina. Both movements result in a
radial displacement of the inner retinal neurons away from the photo-
receptor cell somata by up to 150‒675 μm in the human and macaque
fovea (Polyak, 1941; Ahnelt and Pflug, 1986; Schein, 1988; Wässle
et al., 1989; Sjöstrand et al., 1999b; Drasdo et al., 2007) and cause the
z-shape of the Müller cells in the fovea walls and parafovea (Figs. 1B,
7K and 8A,B,D, and 11C). The somata of the 'typical' Müller cells lie in
the INL (Figs. 7K and 8B,C). The outer processes of the cells surround
the axons (Figs. 7I and 8B,D, 9C, and 14A), somata (Fig. 8D and E and
12A), and outer processes of the central photoreceptor cells (Fig. 7C).
These processes draw obliquely or horizontally through the HFL to-
wards the ONL of the central fovea (Figs. 3A, 8A and 11C, and 14A) and
are centripetally bended in association with the oblique or curved rows
of photoreceptor somata and outer cone cell processes in the foveola
and central fovea walls (Fig. 5A and B, 7A, 10A,B, and 11C). The co-
lumnar rows of cell somata in the GCL and INL run roughly parallel to
the main Müller cell processes in the IPL (Schein, 1988), suggesting that
these cellular columns are arranged and mechanically stabilized by the
processes of Müller cells.

The length of the outer Müller cell processes in the HFL depends on
the distance to the foveal center. In the example of the macaque fovea
shown in Fig. 10A, the centrifugal displacement of the Müller cell so-
mata in the INL from the outer Müller cell processes in the ONL was
measured; this distance reflects the horizontal length of Henle fibers
(Fig. 4C). The distance between the Müller cell somata and the Müller
cell processes in the ONL increases roughly linearly from less than
50 μm in the foveal center up to 300‒330 μm within a distance of
500 μm from the foveal center (i.e., within the central fovea walls)
(Fig. 10C). In more peripheral areas of the fovea walls and parafovea,
the displacement of the Müller cell somata from the Müller cell pro-
cesses in the ONL decreases more or less continuously up to a distance
of 2.5–3mm from the foveal center (Fig. 10C). In a human fovea, the
horizontal length of Henle fibers increases up to a distance of 400 μm
from the foveal center (Fig. 15A). Similar horizontal extensions of the
Henle fibers, with a maximal extension between 0.5 and 0.8 mm and a
steep decline in the extension between 2.0 and 2.5 mm from the foveal
center, were described by other authors (Schein, 1988; Sjöstrand et al.,
1999b). These values of the horizontal length of Henle fibers corre-
spond well with the thickness of the HFL and of the fovea walls (Fig. 1B)
found in OCT images. Here, the thickness of the HFL increases con-
tinuously from the foveal center up to a distance of about 400 μm from
the foveal center, peaks between 400 μm and 0.7–1mm, and decreases
up to about 3mm from the foveal center (Curcio et al., 2011). The OPL
in the region of the peak extension of the Henle fibers contains the
highest density of cone pedicles (in macaques, 25,000‒36,000 per mm2

between 0.5 and 0.8 mm from the foveal center) (Schein, 1988; Wässle
et al., 1989; Krebs and Krebs, 1989).

The horizontal extension of the HFL (i.e., the distance to the foveal

center up to which a HFL is present) is not uniform. In the human tissue,
the horizontal extension of the HFL is greatest in the temporal retina
(mean± S.D.; 2.51±0.21mm; n= 3) and smallest in the nasal retina
(1.89±0.29mm); the extensions in the superior (2.12mm) and in-
ferior retinas are between these two values. These values are in
agreement with previous studies which show an asymmetry of the fovea
walls (Fig. 4A) (Curcio et al., 1987; Tick et al., 2011). The different
horizontal extensions of the HFL in the nasal and temporal retina sug-
gest that the temporal retina is more stretched than the nasal retina
during the postnatal growth of the eyeball (see 4.2.). It has been shown
that during the postnatal development of the macaque retina, the di-
mension of the posterior pole (between the fovea and optic disk) re-
mains stable although the area of the whole retina increases (Packer
et al., 1990). The different developmental expansions of the retinal
tissue may also explain the higher photoreceptor and ganglion cell
densities in the nasal compared to the temporal retina (Perry and
Cowey, 1988; Wässle et al., 1989; Curcio and Allen, 1990; Curcio et al.,
1991; Finlay et al., 2008).

In addition to the displacement of the outer Müller cell processes,
there is a centrifugal displacement of the inner Müller cell processes
which draw from the Müller cell somata within the INL to the endfeet in
the GCL (Fig. 8A) (Schein, 1988). The displacement of the inner Müller
cell processes is rather small (<50 μm) and disappears at a distance of
1.3–1.4mm from the foveal center in a macaque fovea (Fig. 10C) and at
a distance of 1.6–1.8mm from the foveal center in a human fovea
(Fig. 15A). More peripherally, the inner Müller cell processes draw
rather straight through the tissue (Figs. 8A and 10I). The peak of the
displacement of the inner Müller cell processes coincides with the peak
length of the Henle fibers in a human fovea (Fig. 15A) and is more
peripherally located than the peak Henle fiber length in a macaque
fovea (Fig. 10C).

The local density of Müller cells in the human and macaque fovea is
similar in the peripheral foveola and central fovea walls (around 15,000
per mm2; Figs. 10D and 15B). The density of Müller cell processes is
decreased in the ONL of the central foveola (Figs. 10D and 15B). This
corresponds with the low density of cone cell nuclei in the central fo-
veola (Fig. 5A and B, 7A, 10A,E, 11A, and 15C). However, because the
outer Müller cell processes were counted in the ONL of the foveola, the
decreased density of Müller cells in the central foveola results from the
oblique arrangement of the processes in the layer of the outer cone cell
processes and does not reflect a decreased density of Müller cell pro-
cesses at the OLM. In sections through the central foveola of rhesus
macaques, densities of Müller cell processes at the OLM of
32,000‒58,000 per mm2 were counted; the mean distance between two
Müller cells was 4.46± 1.30 μm (mean± S.D.).

Depending on the high density of cones in the foveola, the ONL
(which contains the cone cell somata) is thickened. In individuals with
a wide foveola, the central ONL is v-shaped (Figs. 11B and 13C,D) and
contains only few cell somata at which light can scatter (Fig. 5A and B,
7A, 10A,E, 11A, and 15C). The central widening of the ONL is caused by
the centrifugal displacement of the cone pedicles which is followed by a
displacement of the cone cell somata from the foveal center (Detwiler,
1943); the stalk of the “Müller cell cone” fills the space left by the
displaced somata (Fig. 11C). A large centrifugal displacement of the
central cone cell somata is associated with the formation of outer cone
cell processes which draw from the cone cell somata to the OLM of the
foveola (Fig. 7A,C, 10A, 11A, and 13C). The centrifugal displacement of
the cone pedicles may be mediated by horizontal tractional forces
which originate in Müller cells and are transmitted by their outer
processes in the HFL (see below). This displacement also causes the
oblique or curved arrangement of the photoreceptor cell somata rows in
the ONL of the foveola and fovea walls (Figs. 5A, 7A and 10A,J, 11A,B,
and 13C).

The conspicuous shape of the fovea, with the almost full absence of
inner retinal layers in the foveola, is expected to need particular
structural stabilization. It has been shown that intermediate filaments
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like glial fibrillary acidic protein (GFAP) contribute to the biomecha-
nical properties of Müller cells. Reactive gliosis is characterized by an
upregulation of intermediate filaments (Bringmann et al., 2009), cell
process hypertrophy, and an increased stiffness of Müller cells; the in-
creased stiffness correlates with the increased density of intermediate
filaments (Lu et al., 2011). Intermediate filaments provide resistance to
mechanical stress; after retinal detachment, for example, the absence of
GFAP and vimentin results in a shearing of the Müller cell endfeet away
from the rest of the retina or even in a separation of the endfeet from
the retina (Lundkvist et al., 2004; Verardo et al., 2008). Under normal
conditions, GFAP is constitutively expressed by astrocytes while Müller
cells are largely devoid of GFAP (Figs. 9A and 12E,F) (Reichenbach and
Bringmann, 2016). In the peripheral retina, GFAP in Müller cells is
downregulated after birth, and is upregulated under pathological or
stressful conditions (Distler and Dreher, 1996; Provis et al., 2000;
Bringmann et al., 2009; Reichenbach and Bringmann, 2016). In con-
trast, Müller cells within the fovea express GFAP throughout life
(Gariano et al., 1996; Distler et al., 2000; Provis et al., 2000), sug-
gesting that their cellular environment is different (Hendrickson, 2005).
In the fovea walls and peripheral retina, inner Müller cell processes
express low levels of GFAP (Figs. 9B and 12C,F) while outer Müller cell
processes, that draw through the HFL and ONL, contain elevated levels

of GFAP (Fig. 9C). In addition, Müller cells express GFAP in the inner
fibrous part of the OPL (Fig. 9C); this part of the OPL contains a hor-
izontal layering structure (Fig. 8B) formed by neuronal processes and
horizontal side processes of Müller cells (Fig. 8C and D). The outer part
of the OPL is largely devoid of GFAP (Fig. 9C); here, synaptic terminals
of photoreceptor cells are arranged in a monolayer (Polyak, 1941) and
processes of several Müller cells form glial baskets around each cone
pedicle (Fig. 8D) (Burris et al., 2002; Hendrickson, 2005). Because
expression of GFAP in Müller cells is a very sensitive 'retinal stress'
indicator (Bringmann et al., 2009), the expression of GFAP may in-
dicate the presence of mechanical stress in these layers. The distribution
of GFAP may support the assumption that tractional forces provided by
Müller cell processes in the OPL on the Henle fibers underlie the
structural stability of the fovea. In addition to Müller cells of the fovea
walls, Müller cells in the foveola and the lower fovea walls express
GFAP (Fig. 12A,C,D and 14C,E). Outside of a diameter of 300–600 μm
from the foveal center, the GFAP expression by Müller cells disappears
(Fig. 12A,C,D and 14C,E). These data may suggest that the foveola and
lower fovea walls are areas which are subjects to mechanical stress.

There are three morphological subclasses of retinal astrocytes:
elongated bipolar astrocytes with processes which run in association
with nerve fiber bundles, perivascular astrocytes which surround

Fig. 8. Typical Müller cells of the primate fovea. A. Cross-
section through the human parafovea, showing the spatial
arrangement of Müller cell processes. Note the oblique ar-
rangement of the outer Müller cell processes in the Henle
fiber layer (HFL). The inner Müller cell processes show a
centrifugal displacement between the bipolar cell layer (BCL)
and ganglion cell layer (GCL) near the central foveal wall
(left); the processes are bended at the boundary between the
BCL and amacrine cell layer (ACL). More peripherally, inner
Müller cell processes draw rather straight through the tissue
(right). Note also the side processes of Müller cells in the
inner (IPL) and outer plexiform layers (OPL). Image modified
from Piersol (1897). B‒E. Golgi-stained Müller cells in sec-
tions through the parafovea of a cynomolgus macaque (Ma-
caca fascicularis) (courtesy of H. Wässle and B. Boycott). B.
Section through the neuroretina. Note the horizontal layering
of the inner fibrous part of the OPL (arrow). C. Section
through inner retinal layers. In addition to Müller cells, an
amacrine cell and somata of GCL neurons are stained. The
soma of the amacrine cell (white arrow) lies in the inner nu-
clear layer (INL); the amacrine cell processes form a tree in
the IPL. Arrowheads, Müller cell somata containing the nu-
clei. Note that the nucleus of the left marked cell is located
out of the cell axis. The black arrow indicates side processes
of Müller cells which draw horizontally through the inner
part of the OPL. Further side processes of Müller cells draw
horizontally through the IPL. D. Sections through the neu-
roretina. The radial extension of the outer Müller cell pro-
cesses in the HFL is 175 (left) and 190 μm (right), respec-
tively. Black arrowheads, Müller cell somata. White arrows,
amacrine cell somata. Double arrowhead, soma of a midget
bipolar cell. Note the horizontal Müller cell side processes in
the inner part of the OPL (black arrows) and the thickening of
Müller cell processes in the outer part of the OPL (white ar-
rowheads), likely representing glial baskets around cone
pedicles. Note also the wave-like appearance of the Henle
fibers. E. Sections through the outer retina. In the outer nu-
clear layer (ONL), glial processes surround the somata of
photoreceptor cells. The arrowheads indicate microvilli of
Müller cells (length, 4‒6 μm) which extend from the outer
limiting membrane (OLM) into the subretinal space. In the
right image, the microvilli of a Müller cell surround the inner
segment of a cone cell. HCL, horizontal cell layer; NFL, nerve
fiber layer; PRS, photoreceptor segments.
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retinal vessels, and stellate astrocytes which fill the spaces between the
vessels and nerve fiber bundles in the GCL (Reichenbach and
Bringmann, 2016). Stellate astrocytes form a three-dimensional net-
work (Fig. 12F and G); their processes are connected by adherent and
gap junctions (Burns and Tyler, 1990; Holländer et al., 1991; Ramírez
et al., 1996). GFAP-expressing astrocytes are circularly arranged in the
fovea walls outside of 0.57–1.1 mm from the foveal center
(Fig. 12C,D,E); the distance of astrocytes from the foveal center is
smaller in the nasal than in the temporal fovea. Single GFAP-labeled
astrocytic processes are also found between 400 and 800 μm from the
foveal center (Fig. 12D).

Müller cells of the fovea walls may play a role in morphological
alterations of the tissue which adapt the position of the central photo-
receptors to changes in the angle of the incoming light. Fortin (1925;
cited in Kolmer and Lauber, 1936) suggested that horizontal move-
ments of Henle fibers play a role in accomodation and fixation, by
causing flattening and deepening of the foveal pit. Müller cells of the
fovea walls are connected by horizontal side processes within the inner
part of the OPL (Fig. 8C and D); these side processes (in addition to
neuronal processes) form a horizontal layering structure in the OPL
(Fig. 8B). Horizontal contraction of Müller cell processes within the
OPL will produce traction on the Henle fibers; centrifugal displacement
of Henle fibers will alter the slope of the OLM in the foveola, i.e., the

shape of the fovea externa (Fig. 11D). Perhaps, the wave-like appear-
ance of Henle fibers, often seen in histological sections (Fig. 8A,D),
indicates the capability of a displacement of Henle fibers. A steeper
slope of the OLM may be also produced by a vertical contraction of the
specialized Müller cells which form the stalk of the “Müller cell cone” in
the center of the foveola (Fig. 11D). The Müller cell-mediated dis-
placement of foveal photoreceptors is supported by tight junctions be-
tween Müller cells and photoreceptor cell axons in the HFL (Matet
et al., 2015), as well as by tight-like junctions between Müller cells and
photoreceptor cells within the ONL and at the OLM (Omri et al., 2010).
This mechanism may be one basis of the remarkable capacity of pho-
toreceptors to realign themselves towards the pupil after retinal de-
tachment and pupil displacement, for example (Enoch et al., 1973;
Bonds and MacLeod, 1978). Müller cells express myosin VI which may
play a role in these movements in response to changes in light condi-
tions (Breckler et al., 2000). Horizontal traction exerted by Müller cells
in the fovea walls on the central photoreceptor cells may contribute to
the widening of the ONL during foveal development and macular hole
formation (Fig. 2F) (Gass, 1999). Mechanical forces provided by foveal
Müller cells are also suggested to be involved in the restoration of the
foveal shape after macular hole surgery (Chung and Byeon, 2017).

Fig. 9. Glial intermediate filaments in the fovea of a
rhesus macaque (Macaca mulatta). Cross-sections
through the peripheral retina (A; 3.5 mm from the
foveal center), parafovea (B; 2.5 mm from the foveal
center), and fovea walls (C; 700 μm from the foveal
center) were immunostained for vimentin (green)
and GFAP (red). Colabeling yielded a yellow merge
signal. Note the expression of GFAP in the inner part
of the outer plexiform layer (OPL) and in the Henle
fiber layer (HFL) of the fovea walls (C). In the nerve
fiber (NFL) and ganglion cell layers (GCL), GFAP is
expressed by astrocytes (A). In the section of the
peripheral retina (A), no HFL is present, and the
retinal tissue has a thickness of 160 μm. In the sec-
tion of the parafovea (B), the thickness of the retina
and HFL are 205 and 25 μm, respectively; the radial
displacement between Müller cell inner and outer
processes is 23 μm. In the sections of the fovea walls
(C), the thicknesses of the retina and HFL are 290
and 75 μm, respectively; the radial displacement
between Müller cell inner and outer processes is
270 μm. INL, inner nuclear layer; IPL, inner plexi-
form layer; OLM, outer limiting membrane; ONL,
outer nuclear layer. Bars, 50 μm.
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Fig. 10. Cellular composition of the fovea of the
rhesus macaque (Macaca mulatta). A. Cross-sec-
tion through the foveola of a 19 years-old female
animal. Cell nuclei were counted in hematoxylin/
eosin-stained, 10-μm thick foveal sections along
the nasal and temporal hemimeridians. Müller
cell processes were counted in vimentin-im-
munolabeled sections. Data are not corrected for
tissue shrinkage. The ratios between the numbers
of cell nuclei and Müller cells were determined
with consideration of the displacement of the
Müller cell somata from the outer Müller cell
processes in the outer nuclear layer (ONL), and
were calculated with consideration that the ret-
inal area increases with the distance to the foveal
center (the raw data were multiplied by the
magnification of the retinal area from the ONL to
the inner nuclear layer [INL] and ganglion cell
layer [GCL], as described by Schein [1988]). B.
Schematic representation of the measurement of
the distance of Müller cell processes between the
nuclear layers. C. Centrifugal displacement of fo-
veal Müller cells between the nuclear layers. Left
side: nasal fovea. Right side: temporal fovea. The
distance between the outer Müller cell processes
in the ONL and the Müller cell somata in the INL,
and the distance between the Müller cell somata
in the INL and the inner Müller cell processes in
the GCL, are shown as a function of the distance
of the outer Müller cell processes to the foveal
center. D. Number of Müller cells per mm2 retinal
area as a function of the distance to the foveal
center. Müller cell stem processes were counted in
the foveolar ONL and the inner plexiform layer
(IPL) of the fovea walls, respectively. E. Numbers
of cell nuclei in the ONL, INL, and GCL per mm2

as a function of the distance to the foveal center.
F. Total numbers of cell nuclei per Müller cell in
relation to the distance to the foveal center. G.
Numbers of cone, ONL, INL, and GCL nuclei per
Müller cell in relation to the distance to the foveal
center. The number of cones was estimated ac-
cording to the cone-rod ratio described by Wikler
et al. (1990). In F and G, the numbers of cell
nuclei were determined in 300 μm-wide sections
for Müller cells according to the location of their
outer processes in the ONL. H. Ratios of Müller
cells, INL nuclei, and GCL nuclei per ONL nucleus,
and of ganglion cells per cone, in relation to the
distance to the foveal center. The number of
ganglion cells was estimated in consideration of
the fact that 5% of the GCL neurons in the central
retina are displaced amacrines (Wässle et al.,
1989; Sjöstrand et al., 1999a). I. Vertical sections
through the peripheral retina of another ma-
caque. The thickness of the retina is about
140 μm. J. Vertical sections through the paraf-
ovea 400 μm temporal from the foveal center (a),
fovea wall (b), foveal center (c), and perifovea
2.4 mm nasal from the foveal center (d) of an-
other animal. The thickness of the para- and
perifovea is 260 μm. The centrifugal displacement
of the inner retinal tissue from the outer retinal
tissue within the Henle fiber layer (HFL) is
270 μm in the parafovea (a), 235 μm in the inner
fovea wall (b), and 70 μm in the nasal perifovea
(d). The nasal perifovea (d) contains a very thick
(90 μm) nerve fiber layer (NFL). OPL, outer

plexiform layer; PIS, photoreceptor inner segments; POS, photoreceptor outer segments; PRS, photoreceptor segments.
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2.3. Photoreceptors of the fovea

The primate fovea has evolved under the selective pressure favoring
high spatial resolution. High spatial resolution is provided by the high
density of central photoreceptors and the increased ratio of ganglion
cells to photoreceptors (Wässle and Boycott, 1991). The spatial re-
solution provided by the human foveola (about 60 cycles per degree) is
limited by the cone spacing that correlates with the receptive field
density of midget ganglion cells (Rossi and Roorda, 2010). It has been
suggested that the optics of the eye do not allow sharp image gratings of
greater than 60 cycles per degree (Campbell and Gubisch, 1966).
Outside the foveola, the visual resolution does not match with the cone
spacing but with the receptive field density of midget ganglion cells
(Rossi and Roorda, 2010). In humans, the acuity sufficient for reading is
provided by the foveola and the lower fovea walls, up to about 600 μm
from the foveal center. Because this region is small, the eyes must
constantly shift their gaze when an object is large, to bring different
portions of the image into the fovea (as in reading).

2.3.1. Cones
More than 90% of the cones in the human retina are red and green

cones (Ahnelt, 1998). Both cones types are not morphologically dif-
ferent. There are approximately equal numbers of randomly distributed
red and green cones in the central fovea (Roorda et al., 2001; Mollon
and Bowmaker, 1992); however, interindividual differences in the ratio
between red and green cones were described for the human retina. In
the fovea externa, the very thin and long red and green cones are ar-
ranged in a regular hexagonal mosaic (Fig. 16B and C); cones of the
same type may form clusters. Foveal cones are packed very close to-
gether (with about 2.5 μm intercone spacing). The diameter of the inner
segments of human foveal cones is 1.6–2.2 μm (Fig. 7G) (Detwiler,
1943; Curcio et al., 1990; Syrbe et al., 2018). The inner segments of
human central foveal cones are up to 30‒35 μm long, and the outer
segments have a length of up to 50‒65 μm (Greeff, 1900; Salzmann,
1912; Polyak, 1941; Yamada, 1969; Yuodelis and Hendrickson, 1986;
Hendrickson and Provis, 2006). The length of cone segments is in-
versely related to the thickness and packing density of the receptors.

Blue cones are morphologically distinct; they have longer inner
segments than the other cones, and the diameter of the inner segments
is similar across the whole retina, thus they are thicker in the central
fovea and thinner in the peripheral retina than red and green cones
(Ahnelt et al., 1987). In the fovea externa, more than 6 red and green
cones surround a blue cone (Pum et al., 1990); this causes disruptions of
the regular cone mosaic (Fig. 16C) (Ahnelt et al., 1987). Blue cones
have also a different retinal distribution than red and green cones. The
density of blue cones is 3–5% of all cones in the foveola and 15% on the
foveal slope (with a peak density of 2000 per mm2 200‒300 μm distant
from the foveal center); in more peripheral areas, 7% of all cones are
blue cones (De Monasterio et al., 1985; Ahnelt, 1998). The very center
of the foveola is almost devoid of blue cones. However, the blue cone
topography in the fovea differs among primate groups. In common
marmosets and capuchin monkeys, blue cones are found throughout the
foveola at relatively high densities (Martin and Grünert, 1999). Chim-
panzees and orangutans have a small blue cone-free zone, similar to
humans (Hendrickson, 2005). There are contrary data regarding the
presence or absence of a blue cone-free zone in macaques (Martin and
Grünert, 1999; Bumsted and Hendrickson, 1999).

For the human foveola, a high interindividual variability in the peak
cone density was described (98,000–324,000 per mm2); beyond 1mm
from the foveal center, all human eyes have similar cone densities
(Curcio et al., 1987, 1990). A substantial variation of the peak cone
density (84,000‒260,000 per mm2) was also found in the macaque
fovea (Fig. 16A) (Perry and Cowey, 1985; Packer et al., 1989, 1990;
Wässle et al., 1989; Wikler et al., 1990; Finlay et al., 2008). The peak
cone density of the marmoset fovea is 133,000‒211,000 per mm2

(Wilder et al., 1996; Franco et al., 2000; Finlay et al., 2008), and the

Fig. 11. “Müller cell cone” in the primate foveola. A. Cross-sections through the
human fovea shown by Franz (1913) (left) and Babbitt (1878) (right). Note the
presence of an inverted cone-like structure in the center of the fovea. B. Dis-
tribution of the blue light-absorbing macular pigment in a cross-section of a
macaque fovea. The drawing represents the author's interpretation of an image
shown by Snodderly et al. (1984). Note that the horizontal layer of the “Müller
cell cone” contains macular pigment at high density. The highest density is
localized in the center of the “Müller cell cone” that lies in front of the region of
the highest cone density which is within 40 μm of the foveal center in the
macaque retina (bracket) (Packer et al., 1989). The density of the macular
pigment decreases continuously from the center to the periphery of the foveola.
The stalk of the “Müller cell cone” as well as Müller cell processes in the nerve
fiber layer, inner plexiform layer (IPL), outer plexiform layer (OPL), and Henle
fiber layer (HFL) in the central fovea walls also contain macular pigment, albeit
at lower density. C. Arrangement of the Müller cell main processes in the fovea.
In the center of the foveola, Müller cells which run vertically from the inner
(ILM) to the outer limiting membrane (OLM) create the stalk of the “Müller cell
cone”. In the periphery of the foveola, the outer processes of Müller cells run
through the stalk of the “Müller cell cone”, while the inner parts of the cells are
shifted towards the fovea walls. Müller cells in the fovea walls have the char-
acteristic ‘z-shape’ caused by the centrifugal shift of the inner Müller cell pro-
cesses and the centripetal shift of the outer retina, resulting in the formation of
the HFL. In the HFL, the outer Müller cell processes run obliquely or horizon-
tally from the OPL to the outer nuclear layer (ONL). D. Müller cells may reg-
ulate the slope of the OLM in the foveola according to the angle of the light
path. In the inner part of the OPL, Müller cells are interconnected; horizontal
contraction of Müller cell processes in this layer may produce a centrifugal
displacement of Henle fibers resulting in a steeper slope of the OLM in the
foveola. A steeper slope of the central OLM may be also produced by vertical
contraction of the specialized Müller cells in the center of the foveola. GCL,
ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; PIS,
photoreceptor inner segments; POS, photoreceptor outer segments.
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peak cone density among other primate species ranges from 110,000 to
200,000 per mm2 (Schein, 1988; Wilder et al., 1996; Franco et al.,
2000; Finlay et al., 2008). The highest peak cone density among pri-
mates was found in the fovea of the howler monkey (357,000‒429,000
per mm2) (Franco et al., 2000). Because howler monkeys also have a
small rod-free zone (250 μm diameter instead of 500 μm in other New
World primates) (Franco et al., 2000), it is likely that the very high cone
density in the foveola results from a strong developmental displacement
of the outer retina towards the foveal center (see 4.4.). The lowest yet
described peak cone density in primate foveas (50,000‒85,000 per
mm2) was found in the nocturnal tarsier Tarsius spectrum; throughout

the foveal cone mosaic, rods are present at significant densities
(Hendrickson et al., 2000). The nocturnal owl monkey Aotes, which has
a very high density of rods in the central retina and no fovea interna,
has a peak cone density of 7000‒17,000 per mm2 (Wikler and Rakic,
1990; Finlay et al., 2008).

The human fovea contains a central bouquet of about 500 cones
(Rochon-Duvigneaud, 1907; Ahnelt, 1998). In the foveolar center of the
baboon retina, there is a distinct group of about 500 cones which have a
density of 385,000 per mm2 (Krebs and Krebs, 1989). In the macaque
retina, the highest photoreceptor density is within 40 μm of the foveal
center (Fig. 11B) (Packer et al., 1989). The centralmost 100 μm of the

Fig. 12. Astrocytes and Müller cells in the foveola of the rhesus macaque (Macaca mulatta). Images from immunohistochemically stained retinal wholemounts were
obtained with a confocal laser scanning microscope. A. Supervision on the foveal center of one animal. Müller cells are immunostained against GFAP (red). Müller cell
processes in the foveola are irregularly arranged whereas Müller cell processes which surround the rows of photoreceptor cell somata in the outer nuclear layer of the
fovea walls display a centrifugal direction. The GFAP staining intensity of Müller cells decreases outside of a diameter of about 400 μm from the foveal center. B.
Supervision on a fovea of another animal immunostained against GFAP (red). (a) The right side of the image displays GFAP-expressing Müller cells in the foveola
(curved arrow) while the left side shows GFAP-expressing astrocytes in the fovea wall which are circularly arranged around the foveal pit (straight arrows). (b)
Reconstruction of the fovea. White arrow, arrangement of Müller cell main processes. Black arrows, circularly arranged astrocytes. C. Supervision on the fovea of
another animal which was immunostained against GFAP (red). The GFAP-expressing region, which involves the foveola and the lower part of the fovea walls, has a
diameter of about 600 μm (curved arrow). GFAP-expressing astrocytes (straight arrows) are found at distances of about 600 μm (left side) and 1.1 mm (right side) from
the foveal center. D. Supervision on a fovea which was immunostained against glutamine synthetase (a; red) and GFAP (b; green). Colabeling yielded a yellow merge
signal (c). Note the decrease in the level of the glutamine synthetase staining in the foveal center (curved arrows) and the GFAP expression by Müller cells in the
central 600–700 μm of the fovea. GFAP-expressing astrocytes (straight arrows) are located at a distance of about 570 μm from the foveal center. Note also that Müller
cell endfeet in the fovea walls do not express GFAP. Astrocytes in the fovea walls and Müller cells in the central foveola do not express glutamine synthetase (c). On
the other hand, outer processes of Müller cells of the fovea walls, which are radially arranged in the foveola, express both glutamine synthetase and GFAP (c). E.
Supervision on the astrocytic network in the ganglion cell/nerve fiber layers of the peripheral retina. Astrocytes were immunostained for both vimentin (green) and
GFAP (red); costaining yielded a yellow merge signal. F. Supervision on astrocytes and Müller cell endfeet in the ganglion cell/nerve fiber layers of the peripheral
retina. Astrocytes express GFAP (red), and Müller cell endfeet express glutamine synthetase (green).
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human fovea contains 2000 cones (Polyak, 1957), the central 300 μm
contain 7000–10,000 cones, and the central 2 mm of the human retina
contain 90,000 cones (Curcio et al., 1990; Wässle et al., 1990). Thus,
the highest visual acuity depends on the function of several thousands
cones.

The local density of cones steeply decreases from the center to the
periphery of the foveola (Curcio et al., 1990); at the transition zone
between the foveola and fovea walls, the cone density is half of the peak
density (Fig. 16A). In the fovea walls, the distance-dependent decrease
of the cone density is less steep (Figs. 6 and 16A). Superimposed on this
gradient is a streak of high cone density along the horizontal meridian
of the retina; along the nasal hemimeridian, the cone density is 40%
higher than along the temporal hemimeridian (Perry and Cowey, 1988;
Packer et al., 1989; Curcio et al., 1990, 1991; Finlay et al., 2008). Along
with the steep decrease of the cone density from about 200,000 to about
35,000 per mm2 up to a distance of 600 μm from the foveal center, the
visual acuity of humans falls from 1 to about 0.4 (Fig. 6). However, the
pattern of cone density alterations in the foveola displays individual
variations. While the animal shown at the right side of Fig. 16A appar-
ently had a central bouquet of cones within the centralmost 50 μm of
the foveola, the cone density falls rather continuously from the center
to the periphery of the foveola in the animal shown at the left side of
Fig. 16A.

The peripheral cone density in all primates ranges between 2000
and 4000 per mm2; this value is little different from that of many other
mammals like mice (Ahnelt and Kolb, 2000). The total number of foveal
cones is similar for eyes with widely varying peak cone density; this is
consistent with the assumption that the variability of the peak cone
density reflects differences in the magnitude of the centripetal dis-
placement of photoreceptors during development (see 4.4.) rather than
differences in the absolute number of cones (Curcio et al., 1990).

The steep increase in the cone density within the fovea externa
occurs in association with an increase in the length of the cone outer
segments (Fig. 11B) and a decrease in the thickness of the cone seg-
ments (Fig. 16B and C). The thickness of the cone segments gradually
increases from the center to the periphery of the foveola (Polyak, 1957).
While the foveola only contains thin cone segments (diameter,
1.6–2.2 μm; Fig. 7G) (Curcio et al., 1990), the fovea walls and parafovea
contain thick cone segments and thin rod segments (Fig. 16B and C).
According to Polyak (1941), the inner segments of the centralmost
cones are 1.5 μm thick, and the outer segments 1 μm. In the slope of the
fovea externa, the inner segments are 2.3 μm thick, and the outer seg-
ments 1.3 μm. At the edge of the fovea externa, the inner cone segments
are 2.5 μm thick, and the outer segments 1.3 μm. In a fovea of a rhesus
macaque, the diameter of cone inner segments is 3.34±0.59 and
4.79±0.81 μmat distances of 100 and 500 μm from the foveal center.
In the fovea of the howler monkey, the central cone segments have an
average diameter of 1.95 μm (Franco et al., 2000). At the edge of the
foveola (100 μm from the foveal center), the average diameter of cones
is 3.3 μm; here, the first rods appear with a mean diameter of 1.7 μm
(Franco et al., 2000). At 500 μm from the foveal center, the cone dia-
meter is 5.5 μm, and the rod diameter is 2.9 μm (Franco et al., 2000).

In the peripheral retina, the thickness of cone segments is decreased
compared to that of parafoveal cones (Fig. 16D). The thickness of cone
segments increases again around the optic nerve head (Fig. 16E) and
near the ora serrata (Franz, 1913). The optic nerve head is surrounded
by thick, irregularly formed cones (Fig. 16E). The mean density of the
cones around the optic nerve head of rhesus macaques is 9300±1600
per mm2; the mean thickness of the inner cone segments is
11.0±2.9 μm (means± S.D.; n= 4).

2.3.2. Rods
There is a large interindividual variation in the diameter of the fo-

veal rod-free zone in adult humans; values between 350 and 800 μm
were described (Detwiler, 1943; Yuodelis and Hendrickson, 1986;
Curcio et al., 1990). Single rods may be present up to 100 μm from the

foveal center (Hendrickson, 2005). The rod-free zone of various New
World monkey has a diameter of about 500 μm (Wilder et al., 1996;
Franco et al., 2000; Finlay et al., 2008). Pigtail macaques have a rod-
free zone with a diameter of 150–200 μm (Hendrickson and Kupfer,
1976); however, single rods may be present at distances of less than
20 μm from the foveal center (Packer et al., 1989). In the example of the
human fovea shown in Fig. 7A, the centralmost rod nuclei are located
270 and 370 μm, respectively, from the foveal center (Syrbe et al.,
2018).

In the fovea walls and parafovea, the density of rods gradually in-
creases with the distance to the foveal center in parallel with the de-
cline of the cone density (Figs. 6 and 10G). In the fovea of rhesus ma-
caques, the ratio of rods to cones is 1:1 at a distance of 500 μm from the
foveal center (with equal densities of about 40,000 per mm2), and
10:1 at a distance of 1.5mm (Fig. 10G) (Wikler et al., 1990). In the
human fovea, a 1:1 ratio between rods and cones is found 500 μm
(naso-temporal) and 400 μm (superior-inferior) from the foveal center
(Curcio et al., 1990). The rod density peaks outside the macula in a ring
between 4 and 6mm from the foveal center with a ‘hot spot’ 3‒5mm
from the fovea in the superior (or, in a minority of monkey and human
eyes, in the inferior) meridian (Ahnelt, 1998). Peak rod densities be-
tween 130,000 and 190,000 per mm2 were described for the human
and macaque retina (Curcio et al., 1990; Packer et al., 1989; Wikler
et al., 1990). As the rod ring crosses the horizontal meridian, the den-
sity of rods drops 15‒25% (Curcio et al., 1990). Between the ring of
peak rod density and the ora serrata, the rod density decreases con-
tinuously.

2.4. Second- and third-order neurons of the fovea

2.4.1. Ganglion cells
The fovea contains about 25% of all retinal ganglion cells (Curcio

and Allen, 1990; Curcio et al., 1990). There are at least 15 different
types of ganglion cells in the fovea of diurnal primates (Percival et al.,
2013). Retinal ganglion cells are subdivided into classes according to
the receptive fields, projections, and functions. The main ganglion cell
types of the primate retina are small (ON and OFF) midget (parvocel-
lular) cells (about 80% of foveal ganglion cells), large (ON and OFF)
parasol (magnocellular) cells (about 10% of foveal ganglion cells), and
koniocellular ganglion cells (Boycott and Dowling, 1969; Perry et al.,
1984; Wässle and Boycott, 1991; Percival et al., 2013).

Midget ganglion cells have the smallest dendritic trees (about 10 μm
in diameter in the human fovea; pedicles of red and green cones have a
diameter of 7–9 μm) and project to the parvocellular layers of the dorsal
lateral geniculate nucleus. In the fovea, they are connected to midget
bipolars which are linked to one cone. They respond to light with an
opponent chromatic organization in their surround. There are four
types of midget ganglion cells, red-ON/green-OFF, green-ON/red-OFF,
blue-ON/yellow-OFF, and yellow-ON/blue-OFF. The surround oppo-
nency of ON and OFF midget ganglion cells is produced by horizontal
cell-mediated lateral feedback inhibition of cones and by amacrine
cells. The contrast provided by the center-surround opponency greatly
improves the resolution of the foveal image. Midget ganglion cells re-
spond to changes in color but weakly to contrast changes (Kaplan et al.,
1990). The high number of red- and green cone-driven midget ganglion
cells is responsible for the high acuity color vision provided by the
primate fovea.

Parasol ganglion cells have large dendritic trees (about 35 μm in
diameter in the human fovea), project to the magnocellular layers of the
dorsal lateral geniculate nucleus, and receive input (via bipolar cells)
from many rods and cones. In the primate fovea, there is a convergence
of 30–50 cones onto each parasol ganglion cell (Grünert et al., 1993).
The high convergence of photoreceptors onto parasol ganglion cells
provides high contrast and movement sensitivity, but low spatial re-
solution and color sensitivity (Kaplan et al., 1990). The surround op-
ponency of ON and OFF parasol ganglion cells originates from lateral
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inhibition of photoreceptors by horizontal cells.
Koniocellular ganglion cells, which include a large variety of mor-

phological cell types like small and large bistratified cells (Percival
et al., 2013), project to the koniocellular layers of the dorsal lateral
geniculate nucleus. In the marmoset fovea, koniocellular ganglion cells
(up to 540 μm from the foveal center) receive inputs from cones that are
located up to a distance of 250 μm from the foveal center; more per-
ipherally, koniocellular cells also receive input from rods (Percival
et al., 2013). In the periphery, intermediate numbers of rods and blue
cones provide information (via diffuse bipolar cells) to koniocellular
ganglion cells. One subtype of koniocellular ganglion cells is the small
bistratified blue-yellow ganglion cell.

Because the resolution limit depends both on the spacing and the
dendritic field size, only cells with high density and small dendritic
fields, i.e., midget ganglion cells, are capable to provide high visual
acuity and can transmit fine details. The large receptive fields of parasol
and koniocellular ganglion cells permit higher contrast sensitivity and
movement detection.

The fovea provides the most acute color and spatial resolution. The
visual resolution is dependent on various factors including the optical
image magnification provided by the anterior eye structures, the central
cone density, the ratio between the numbers of cones and ganglion
cells, and the density of cone-driven ganglion cells (Rossi and Roorda,
2010). The foveola of most primates contains only single scattered
ganglion cell somata. In a fovea of a rhesus macaque, the nasal hemi-
meridian was ganglion cell-free up to 120 μm and the temporal hemi-
meridian up to 180 μm from the foveal center. Outside the foveola, the
topography of retinal ganglion cells closely follows that of cones. The
density of ganglion cells gradually increases in the central fovea walls
and peaks in the parafovea (Figs. 10E and 15C). Different studies de-
scribed peak ganglion cell densities between 30,000 and 80,000 per
mm2 in the fovea walls of humans and macaques (Van Buren, 1963;
Oppel, 1967; Perry and Cowey, 1985; Curcio and Allen, 1990; Schein,
1988; Wässle et al., 1989; Conradi and Sjöstrand, 1993; Sjöstrand et al.,
1994, 1999a). In a macaque fovea, the peak density of GCL neurons of
about 50,000 per mm2 occurred between 0.5 and 1.2mm from the fo-
veal center (Fig. 10E), and in a human fovea, between 0.5 and 0.8 mm
(Fig. 15C). A similar spatial distribution of the ganglion cell density
(with a peak density of 56,000 per mm2 between 0.6 and 0.7 mm from
the foveal center) was previously described for a human retina
(Sjöstrand et al., 1994). For the macaque fovea, a plateau of the max-
imum ganglion cell density of 60,000 per mm2 was described to be
located at around 800 μm from the foveal center (Wässle et al., 1989).

The local density of ganglion cells decreases from the central to the
peripheral retina. Because the rod-driven scotopic pathway is super-
imposed onto the cone-driven photopic system via rod bipolars and AII
amacrine cells (Kolb and Famiglietti, 1974), there is no increase in the
number of ganglion cells despite the increasing number of rods. In
addition, the dendritic tree size of midget ganglion cells and the con-
vergence of cones to the midget ganglion cells increase with the dis-
tance from the foveal center (Wässle et al., 1990; Kolb and Marshak,
2003); this contributes to the decrease of the ganglion cell number in
the peripheral retina. The ganglion cell density decreases to less than
3000 per mm2 at the nasal, and to less than 2000 per mm2 at the
temporal perifoveal edge (Curcio and Allen, 1990). More peripherally,
the density of ganglion cells falls continuously to a minimum of 800 per
mm2 at 12mm from the foveal center in the nasal retina and 100 per
mm2 in the temporal retina of macaques (Perry and Cowey, 1985;
Schein, 1988; Wässle et al., 1989; Sjöstrand et al., 1999a). The naso-
temporal asymmetry of ganglion cell density and the presence of a
streak of higher ganglion cell density along the horizontal meridian
match similar structures of the cone topography (see 2.3.1.).

The density of rods gradually increases with the distance to the
foveal center (Fig. 10G). Therefore, although the density of ganglion
cells remains stable over a relatively wide distance from the foveal
center (Figs. 10E and 15C), the ratio between the ganglion cell and

photoreceptor numbers decreases with the distance to the foveal center.
In a macaque fovea, the ratio decreased from about 2:1 near the foveal
center to near 1:1 at 1.5mm from the foveal center (Fig. 10H). In a
human fovea, the ratio decreased from about 3:1 to 2:1 within a dis-
tance of 400–700 μm from the foveal center (Fig. 15F).

There is a long debate regarding the question 'How many ganglion
cells are there to a foveal cone?' (Sjöstrand et al., 1994). In a human
retina, the ratio between GCL neurons and cones in the central fovea
(within a distance of 100 μm from the foveal center which only contains
cones) is 2.6:1 to 3.6:1 (Fig. 15F). Near the center of a macaque fovea,
the ratio between ganglion cells and cones is 2.5:1 to 3:1 (Fig. 10H).
These values are similar to previous studies which described 2.8–4
ganglion cells per cone in the central fovea (Wässle et al., 1989, 1990;
Curcio and Allen, 1990; Sjöstrand et al., 1994, 1999a). In the parafovea
of a macaque fovea (1mm from the foveal center), the ratio between
ganglion cells and cones increased to 4‒5:1 (Fig. 10H). The data may
suggest that in the foveal center, one cone provides information input to
two midget ganglion cells plus 0.5–1 parasol ganglion cell. Cones in the
fovea walls may also provide information input to additional types of
ganglion cells, i.e., various types of koniocellular cells. The fact that the
proportion of koniocellular ganglion cells is decreased in the human
foveola (Dacey, 1993) fits to this assumption. Because in the foveal
center, each cone provides input to at least two ganglion cells
(Fig. 10H), the acuity of the foveal vision is limited by the cone density
(Rossi and Roorda, 2010).

More peripherally, the ratio between ganglion cells and cones de-
creases because of the increasing convergence of cones onto midget
ganglion cells (Schein, 1988; Wässle et al., 1989, 1990; Curcio and
Allen, 1990; Kolb and Marshak, 2003). In the macaque retina, the
ganglion cell-to-cone ratio decreases to 1:1 at 3‒4mm from the foveal
center; the peripheral retina contains more cones than ganglion cells
(Wässle et al., 1990, 1994). In humans, the ratio between ganglion cells
and cones is 0.5:1 at a distance of 5mm from the foveal center
(Sjöstrand et al., 1999a). Because the bipolar cell-to-cone ratio in the
macaque retina is fairly constant within the central 5 mm of the fovea
(Martin and Grünert, 1992), the changes in the ganglion cell-to-cone
ratio are due to the convergence of bipolar to ganglion cells, rather than
to a convergence of cones onto bipolar cells (Wässle et al., 1994).

2.4.2. INL neurons
There are two main parallel information pathways in the fovea: one

for high resolution and color discrimination (the midget pathway), and
the other for contrast sensitivity, movement detection, and luminosity
perception (the diffuse pathway). Horizontal and amacrine cells pro-
vide informations regarding contrast, spatial orientation, and move-
ment of visual objects. Color discrimination is performed by two sub-
systems: the red-green and the blue-yellow pathways. These subsystems
are driven by different types of cones which show distinct spatial dis-
tribution and connectivity. The primate retina contains at least 9 types
of midget and diffuse cone bipolar cells, and one type of rod bipolar cell
(Chun et al., 1996). Small midget bipolars contact only one cone
pedicle, diffuse bipolar cells (which have greater dendritic fields) con-
tact 5 to 10 cone pedicles, and rod bipolars contact at least 15 spherules
(Boycott and Wässle, 1991).

Midget bipolar cells underlie the color-opponent receptive fields of
ganglion cells. In the fovea, these cells have exclusive contacts to one
cone; thus, one midget bipolar cell provides the excitatory signal for the
center of a midget ganglion cell, and another midget bipolar cell,
connected to a spectrally different cone type, provides the signal for the
inhibitory surround. (However, even foveal midget cells may have
centers that are impure due to the presence of gap junctions between
red and green cones.)

Each red and green cone pedicle in the primate central fovea have
synaptic contacts with horizontal cell processes and three or more dif-
ferent bipolar cells, including an (invaginating) ON and a (flat) OFF
midget bipolar cell (Polyak, 1941; Boycott and Dowling, 1969; Kolb
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et al., 1969; Hendrickson, 2005). An additional population of diffuse
cone bipolar cells, which contact a number of cones, innervate the re-
maining 20% of foveal ganglion cells which are non-midget types.
Outside the central fovea, one red or green cone pedicle contacts two
midget bipolar cells and 10 to 15 diffuse bipolar cells (Boycott and
Wässle, 1991).

Blue cone pedicles are smaller and lie more vitread in the OPL than
the other cone pedicles (Ahnelt and Kolb, 1994). Blue cones have un-
ique connectivity with specific horizontal, bipolar, and ganglion cells
(Ahnelt and Kolb, 1994; Hendrickson, 2005). In the central retina, a
single blue cone contacts blue midget ON and (rare) OFF bipolar cells
(Kouyama and Marshak, 1992) which provide inputs to two small bis-
tratified ganglion cells and the giant monostratified blue ON ganglion
cells (Dacey and Lee, 1994; Klug et al., 2003; Ahmad et al., 2003).
These ganglion cells also receive (via other types of cone bipolars) a
mixed input from red and green cones (Hendrickson, 2005). The blue-
yellow ganglion cells are ON to the blue cone and OFF to yellow. The
opponent yellow surround of blue-yellow ganglion cells is produced by
inhibitory blue cone contacts of horizontal cells driven by red and green
cones (Packer et al., 2010). An OFF yellow signal could also be provided
by diffuse OFF bipolar cells. Blue cones are important for chromatic
rather than spatial resolution because of their low density and because
2‒4 blue cones contact one blue ON bipolar cell (Hendrickson, 2005).

Rod bipolars, which innervate AII amacrine cells (Kolb and
Famiglietti, 1974), are morphologically different from cone bipolars,
e.g., the dendritic trees are more bushy because they obtain information
input from many rod spherules. In the central primate retina, which is
cone-dominated, rod bipolar cells are less than 20% of the total bipolar
cell population.

The density of INL neurons is low in the foveal center and increases
up to a peak of about 130,000 cells per mm2 at distances between 0.8
and 1.5 mm from the foveal center in a macaque fovea, and between 0.4
and 0.8mm in a human fovea (Figs. 10E and 15C). It has been described
that at a distance of 500 μm from the foveal center of cynomolgus
monkeys, the density of bipolar cells is 78,000‒89,000, of amacrine
cells 10,000‒14,000, and of horizontal cells 19,000‒25,000 per mm2

(Krebs and Krebs, 1989).
The ratio between INL neurons and photoreceptors is highest in the

foveal center and decreases with the distance from the center (Figs. 10H
and 15F). It has been described that the bipolar cell-to-cone ratio in the
macaque retina remains fairly constant (2.4–4:1) within the central
5 mm of the fovea (Martin and Grünert, 1992). The slightly higher
number of INL nuclei per ONL nucleus compared to the number of
ganglion cells per cone near the foveal center (Fig. 10H) may be ex-
plained with the presence of horizontal and amacrine cells in addition
to bipolar and Müller cells. Whether the higher number of INL nuclei
per ONL nucleus in the human central fovea (Fig. 15F) compared to the
macaque central fovea (Fig. 10H) reflects a species difference in the
numbers of amacrine and horizontal cells remains to be determined.

2.5. Glio-neuronal units of the fovea

The glio-neuronal columnar units of retinal forward information
processing consist of photoreceptors and neurons aligned along a
Müller cell (Fig. 1A) (Reichenbach et al., 1994; Reichenbach and
Robinson, 1995). The local densities of cone photoreceptors and Müller
cells are roughly equal in many species (Reichenbach and Robinson,
1995; Agte et al., 2011); therefore, it has been suggested that the core of
a functional unit is constituted by a Müller cell in association with a
cone (Reichenbach et al., 1994; Reichenbach and Robinson, 1995). In
the fovea walls of macaques, there are one Müller cell, one amacrine
cell, and 0.8 horizontal cells for each cone pedicle (Burris et al., 2002;
Ahmad et al., 2003).

The foveola is largely rod-free (Ahnelt, 1998; Provis et al., 2005;
Bumsted O'Brien, 2008). Therefore, the cell nuclei in the ONL within a
diameter of 100 μm around the foveal center are nuclei of cone cells. In

two human retinas, in which the cell nuclei were counted, 0.73± 0.27
cone nuclei per Müller cell were found in the foveal center (Fig. 15E),
suggesting a ratio between the numbers of centralmost cones and
Müller cells of near 1:1. In a macaque fovea, the ratio between the
numbers of centralmost cones and Müller cells was also near 1:1
(Fig. 10G). On the other hand, the peak density of cone segments in the
foveola of rhesus macaques ranged between 90,000 and 166,000 per
mm2 (Fig. 16A), while the peak density of Müller cell processes at the
OLM of the foveal center ranged between 32,000 and 58,000 per mm2.
These data suggest a ratio between the numbers of centralmost cones
and Müller cells in the macaque fovea of about 3:1. This ratio is similar
to that described for the baboon fovea (3.5 cones per Müller cell)
(Finlay et al., 2005). The reason why the ratios at the levels of the ONL
and OLM are different is unclear but may be explained in part by the
fact that the outer cone processes are centrifugally arranged (Figs. 7A
and 10A); it could be that not all outer cone processes are accompanied
by outer Müller cell processes. Further investigations are required to
determine the spatial relationship between cone and Müller cells in the
foveola. With increasing distance to the foveal center, the ratio of
Müller cells per cone increases. Using data of Packer et al. (1990) and
Distler and Dreher (1996) regarding the densities of cones and Müller
cells, it can be estimated that the ratio of Müller cells to cones is
1.5–2.5:1 in the peripheral retina of macaques.

The glio-neuronal units of retinal information processing in the
fovea walls of humans and rhesus macaques consist of about 16 cells per
Müller cell (Figs. 10F and 15D). These cells include about 4 GCL neu-
rons, 10 inter- (INL) neurons, and 2 photoreceptors in the human fovea
walls (Fig. 15E), and about 3 GCL neurons, 7 interneurons, and 6
photoreceptors in the fovea walls of a rhesus macaque (Fig. 10G). In the
primate retina, central and peripheral units contain a similar total
number of neurons; the cellular composition of a functional unit does
not alter during retinal development, from the area centralis to the
adult stage (Finlay et al., 2005). In the human retina, the number of
cells per Müller cell is about 16 in the fovea walls (Figs. 15D) and 14.37
in the retinal periphery (Reichenbach and Robinson, 1995). Whether
the decrease in the number of cells per Müller cell to 8–12 in the central
fovea (within 300 μm from the foveal center; Figs. 10F and 15D) reflects
a real decrease or is caused by the counting of Müller cell processes in
the ONL of the foveola remains to be determined in future investiga-
tions. The developmental cytogenesis terminates earlier within the fu-
ture foveola than in the surrounding tissue (Reichenbach and Robinson
(1995); this may result in a decreased number of cells per Müller cell in
the foveal center.

While the total number of cells in a columnar unit remains largely
unaltered from the fovea walls to the retinal periphery, the cellular
composition of the units alters with the retinal location (Finlay et al.,
2005). In particular, the number of GCL neurons per unit decreases and
the number of photoreceptors per unit increases in the outer fovea walls
and parafovea (Fig. 10G). The number of photoreceptors per Müller cell
increases from about 2 in the fovea walls (Fig. 15E) to 10.87 in the
retinal periphery (Reichenbach and Robinson, 1995). Because the
density of Müller cells in the fovea walls does not alter with the distance
to the foveal center (Figs. 10D and 15B), the ratio between the numbers
of photoreceptors and Müller cells increases in association with the
steep increase of the rod number (Figs. 10G and 15E). The numbers of
cones and neurons per Müller cell decrease from the fovea walls to the
retinal periphery; the numbers of INL and GCL neurons decrease from
about 10 to 3.2, and from about 4 to 0.3, respectively (Reichenbach and
Robinson, 1995). Similar alterations in the cellular composition of the
glio-neuronal units from the fovea walls to the retinal periphery were
found in macaques. While the number of cells per Müller cell is similar
in the fovea walls (about 16; Fig. 10F) and peripheral retina of maca-
ques (16.32), the number of photoreceptors per Müller cell increases
from about 6 (Fig. 10G) to 11.7, the number of cones per Müller cell
decreases from about 1.3 to 0.4–0.7, and the numbers of INL and GCL
neurons per Müller cell decrease from about 7 to 4.24, and from about 3
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to 0.38, respectively, from the fovea walls to the retinal periphery
(Krebs and Krebs, 1989; Packer et al., 1989; Distler and Dreher, 1996).
The glio-neuronal units of the fovea and periphery of the baboon retina
are composed of 12 cells per Müller cell; the cellular composition of the
units alters with the retinal location similar as described above (Finlay
et al., 2005). In the periphery, most cells of the retina are rod photo-
receptor cells, and ganglion cells are the least cells (Reichenbach and
Robinson, 1995). The data indicate that there is a tenfold increase in
the number of ganglion cells and a doubling of interneurons in the
fovea walls compared to the retinal periphery. The high numbers of
interneurons and ganglion cells per columnar unit in the fovea is also
indicated by the thick INL and GCL in the fovea walls and parafovea
(Fig. 10J). In the peripheral retina, the thickness of the INL and, in
particular, of the GCL is reduced compared to the foveal tissue
(Fig. 10I). Thick INL and GCL are characterisics of cone-dominated
photopic/diurnal mammals while the retina of rod-dominated scotopic/
noctural mammals has thin INL and GCL (Reichenbach and Robinson,
1995).

3. Optics of the fovea

The optical function of both vertebrate fovea types, in particular the
optical relevance of the foveal pit, is still uncompletely understood.
There are no correlations between the size of the foveal avascular zone
(i.e., the width of the foveal pit) and the visual acuity of human subjects
(Adler, 1929) and between the depth of the foveal pit and the visual
acuity of human subjects with albinism (Mohammad et al., 2011). The
morphology of the foveal pit varies highly among albinotic subjects
(Wilk et al., 2014). In the mean, the peak photoreceptor density is lower
in human subjects with albinism compared to control subjects
(Springer, 2014); in these subjects, the length of the central cone outer
segments is the strongest predictor of the visual acuity (Mohammad
et al., 2011). Because the length of the receptor segments is inversely
related to the thickness of the segments, the length of the receptor
segments is an indicator of the receptor density. Albinotic individuals
who have the most developed foveal pits may have nearly normal peak
cone densities and a better visual acuity, while those with less devel-
oped pits have progressively decreasing peak cone densities and visual
acuities (Thomas et al., 2011; Wilk et al., 2014; McCafferty et al.,
2015). These data and the assumption that the foveola does not provide
image magnification (Fig. 3B) suggest that the visual acuity provided by
the human fovea is mainly dependent on the density of the central
photoreceptors (Wilson et al., 1988; Mohammad et al., 2011), and that
the shape and depth of the foveal pit have less relevance for acuity.

It is known that avian convexiclivate foveas with a deep pit provide
a very high visual acuity (Snyder and Miller, 1978). Large raptorial
birds are the only animals with spatial resolution (eagles and falcons,
140 cycles per degree) higher than humans (60 cycles per degree).
Convexiclivate foveas increase the visual resolution by two ways: the
presence of thin photoreceptors (eagles have central cones which are
thinner than the cones of the central primate fovea [Polyak, 1957]) and
illumination of the central photoreceptors by a magnified foveal image.
Walls (1942) proposed that the fovea of birds serves for local image
magnification which results from light refraction at the vitreoretinal
border of the central convex fovea walls (Fig. 3B). Later, Snyder and
Miller (1978) suggested that not the central fovea walls but the concave
bottom of the foveal pit acts as a diverging (negative) lens that enlarges
the foveal image (Fig. 3C). They also described that the center of the
deep avian fovea contains a conspicuous horizontal Müller cell struc-
ture which has a high refraction index; light refraction at this glial
structure may contribute to the image-magnifying function of the avian
fovea. A highly refractive Müller cell layer that lines the foveal center
was not found in the primate fovea (Snyder and Miller, 1978). On the
other hand, Pumphrey (1948) suggested that the convexiclivate fovea
does not provide image magnification, but serves as an image fixation
device. Light refraction at the vitreoretinal border may provide

information on focus error (Harkness and Bennet-Clark, 1978).
Pumphrey (1948) also suggested that the sloping walls of the con-
vexiclivate fovea accentuate the angular displacement of light and thus
should improve movement detection. The visual information of the
fovea serves to cue the required lens accomodation to achieve a focused
image which facilitates the fixation of moving targets (Pumphrey, 1948;
Harkness and Bennet-Clark, 1978). In humans, the phenomenon of
night myopia indicates that the focusing system is unable to correct in
darkness (Toates, 1972).

The optical properties of the primate fovea are largely unclear. It
has been suggested that the foveola does not provide image magnifi-
cation whereas light refraction at the fovea walls may cause a magni-
fication of the image around the foveola (Fig. 3B) (Walls, 1942;
Reichenbach and Bringmann, 2010). However, many human subjects
have no flat foveolas but a gently sloping inner foveolar surface
(Fig. 13D) (Tick et al., 2011). In these subjects, the concave surface of
the central foveola may provide image magnification, similar as the
concave bottom of the pit of the avian fovea (Fig. 3C). It could be but
remains to be proven that the foveolar image magnification in the latter
subjects compensates the lower area of the inner foveola, enabling light
guidance to the whole area of the fovea externa. The fovea externa may
be formed in order to compensate the angle of centripetally refracted
light. Light ray analyses using estimated light refraction at the vi-
treoretinal border of the primate fovea gave maximal light displace-
ments at the photoreceptor level of about 2 μm (Ross, 2004; Frey et al.,
2017); because the maximum behavioral visual acuity of macaques is
3.3 μm (Wässle et al., 1990), a light ray displacement by 2 μm is not
great enough to assume an image-magnifying function of the fovea.

Image magnification provided by the central fovea walls will com-
pensate the optical problems of the fovea walls where the retina is very
thick (i.e., many light-scattering layers lie in front of the cones).
However, the surface of the fovea walls is convex; a convex lens will
(depending on the direction of light refraction) also cause a focusing of
the light into a ring around the foveola; a directional-dependent dis-
tortion of the ring-shaped image may provide information on focus
plane error, as suggested for the avian fovea (Harkness and Bennet-
Clark, 1978). Focal plane analysis may be also important for the ste-
reoscopic vision of primates. Light refraction at the fovea walls may
underlie the directional sensitivity of cones at the rim of the foveola
(Williams, 1980).

During tree jumping of primates, optimized visuomotor coordina-
tion is crucial for survival; however, the motor control is deprived of the
input from (non-proprioreceptive) mechanosensory systems (Ahnelt
and Kolb, 2000). The high spatial acuity provided by the midget system
of the fovea may be favorable to achieve a maximum eye-hand co-
ordination required for tree jumping (Ahnelt and Kolb, 2000). On the
other hand, the sensitivity to rapidly varying light inputs is lower for
the foveal than the peripheral vision (Hecht and Verrijp, 1933). The low
temporal sensitivity of foveal vision is reflected in the refresh rates of
computer monitors and movies and is an important factor in the design
of visual prosthetics (Sinha et al., 2017). It has been proposed for the
avian fovea that image distortion provided by the sloping central walls
may improve rapid movement detection (Pumphrey, 1948). Perhaps,
the central walls of the primate fovea have a similar function.

Gass (1999) suggested that the “Müller cell cone” in the foveola
forms a smooth transparent plate that overlies the area of high photo-
receptor density (Fig. 11A and B). Foveolar Müller cells improve the
light and image transport, as their inner processes provide a plain,
unruffled vitreal surface of the foveola (i.e., they form a smooth cover-
slide on the cone photoreceptors to avoid light scattering; see 2.1.3.).
Because the central cones have elongated receptor segments (Fig. 11B),
the light path from the inner retinal surface towards the receptor seg-
ments is shortest in the center of the foveola. The stalk of the “Müller
cell cone”, which lies in front of the most elongated photoreceptors, has
a lower optical density compared to the remaining tissue (Yamada,
1969; Hogan et al., 1971). The brighter appearance of the centralmost
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foveal tissue results from the low density of cone cell nuclei at which
light can scatter (Figs. 5A, 7A and 10A, and 11A) (Detwiler, 1943), and
from the presence of pale outer Müller cell processes (Fig. 7C,G) (Syrbe
et al., 2018). It remains to be determined in future investigations
whether the vertically running pale Müller cell processes in the stalk of
the “Müller cell cone” improve the light transmission towards the
centralmost photoreceptors. The optical properties of the “Müller cell
cone” in the foveola may alter under pathological conditions, as sug-
gested by the presence of multiple hyperreflective dots in the inner
layer of the foveola in OCT images of patients with different retinal
disorders (Fig. 2B and C).

It has been shown that Müller cells in the retina of nonprimate
mammals act as living optical fibers that guide the light from the inner
retinal surface through their main processes towards the rows of pho-
toreceptor cell nuclei (Franze et al., 2007; Agte et al., 2011; Labin et al.,
2014). Müller cells separate between wavelengths to improve photopic
vision without hampering scotopic vision (Labin et al., 2014). It has
also been proposed that Müller cells in the convexiclivate fovea of pied
flycatchers act as optic fibers and thus contribute to foveal image
magnification (Zueva et al., 2014). The nuclei of many Müller cells are
located out of the cell axis (Fig. 8C and D) which is consistent with a
light-guiding function of Müller cells (Franze et al., 2007). However,
the z-shaped arrangement of Müller cell main processes in the fovea
walls (Figs. 1B, 8A and 11C) does not fit with the assumption that fo-
veal Müller cells guide the light from the inner retinal surface to pho-
toreceptor cells. If light guidance through Müller cells contributes to
foveal optics, Müller cell main processes guide the light from the vitreal
surface to the OPL, but not through the HFL which is a hyperreflective
layer in the primate fovea (Fig. 1Ba and 2A). Perhaps, the late hor-
izontal contraction of Müller cell processes in the OPL, which produces
the erection of the inner Müller cell processes (see 4.3.), occurs to im-
prove the light guidance through Müller cells to the HFL.

It has been suggested that the presence of a foveal pit compensates
the adverse effects of chromatic aberration of the eye (Locket, 1992).
Longitudinal chromatic aberration results from the fact that ocular
media like the lens refract light of different wavelengths to different
degrees (Sivak and Mandelman, 1982). Light of short wavelengths
(blue) is more strongly refracted than green light; the least refracted
light is red light. Due to chromatic aberration, the focus points of light
of different wavelengths are located at different levels in the retina;
when red and green light are in focus at the photoreceptor level, the
focus of blue light is within the inner retina, and in the fovea at the
slope of the central fovea walls. If Müller cells guide the blue light from
the vitreal surface of the central fovea walls with minimal intensity loss
towards the photoreceptors, the blurring effect of chromatic aberration
on the images will be compensated. The foveal distribution of different
cone types, i.e., the accumulation of red and green cones in the foveola
and the maximum density of blue cones in a ring around the foveola on
the lower foveal slope within the avascular zone (De Monasterio et al.,
1985; Ahnelt, 1998), may be an adaptation to the chromatic aberration
of the eye. However, it has been shown that Müller cells of nonprimate
mammals guide predominantly red-green light (Labin et al., 2014); this
fits to a putative light-guiding function of foveolar Müller cells rather
than Müller cells in the fovea walls.

The elongation of the cone receptor segments in the fovea externa,
which compensates the thinning of the segments, preserves the photo-
pigment volume and thus the sensitivity (Ahnelt, 1998). However, in
the convexiclivate fovea of many birds and chameleons, the receptor
segments of the centralmost cones are thinner, but not longer than the
perifoveal cone segments (Fig. 3A,C) (Ramón y Cajal, 1894). Therefore,
the elongation of the receptor segments in the primate fovea externa
may have also other functional roles. It is likely that the cones in the
fovea externa are elongated in order to compensate the different focus
planes of red and green light resulting from chromatic aberration. It has
been estimated that in the human retina for small pupil (aperture)
diameters, the focus plane of green light lies about 40 μm vitreally from

the focus plane of red light, while blue light focusses about 33 μm vi-
treally from green light (K. Frey, B. Werner, M. Francke, P. Scheibe, F.G.
Rauscher, A. Reichenbach, R. Brunner; unpublished data). The differ-
ence between the focus planes of red and green light is well in the range
of the length of the central cone outer segments in the human fovea
externa (up to 50‒65 μm) (Greeff, 1900; Salzmann, 1912; Polyak, 1941;
Yamada, 1969; Yuodelis and Hendrickson, 1986; Hendrickson and
Provis, 2006).

4. Foveal development

To understand the developmental formation of the fovea centralis in
the primate retina is a particular challenge (Provis et al., 1998). In both
phylogeny and ontogeny, a fovea interna (i.e., a foveal pit) is only
formed in nonvascularized retinal areas. On the other hand, a fovea
externa (characterized by the high photoreceptor density) may be
formed in both vascularized and nonvascularized retinal areas. The
development of the fovea externa proceeds relatively independently
from the morphogenesis of the fovea interna. This suggestion is sup-
ported by various facts: the fovea externa is formed by a centripetal
displacement of photoreceptors, while the fovea interna is formed by a
centrifugal displacement of inner retinal layers (Provis et al., 1998,
2013); the area centralis of dogs and owl monkeys contains a fovea
externa but no fovea interna (Franz, 1913; Woollard, 1927; Kolmer,
1930; Webb and Kaas, 1976; Beltran et al., 2014); the developments of
the fovea interna and externa of primates proceed within different time
frames; the first phase of photoreceptor packing takes place before the
foveal pit develops (Provis et al., 2005; Bumsted O'Brien, 2008); in the
human retina, there are no correlations between the centrifugal shift of
inner retinal layers and the length of central cone segments (Fig. 13D)
(Tick et al., 2011), and between the size of the foveal pit and the peak
cone density (Wilk et al., 2017); in prematurely born children, the fovea
externa develops nearly normally while the displacement of the inner
retinal layers from the foveal center is incomplete (Rosén et al., 2015);
and in human eyes with a complete absence of a foveal pit, nearly
normal central photoreceptor packing and receptor segment elongation
can be present (Marmor et al., 2008; McAllister et al., 2010; Wilk et al.,
2014).

The ontogenetic morphogenesis of the fovea interna involves the
development of the rod-free zone, the area centralis, and the subsequent
formation of the foveal pit and the fovea externa (Fig. 13A). The
packing of central photoreceptors is initiated before the foveal pit for-
mation, and the formation of the fovea externa is initiated during the
morphogenesis of the foveola around and after birth, i.e., when the
outer segments of photoreceptors become functional (Fig. 13A,C).

4.1. Cytogenesis and development of the rod-free zone

The location of the future fovea is determined by the specification of
the central rod-free zone during the development of the optic vesicle at
fetal week 3.4 (Provis et al., 2005; Bumsted O'Brien, 2008). A rod-free
area is a precondition of the development of a foveal pit (Finlay et al.,
2005). The localization of the central rod-free zone is likely determined
by transcription factors which delineates the axes of the retina
(Reichenbach and Pritz-Hohmeier, 1995; Schulte et al., 2005; Finlay
et al., 2005) which may result in cellular accumulation in the +5a
isoform of Pax6, the master regulator of eye development (Azuma et al.,
2005). The region of the future fovea is devoid of rods from the be-
ginning of retinal cytogenesis (Mann, 1964). Because there is little cell
death in the ONL during development (Penfold and Provis, 1986), the
rod-free zone is suggested to be produced by inhibition of the rod de-
velopment from late retinal progenitor cells (LaVail et al., 1991;
Reichenbach, 1993; Reichenbach and Robinson, 1995; Finlay et al.,
2005; Reichenbach and Bringmann, 2010). Molecules that are asso-
ciated with rod differentiation like NR2E3 are absent from the region of
the future fovea (Bumsted O'Brien et al., 2004).
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The region of the future fovea is characterized by an early cessation
of precursor cell proliferation; this leads to the abundance of early-born
cell types such as cones and ganglion cells, and fewer numbers of later-
born cell types like rods (Reichenbach and Robinson, 1995; Finlay
et al., 2005). In more peripheral retinal areas, the longer time period of

cytogenesis leads to a conversion of the cone-dominated diurnal retina
into a rod-dominated nocturnal retina (Reichenbach and Robinson,
1995; Finlay et al., 2005). The developmental cytogenesis is also ex-
tended in the central retina of the owl monkey (Dyer et al., 2009) which
evolved from a diurnal ancestor and returned to a nocturnal lifestyle,

Fig. 13. Development of the human fovea. A. Cross sections through the developing human fovea at fetal weeks 24, 28, and 32, birth, and postnatal weeks 8 and 16.
Note the presence of the area centralis with a domed ganglion cell layer (GCL) at fetal week 24 and the presence of a foveal pit at fetal week 28. The widening of the
foveal pit proceeds after fetal week 28. The foveola is formed after birth, and the fovea externa after postnatal week 8. The transitory radial fiber layer between the
amacrine (ACL) and bipolar cell layers (BCL) is recognizable as a layer which contains less numbers of cell nuclei (arrowheads). At birth, the foveal pit is a deep bowl,
but still all retinal layers (with the exception of the transitory radial fiber layer) are present in the center; the central cones form a monolayer of cell somata in the
outer nuclear layer (ONL), and the Henle fiber layer (HFL) begins to develop. Note that the photoreceptor somata in the ONL are earlier stacked at the foveal edge
than in the foveal center. Note in the survey image of the retina that the retina around the area centralis is thinner than the more peripheral retina. Arrows, blood
vessels. B. Spatial arrangements of main Müller cell processes and the transitory radial fiber layer between the ACL and BCL (arrowheads) during the development of
the human fovea. C. Development of the fovea externa. Above: Foveola of an adult subject with a wide foveal pit and a v-shaped ONL. Below: Central cone cells at
birth, postnatal weeks 8 and 16, and in the adult fovea (from left to right). D. Variation of the foveal morphology in three normal adult human subjects. The thickness
of the central foveola is 234 μm (above), 215 μm (middle), and 180 μm (below), respectively. The thickness of the fovea walls is 365 μm (above), 378 μm (middle), and
339 μm (below), respectively. Note that a smaller diameter of the foveola is associated with a thicker foveola and a decreased steepness of the foveal slope. The
morphology of the fovea externa is similar in all foveas. INL, inner nuclear layer; IPL, inner plexiform layer; NFL, nerve fiber layer; OCP, outer cone processes; OLM,
outer limiting membrane; OPL, outer plexiform layer; PIS, photoreceptor inner segments; POS, photoreceptor outer segments; PRS, photoreceptor segments; RPE,
retinal pigment epithelium. The images in A and C are modified from Bach and Seefelder (1914). The drawing of the postnatal year 13 fovea (B) represents the
author's interpretation of a foveal section shown by Hendrickson (2005). The images in D are the author's interpretation of OCT images shown by Tick et al. (2011).
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and which lacks a fovea interna. Many albinotic humans with impaired
melanin/L-DOPA metabolism have no foveal pit (see 4.6.) and no rod-
free zone (Usher, 1920; Kinnear et al., 1985; Mietz et al., 1992). This
fits with the observation that L-DOPA inhibits the proliferation of late
progenitor cells (Ilia and Jeffery, 2000). It has been recently shown that
the formation of the area centralis in chicken is induced by a transient
decrease in the level of retinoic acid which results in an increased ex-
pression of fibroblast growth factor-8 (FGF8) during the time period of
cone and ganglion cell differentiation (Da Silva and Cepko, 2017).
Disruption of this signaling pathway results in a loss of the central rod-
free area and the area centralis with the high density of GCL neurons
(Da Silva and Cepko, 2017). In addition to the inhibition of the rod
generation from late progenitor cells, it is likely that there is an en-
hanced generation of ganglion cells and cones, and of other early-born
neurons like horizontal cells, by early progenitors in the region of the
future fovea (and/or an inhibition of the 'physiological cell death' re-
sulting in an area of elevated ganglion cell density; see 4.2.). Possibly,
late progenitors in the region of the future fovea undergo only two
mitosis steps to generate two cone bipolar cells, one amacrine cell, and
a Müller cell.

The development of the retina proceeds from the central towards
the peripheral retina, and from the GCL to the ONL; therefore, the GCL
in the central retina is the first retinal tissue which begin to differentiate
(Chievitz, 1888). In the developing monkey retina, the first cells exit the
cell cycle and differentiate to retinal ganglion cells around fetal week 7
in the region of the future fovea (Barishak, 1992). Horizontal cells are
born shortly after ganglion cells in the future fovea between fetal weeks
7 and 8, followed by the generation of cone cells (between fetal weeks
11 and 14) (Hollenberg and Spira, 1973; Hendrickson and Kupfer,
1976; Provis et al., 1985a). Thereafter, amacrine and bipolar cells be-
come postmitotic. The last cell types generated are rods and Müller cells
(Rapaport et al., 1992). In the region of the future human fovea, all cells
are postmitotic by fetal week 10, while in the periphery, retinal cell
proliferation proceeds until fetal week 30 (Provis et al., 1985a). In
humans, the location of the future fovea can be morphologically iden-
tified at fetal week 11; this site is the first part of the retina which
contains three cellular and two synaptic layers, including a single layer
of large, cuboidal cone cell somata (fetal week 24 in Fig. 13A)
(Hendrickson, 1992).

4.2. Development of the area centralis

In primates, the area centralis lies along the horizontal meridian of
the retina; the fovea is a specialization of this area near the retinal
center (Fig. 4A) (Polyak, 1957). During the development, the area
centralis of the future fovea is characterized by a localized doming of
the retinal surface into the vitreous resulting from a thickening of the
GCL (Fig. 13A) (Provis et al., 1998); in addition, the area centralis has a
higher packing of photoreceptors. The GCL dome consists of rows with
7–10 stacked neuronal cell bodies (Müller, 1856). The localized thick-
ening of the retina preceeds, during both mammalian phylo- and on-
togeny, the formation of a foveal pit (Rowe and Dreher, 1982; Provis
et al., 1998). The mechanism of GCL doming is unclear. Chievitz (1888)
suggested a model for the formation of the GCL dome caused by the
proliferation of retinal precursor cells in the more peripheral retina.
Another mechanism which decreases the cell density after cessation of
cell proliferation is the passive horizontal stretching of the more per-
ipheral retinal tissue together with the growth of the eyeball
(Mastronarde et al., 1984; Kelling et al., 1989; Reichenbach et al., 1991;
Kuhrt et al., 2012). A third mechanism which contributes to the re-
duction of the GCL cell number in the more peripheral retina is the
elimination of GCL neurons by apototic cell death (Provis et al., 1998).
During human retinal development, the rate of cellular apoptosis peaks
around fetal weeks 16–17 (Provis et al., 1998). The number of ganglion
cell axons in the optic nerve reaches a maximum of 3.7 million at fetal
week 17 (Provis et al., 1985b). Thereafter, the number of ganglion cell

axons steadily decreases; by fetal week 30, the number of axons in the
optic nerve is about one-third of that present at fetal week 17 (Penfold
and Provis, 1986; Provis, 1987). In addition, there is a wave of bipolar
cell death that is 2–8 times greater than that of ganglion cells (Georges
et al., 1999). It has been suggested that the apoptotic elimination of
bipolar cells is associated with the onset of synaptogenesis (Georges
et al., 1999). In macaques, the adult synaptic density in the IPL is
reached one month before birth (Nishimura and Rakic, 1985). The
developmental death of GCL and INL neurons results in a thinning of
the central retina compared to the peripheral retina (Fig. 13A).

All these models suggest that the number of stacked ganglion cell
somata is high during the early development and decreases in the
peripheral retina, but not at the site of the future fovea, during the
process of GCL doming. However, Provis et al. (1985a) showed that in
the developing human retina, the site of the future fovea contains fewer
ganglion cells than the more peripheral retina before the development
of the GCL dome, suggesting that the GCL dome is rather formed by a
centripetal redistribution of ganglion and displaced amacrine cells. At
fetal weeks 10–12, the central GCL contains 2–3 layers of stacked cells,
at fetal weeks 14–15, 5–6 layers, and at fetal weeks 20–21, 6–7 layers
(Provis et al., 1985a). The GCL dome is apparent between fetal weeks
16 and 24; the density of GCL cells increases until fetal week 17 (from
17,000 to 27,000 per mm2) and subsequently decreases more or less
continuously to about 2000 per mm2 in the foveal center until birth
(fetal weeks 37–40) (Provis et al., 1985a).

The higher packing of photoreceptors in the area centralis is pro-
duced by a centripetal displacement of the receptors (see 4.4.). The
photoreceptor redistribution results in a spatial shift between the inner
and outer retina which is compensated by the oblique arrangement of
the bipolar cell somata rows (Fig. 13A) and Müller cell main processes
(Fig. 13B) in the INL. The Müller cell main processes are centripetally
bended at the outer margin of the amacrine cell layer (ACL). Between
the ACL and the bipolar cell layer (BCL), a specialized Müller/bipolar
cell layer is generated (Provis et al., 2000) which is recognizable in
retinal sections as a layer which contains less numbers of cell nuclei
(arrowheads in Fig. 13A; Fig. 17B). Chievitz (1887) firstly described the
presence of a 'transitory radial fiber layer' (RFL) which divides the INL
into two separate layers in the developing fovea of 7.5–9 months-old
human fetuses. Bach and Seefelder (1914) termed this layer the ‘rem-
nant of the transient layer of Chievitz’. However, this INL sublayer is
not present before the development of the area centralis (Fig. 17A) but
formed during the process of GCL doming (Bach and Seefelder, 1914;
Provis et al., 1998). Therefore, this layer is not identical with the early
'transient layer of Chievitz' which separates the inner and outer neu-
roblastic layers, and which disappears by the sclerad migration of the
inner neuroblastic cells (Chievitz, 1887; Smelser et al., 1973). The
transitory RFL becomes thicker in the fovea walls during the formation
of the foveal pit (Figs. 13A and 17C–F) and disappears after completion
of the pit formation (Hendrickson and Kupfer, 1976; Hendrickson and
Drucker, 1992). In the human retina at postnatal day 5, the transitory
RFL is prominent on the foveal slope and is not present at distances
greater than 1.5mm from the foveal center (Hendrickson and Drucker,
1992). In the developing marmoset retina, the transitory RFL is (at
least) present from fetal day 135 to postnatal day 10, in the macaque
retina from fetal day 90 to postnatal day 1, and in the human retina
from fetal week 21; the transitory RFL in the human fovea disappears
around postnatal week 16 (Figs. 13A and 17G) (Bach and Seefelder,
1914; Mann, 1964; Abramov et al., 1982; Provis et al., 1998, 2005;
2013; Hendrickson et al., 2006a; b; 2012; Springer et al., 2011; Dubis
et al., 2012b).

The nerve fibers are symmetrically arranged at the horizontal
meridian and radially around the future fovea (Fig. 4A) before the
development of the foveal pit. The growth of the nerve fibers towards
the optic disk is directed by (at least) two factors: (i) basal lamina-
associated chondroitin-sulfate proteoglycans, which are produced by
Müller cells (Ponsioen et al., 2008) and which are growth-repellent for
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ganglion cell axons (Snow et al., 1991), and (ii) chemoattractive axon-
guiding molecules in the optic disk (Stuermer and Bastmeyer, 2000).
Chondroitin-sulfate proteoglycans are initially distributed over the
center of the retina but recedes from the retinal center at the time when
the first differentiating ganglion cells extend their axons (Snow et al.,
1991). It has been suggested that axon growth cones move toward the
optic disk because of the presence of growth-repellent proteoglycans in
more peripheral locations (Snow et al., 1991). The repulsion of the
nerve fibers results in the formation of a nerve fiber-free area in the
center of the future fovea, making it less mechanically stiff than ad-
jacent areas; the less mechanical stiffness supports the development of
the foveal pit (Springer and Hendrickson, 2004a,b, 2005). Tractional
forces provided by nerve fibers during retinal stretching may contribute
to the centrifugal displacement of the ganglion cells during the
widening of the foveal pit (see 4.3.).

4.3. Development of the fovea interna

The sequence of the foveal development is similar in marmosets,
macaques, and humans (Hendrickson and Kupfer, 1976; Hendrickson
and Yuodelis, 1984; Hendrickson et al., 2006a, 2009; Springer et al.,
2011). We propose a model in which the foveal pit is formed by three
consecutive movements: (Fig. 18A and B): (i) creation of the foveal pit
by a vertical contraction of the centralmost Müller cells (fetal week 28
in Fig. 13A); (ii) widening of the foveal pit by a centrifugal displace-
ment of the ganglion cells which results in a tilting of the whole inner
retinal tissue (fetal week 32 until birth in Fig. 13A); and (iii) formation
of the foveola by the erection of the inner retinal tissue in the fovea
walls; this erection is mediated by a centrifugal displacement of the
tissue in the OPL (postnatal weeks 8–16 in Fig. 13A). In humans, the
development of the foveal pit starts during fetal weeks 25–26 (Provis
and Hendrickson, 2008), and the foveola is formed after birth
(Fig. 13A).

During the formation and widening of the foveal pit, central Müller
cells heavily express GFAP (Provis et al., 2000), suggesting the presence
of mechanical tissue stress. It has been shown that Müller cells provide
essential tensile strength to the developing retina (MacDonald et al.,
2015). Because Müller cell main processes traverse the whole neuror-
etina, alterations in the spatial arrangement of these processes may
reflect the movements implicated in foveal development (Fig. 13B).

The widening of the foveal pit proceeds after fetal week 28 until
birth by the centrifugal displacement of ganglion cells; the displace-
ment of the inner retinal tissue is strongest at the NFL-GCL boundary
(Fig. 13A and B). At fetal week 32, many bipolar cell nuclei are spindle-
shaped (Fig. 17D), suggesting that the cells are mechanically stretched.
The oblique arrangement of the Müller cell processes in the RFL and
BCL is caused by the centripetal displacement of the photoreceptors
(see 4.4.) and the centrifugal displacement of the ganglion cells. During
the widening of the foveal pit, the cell nuclei rows and Müller cell
processes in the GCL are obliquely arranged (Fig. 13A and B and
17D‒F); such an oblique arrangement is not observed in the area cen-
tralis and during the early formation of the foveal pit (fetal weeks 24
and 28 in Fig. 13A and B; Fig. 17B and C), and is not present after the
erection of the inner retinal tissue in the adult fovea (Fig. 5A and B and
10J). During the widening of the foveal pit, the IPL is less tilted than the
GCL and INL (Fig. 13A and B and 17D,E). This is also recognizable at
the position of the ganglion cell somata which are more peripherally
located than the dendritic trees of the cells (Provis et al., 1998). During
the widening of the foveal pit of rhesus macaques, the somata of
ganglion cells are centrifugally displaced by 41 μm from their dendritic
arbors within 1.5 mm of the foveal center; outside this region, no dis-
placement is observed (Kirby and Steineke, 1992). The lower magni-
tude of tilting of the IPL in comparison to the nuclear layers may result
from the higher stiffness of this layer. The IPL contains a dense network
of horizontal neuronal and glial interconnections formed by the axonal
and dendritic trees of bipolar, amacrine, and ganglion cells, and side

processes of Müller cells (Fig. 8A,C,D). Side processes of Müller cells in
the IPL are already present in the area centralis (Fig. 17B). In contrast,
in the GCL and BCL, there are no cellular side processes; this makes
these layers softer and supports the spatial shifts of cell somata and
Müller cell processes. The transitory RFL disappears along with the
erection of the inner Müller cell processes and the elongation of the
Henle fibers around and after postnatal week 16 (Fig. 13A and B and
17G). This may support the assumption that the transitory RFL is
mainly formed to compensate the spatial shift between the inner and
outer retina before the elongated Henle fibers achieve this function.

After birth, the foveola is formed (postnatal weeks 8 and 16 in
Fig. 13B). Until this stage, the inner Müller cell processes are obliquely
arranged, nearly parallel to the Henle fibers in the HFL (Provis et al.,
1998). During the further postnatal development (postnatal week 16 in
Fig. 13B), the inner retina is centrifugally displaced at the level of the
OPL, and the photoreceptors are redistributed towards the foveal
center; both movements result in the elongation of the Henle fibers
(from about 5 μm after synapse formation to up to 150‒675 μm; post-
natal year 13 in Fig. 13B). The centrifugal displacement at the level of
the OPL also results in the erection of the inner retinal tissue and the
inner Müller cell processes (Fig. 13B) and is likely caused by a hor-
izontal contraction of Müller cell side processes in the inner fibrous part
of the OPL (Fig. 8C and D); interconnections between Müller cells in the
OPL are already present in the area centralis (Fig. 18B). The thickness
of the OPL increases along with the postnatal elongation of the Henle
fibers (Hendrickson and Drucker, 1992; Hendrickson et al., 2006a).

Complete displacement of all inner retinal neurons from the human
foveola is achieved between 9 and 45 months postnatally (Yuodelis and
Hendrickson, 1986; Dubis et al., 2012b). During the following years,
the elongation of the Henle fibers and the stretching of the retinal tissue
due to the eye growth are associated with a thinning and elongation of
the cone receptor segments in the fovea externa (see 4.4.) and a re-
duction in the thickness of the fovea walls (in particular, of the IPL and
INL; postnatal year 13 in Fig. 13B) (Hendrickson, 2005; Lee et al., 2015;
Gong et al., 2016). The postnatal changes of the central fovea (up to 16
years of age) also include a thickening of the foveola which results from
the thickening of the ONL due to the higher central cone packing (see
4.4.), a decrease of the thickness of the HFL in the foveola, and an
increase in the thickness of the HFL in the fovea walls (between 0.3 and
1.5 mm from the foveal center) (Lee et al., 2015). In addition, there is a
lifelong slow increase in the area of the foveal avascular zone associated
with a decrease in the thickness of the foveal walls (Gong et al., 2016).

The development of the foveal pit requires the absence of retinal
blood vessels. A foveal pit does not develop in vascularized retinal
areas, including in many human subjects with foveal hypoplasia which
lack a foveal avascular zone (Walsh and Goldberg, 2007; Querques
et al., 2008). In humans, the depth of the foveal pit and the area of the
foveola correlate with the size of the foveal avascular zone (Tick et al.,
2011; Dubis et al., 2012a), suggesting that the size of the foveal avas-
cular zone is related to the extent of the centrifugal displacement of the
inner retinal layers. Foveal avascularity is likely induced by ganglion
and Müller cells in the foveal center that express antiangiogenic mo-
lecules like pigment epithelium-derived growth factor and brain na-
triuretic peptide (Kozulin et al., 2010). Another possible factor which
was suggested be involved in inhibiting foveal vascularization is the
macular pigment (Gariano, 2010). Macular pigment is already present
at fetal week 17 in the area centralis (Gariano, 2010). The size of the
foveal avascular zone is correlated with the density of macular pigment
(Balaratnasingam et al., 2015); human subjects with albinism or anir-
idia, which have no foveal avascular zone, also lack macular pigment
(Gariano, 2010). Subjects of African descent which have a larger foveal
avascular zone than subjects of Caucasian ancestry also have a higher
macular pigment density than the latter subjects (Wolf-Schnurrbusch
et al., 2007; Wagner-Schuman et al., 2011; Ctori and Huntjens, 2017).
However, although lutein has been shown to suppress experimental
angiogenesis through antioxidative and antiimmune actions (Chew
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Fig. 14. Müller cells in the foveola of the rhesus macaque (Macaca mulatta). A. Horizontal sections through the central fovea of one animal. The wholemount was
stained with an anti-vimentin antibody (green). Left: False-color scaling of image records from focus planes displaying the depth of the foveal pit. The foveola has a
diameter of about 200 μm. Middle: Horizontal section through the foveola at the plane of the stalk of the “Müller cell cone” (the central 50 μm) and the Henle fiber
layer in the foveolar periphery. The vimentin-expressing fibers, which are radially arranged in the Henle fiber layer, are outer processes of Müller cells of the foveal
walls which surround the axons and somata of the central cone cells. Note that vimentin does not fill the whole Müller cell cytoplasm but the central axes of Müller
cell processes. Right: Horizontal section at the plane of the inner Müller cell layer of the foveola. Vimentin-negative spherical structures are cell nuclei within the
Müller cell somata which are the origin of irregular processes with varying thickness. B. Horizontal sections through the foveola of another animal at different focus
planes within the inner Müller cell layer. The tissue was immunostained for vimentin (green). The somata of Müller cells are marked by red color. There are 28Müller
cell somata within the white circle of a diameter of 200 μm, indicating a mean Müller cell density of 891 per μm2. C. Horizontal sections through the foveal center of a
further animal. The tissue was immunostained for GFAP (red). Single Müller cells are marked by green (above) and yellow colors (below). The soma of the cell above lies
near the center of the foveola. The soma of the cell below lies in the peripheral foveola; the outer process draws towards the center of the foveola. D. a. Confocal
images of an 'atypical' Müller cell in the macaque foveola, filled by the fluorescent dye Lucifer Yellow. The images show horizontal (above) and vertical (below) views
of the cell. b. 3D-Reconstruction of this foveolar Müller cell. In contrast to Müller cells of the fovea walls, the processes of this cell do not leave the foveola. ILM, inner
limiting membrane. E. Horizontal sections through the foveal center of a further animal. The wholemount was immunostained with an antibody against GFAP (green);
cell nuclei are red-stained. Note the high level of GFAP immunoreactivity in the foveola. B and D (courtesy of K. Rillich and J. Grosche) modified after Reichenbach
and Bringmann (2010).
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et al., 2003; Izumi-Nagai et al., 2007), an antiangiogenic activity of
macular pigment during development has not been shown until today
(Gariano, 2010). It has been suggested that ganglion cells are not es-
sential for the development of the foveal avascularity because anence-
phalic human neonates, which lack ganglion cells in the central retina,
may have a foveal avascular zone and a (shallow) foveal pit
(Hendrickson et al., 2006b).

It is unclear why the presence of retinal vasculature inhibits the
formation of a foveal pit. Springer and Hendrickson (2004a) suggested
that the absence of blood vessels makes this region more elastic and
malleable than the surrounding vascularized retina (similar as the ab-
sence of nerve fibers), and that the intraocular pressure acting on the
foveal avascular zone initiates foveal pit formation; thus, the presence
of retinal vessels will mechanically inhibit the pit formation. It has been
also suggested that the formation of the foveal pit is an adaptation to
the lack of intraretinal blood supply in this region which causes me-
tabolic stress of foveal neurons (see below) (Provis, 2001). In macaques
and humans, the foveal pit becomes apparent at about 90% of the
caecal period that is the stage when in other species prominent waves of
spontaneous activity of retinal ganglion cells are evident (Provis et al.,
1998). Development of a foveal pit overcomes the metabolic stress by
relocation of the neurons closer to the blood supply on the foveal rim
(Provis et al., 1998, 2005); there is no need of a neuronal displacement

when retinal vessels are present in the foveal center.
Whereas the formation of the foveal pit is only possible in the

central avascular zone, it is likely triggered by the formation of the
vascular ring around the fovea (Provis et al., 2000). The meeting of the
temporal superior and inferior vascular bundles, peripheral to the
fovea, coincides in time with the onset of the foveal pit formation
(Provis et al., 1998). In the human retina, the vascular plexus which
encircles the central avascular zone begins to form around fetal week
25, and the development of the fovel pit begins shortly after fetal week
25 (Provis and Hendrickson, 2008). In the macaque retina, the foveal
avascular zone is defined at fetal day 101, and the foveal pit is visible at
fetal day 105 (Provis et al., 2000).

The mechanical forces which produce the widening of the foveal pit
between fetal week 28 and birth are strongest at the NFL-GCL boundary
(Fig. 13A and B and 17D‒F). It is unclear, which mechanism causes the
centrifugal displacement of the ganglion cells. Tractional forces which
mediate this displacement may have various origins: (i) the intraocular
pressure acting on the foveal avascular zone (Springer and
Hendrickson, 2004a, b, 2005), (ii) the horizontal stretching of the ret-
inal tissue due to the eye growth (Mastronarde et al., 1984; Kelling
et al., 1989; Reichenbach and Bringmann, 2010; Kuhrt et al., 2012),
and (iii) tractional forces provided by nerve fiber bundles during retinal
stretching (Van Essen, 1997). Because the superficial vascular plexus,

Fig. 15. Cell densities in two opposite directions around the fovea of an adult human donor. Data are not corrected for tissue shrinkage. The ratios between the
numbers of cell nuclei and Müller cells were determined with consideration of the displacement of the Müller cell somata from the outer Müller cell processes in the
outer nuclear layer (ONL), and were calculated with consideration that the retinal area increases with the distance to the foveal center (the raw data were multiplied
by the magnification of the retinal area from the ONL to the inner nuclear layer [INL] and ganglion cell layer [GCL], as described by Schein [1988]). A. Centrifugal
displacement of foveal Müller cells between the nuclear layers. The distance between the outer Müller cell processes in the ONL and the Müller cell somata in the INL,
and the distance between the Müller cell somata in the INL and the inner Müller cell processes in the GCL, are shown in relation to the distance of the outer Müller cell
processes to the foveal center. B. Density of Müller cells in relation to the distance to the foveal center. Müller cell stem processes were counted in the foveolar ONL
and in the inner plexiform layer of the fovea walls, respectively. C. Density of cell nuclei in the ONL, INL, and GCL in relation to the distance to the foveal center. D.
Total numbers of cell nuclei per Müller cell in relation to the distance to the foveal center. E. Numbers of GCL, INL, and ONL nuclei per Müller cell in relation to the
distance to the foveal center. F. Ratios of Müller cells, INL nuclei, and GCL nuclei per ONL nucleus in relation to the distance to the foveal center. For comparison of
cell densities in a macaque fovea, please see Fig. 10.
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which develops at first, lies within the NFL/GCL (Provis et al., 2000;
Provis, 2001; Reichenbach and Bringmann, 2016), it is conceivable that
the displacement of these layers is also associated with the retinal
vascularization.

Retinal vascularization is assumed to involve a developmental hy-
poxia caused by the neuronal differentiation which is associated with a
switch of the neuronal metabolism from a glycolytic to an oxidative
metabolism and thus with increasing oxygen demands (Provis, 2001;
Reichenbach and Bringmann, 2016). Because ganglion cells differ-
entiate at first (Chievitz, 1888), retinal hypoxia is assumed to be
strongest in the central GCL. Hypoxia likely induces the expression of
vascular endothelial growth factor (VEGF) in the GCL of the future
fovea (Sandercoe et al., 2003) and the secretion of growth factors like
platelet-derived growth factor (PDGF) from ganglion cells; these growth
factors stimulate the immigration of astrocyte precursor cells that se-
crete VEGF (Provis, 2001; Reichenbach and Bringmann, 2016). VEGF
stimulates retinal vascularization by inducing chemotactic migration of
angioblasts. In the developing central retina, astrocytes are present in
the NFL and GCL (Provis et al., 2005). The developing superficial ret-
inal vessels are assumed to follow the network of astrocytes in the GCL
(however, the distribution of astrocytes in the GCL does not match the
pattern of developing vessels [Provis et al., 2000]). During the devel-
opment of the superficial vascular plexus, astrocytes are in advance of
the vascular front by 100–300 μm (Provis et al., 2000; Provis, 2001).
Neither vascular endothelial cells nor astrocytes grow into the central
avascular zone of the future fovea (Engerman, 1976; Gariano et al.,
1994; Provis, 2001; Reichenbach and Bringmann, 2016). It is possible
that central Müller cells produce factors like leukemia inhibitory factor
which inhibit the migration of astrocytes (Reichenbach and Bringmann,
2016). Alternatively, the absence of vessels from the foveal center
might be due to the absence of nerve fiber bundles (which may serve as
guiding structures for astrocyte migration) within the region of the
future fovea (Provis et al., 1998). (However, in the adult retina, the
major vessels, but not the smaller vessels including such which sur-
round the fovea follow the position of nerve fiber bundles [Fig. 4A]).

Nerve fiber bundles in the NFL are associated with elongated bipolar
astrocytes, and large stellate astrocytes form a three-dimensional net-
work in the GCL (Fig. 12F and G). The astrocytic processes are con-
nected by adherent and gap junctions (Burns and Tyler, 1990;
Holländer et al., 1991; Ramírez et al., 1996). In the developing ma-
caque fovea at postnatal day 1, the transition zone between the central
avascular zone and the more peripheral vascularized retina is marked
by circularly arranged astrocytes in the GCL which form a ring around
the central avascular zone (Provis et al., 2005). Shortly after the vessels
reach the foveal rim, astrocytes retreat from the central retina, likely by
withdrawing and not by apoptosis (Distler and Kirby, 1996; Distler
et al., 2000). In the developing macaque retina, there is a withdrawing
of astrocytes from the edge of the foveal pit to the parafovea by about
560 μm between postnatal day 1 and postnatal week 3, while the
perifoveal blood vessels are not displaced (Provis et al., 2000). (The
foveal avascular zone increases in accordance with the centrifugal
displacement of the fovea walls.) Astrocyte withdrawing enlarges the
diameter of the astrocyte-free zone from about 340 μm to 1.5 mm
(Provis et al., 2000). The mechanism of astrocytic withdrawing is un-
clear. It is conceivable but remains to be proven that it is mediated by a
horizontal contraction of the network of stellate astrocytes in the GCL,
and of the bipolar astrocytes in the NFL; the contraction of the astro-
cytic network may support the centrifugal displacement of ganglion
cells (Fig. 18A and B). The contraction of the astrocytic network may
also cause the reduction in the thickness of the GCL which is associated
with an increase in the spatial density of neuronal somata within the
GCL (Fig. 17C and D). The proposed model suggests that the widening
of the foveal pit is less dependent on retinal vessels but rather on the
withdrawal of astrocytes from the foveal center. The finding that the
depth of the foveal pit increases with the gestational age in children
after preterm birth between 23 and 27 weeks (Rosén et al., 2015) may

suggest that the duration (or strength) of hypoxia determines the ex-
pression levels of VEGF and chemotactic growth factors and thus the
size of the astrocyte-free area; a smaller astrocyte-free area will result in
a smaller avascular area (Fig. 18B). A smaller avascular area will limit
the centrifugal displacement of the inner retinal layers because the
presence of blood vessels mechanically interfere with their displace-
ment (Yanni et al., 2012). The assumption of the involvement of as-
trocytes in the widening of the foveal pit may also explain why the pit
of the convexiclivate fovea of nonmammalian species with an avascular
retina, which lack retinal astrocytes but have nerve fiber bundles at the
inner retinal surface, is not widened and does not contain a foveola
(Fig. 3A,C).

The radial extension of the Henle fibers in adult primates (Figs. 10C
and 15A) reflects the displacement between the inner and outer retina
during the foveal development. The centrifugal displacement of the
inner retina has a shorter duration than the centripetal displacement of
the outer retina (Provis et al., 1998). In humans, the centrifugal dis-
placement of the inner retina starts after fetal week 28 (Fig. 13A), long
after beginning of the centripetal displacement of the outer retina (fetal
week 8; see 4.4.), and finishes between 9 and 45 months postnatally
(Yuodelis and Hendrickson, 1986; Dubis et al., 2012b). By contrast, the
centripetal displacement of the outer retina continues for many years
after birth (see 4.4.). Therefore, the radial extension of the Henle fibers
in adult primates (Figs. 10C and 15A) may reflect a rather short dis-
placement of the inner retina and a wide displacement of the outer
retina.

The centrifugal displacement of the Müller cell processes between
the INL and GCL found in the fovea of adult primates (Figs. 8A, 10C and
15A) may represent a remnant of the contraction of the astrocytic
network in the GCL and NFL during the widening of the foveal pit. The
displacement is rather small (<50 μm) and peaks at around 600 μm in
the macaque fovea (Fig. 10C) and at around 300 μm in a human fovea
(Fig. 15A). The peak displacement at around 600 μm in the macaque
fovea corresponds well with the distance of the developmental astro-
cyte withdrawing (Provis et al., 2000) and the distance of astrocytes to
the foveal center of adult macaques (Fig. 12C,D,E). The data may
suggest that in the adult macaque fovea, astrocytes within 600 μm and
1.4 mm from the foveal center (Fig. 10C) are cells which contracted
during development (in the adult human fovea, astrocytes between
300 μm and 1.8 mm from the foveal center; Fig. 15A). The lower am-
plitude and the wider area of the tissue displacement between the INL
and GCL in the temporal compared to the nasal macaque fovea
(Fig. 10C) may be caused by the higher magnitude of stretching of the
temporal retina during the postnatal growth of the eyeball
(Mastronarde et al., 1984; Kelling et al., 1989; Reichenbach et al., 1991;
Kuhrt et al., 2012). The fact that the displacement of ganglion cell so-
mata from their dendritic tree is only observed within about 1.5mm
from the foveal center (Kirby and Steineke, 1992) seems to be not in
agreement with the assumption that the widening of the foveal pit is
only mediated by intraocular pessure, retinal stretching, and tension
from nerve fiber bundles because these factors affect the whole retinal
area.

4.4. Development of the fovea externa

The presence of thin elongated photoreceptors in the central retina
of various prosimian primates suggests that the development of a fovea
externa precedes the emergence of the fovea interna in phylogeny; the
development of the fovea externa also preceeds the development of the
fovea interna during ontogeny (Provis et al., 1998). The centripetal
displacement of photoreceptors, which produces the high photo-
receptor density in the fovea, proceeds during three phases. In the first
phase, from fetal week 8–25 (i.e., until the onset of the foveal pit for-
mation) (Fig. 13A), the photoreceptors in the central and peripheral
retina are centripetally displaced (Franz, 1913; Provis et al., 2005,
Bumsted O'Brien, 2008). The central cone density rises from about
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14,000 per mm2 at fetal week 13 (the time period of cone cell differ-
entiation) to about 22,500 per mm2 at fetal week 14, about 31,500 per
mm2 at fetal weeks 16–17, and about 36,000 per mm2 at fetal week 25
(Diaz-Araya and Provis, 1992; Provis et al., 1985b, 1998). In the fetal
area centralis, the large, cuboidal cone cell somata are arranged in a
monolayer (Figs. 13A and 17A,B) (Bach and Seefelder, 1914). In the
second phase, ranging from the formation of the foveal pit after fetal
week 25 to birth, the photoreceptors in the peripheral retina and at the
foveal rim, but not in the foveal center, are centripetally displaced
(Fig. 13A) (Bach and Seefelder, 1914). In this phase, the immature cone
cells in the foveal center are short and thick (as in the early area cen-
tralis; Fig. 13C) and barely functional (Abramov et al., 1982; Yuodelis
and Hendrickson, 1986), while the cones near the foveal edge and in
the peripheral retina begin to mature and become thinner (Fig. 13A)
(Franz, 1913). There is a delay in the packing of central photoreceptors
between fetal week 25 and birth (Provis et al., 2005, 2013; Bumsted
O'Brien, 2008). In the third phase, during the postnatal development,
the central and peripheral photoreceptors are displaced towards the
center of the foveola (Fig. 13A) (Bach and Seefelder, 1914). The post-
natal displacement of central photoreceptors results in an at least 4-fold
increase in foveolar cone density (Fig. 13C) and is associated with a 4-
fold reduction in the areas of the rod-free zone and the foveolar cone
mosaic (Hendrickson and Kupfer, 1976; Yuodelis and Hendrickson,
1986; Diaz-Araya and Provis, 1992; Provis and Hendrickson, 2008;

Springer et al., 2011). The postnatal displacement of the central pho-
toreceptors proceeds faster than the displacement during the formation
of the area centralis, and produces a higher photoreceptor density than
in more peripheral areas (Provis et al., 2005; Bumsted O'Brien, 2008).
In humans, the peak cone density is about 36,000 per mm2 at birth,
reaches the lower range of adult levels (98,000‒324,000 per mm2;
Curcio et al., 1990) between 4 and 6 years, and continues to increase
more slowly at least until the mid teenage years (Hendrickson and
Yuodelis, 1984; Yuodelis and Hendrickson, 1986). While the visual
capacity of newborn humans is mainly based on extrafoveal vision
(Abramov et al., 1982), the rapid postnatal central cone packing con-
tributes to the dramatic improvement of the visual acuity during the
first few postnatal months (Dobson and Teller, 1978). A similar tri-
phasic pattern of photoreceptor packing was described for marmosets
and macaques (Hendrickson et al., 2006a, 2009; Springer et al., 2011).
In all phases, peripheral rods and cones are displaced towards the fo-
veal center (Diaz-Araya and Provis, 1992; Hendrickson and Provis,
2006). In humans between the fetal week 17 and postnatal week 6, even
the photoreceptors near the optic disk are displaced towards the foveal
center, suggesting that a very large retinal area is involved in photo-
receptor redistribution (Hendrickson and Provis, 2006). The density of
rods at a distance of 2mm from the human foveal center increases from
about 20 per mm2 at fetal week 15 (when rods are inserted into the
ONL) to about 600 per mm2 at fetal week 24, and further to about

Fig. 16. Cone photoreceptors in the fovea and at the
rim of the optic disk in the retina of the rhesus ma-
caque (Macaca mulatta). A. Cone density along the
nasal and temporal hemimeridians as a function of
the distance to the foveal center. Cone inner seg-
ments were counted in foveal wholemounts of an 18
years-old male (left) and a one year-old female ma-
caque (right). Data are not corrected for tissue
shrinkage but for the increase of the retinal area with
the distance to the foveal center. B. Horizontal sec-
tions through photoreceptor inner segments in a
wholemount from the 18 years-old female. The
images were obtained from the central foveola
(above) and from the fovea walls at distances 150 μm
(middle) and 290 μm (below) to the foveal center.
Note that the foveal center contains thin cone seg-
ments while the fovea walls contain thick cone seg-
ments and thin rod segments. C. Horizontal sections
through photoreceptor inner segments in a whole-
mount from a male macaque. The image was ob-
tained from a region 800 μm distant to the foveal
center. The inset shows the cone inner segments in
the central foveola at the same magnification. Note
the thinness of the cone segments in the foveola
compared to that in the parafovea. In the foveola,
267 cone segments were counted within an area of
40 μm2 (corresponding to about 166,000 segments
per mm2). Note also the distortions of the regular
cone mosaic of the foveola at several sites which are
likely caused by the presence of single blue cones. D.
Photoreceptor inner segments in a wholemount from
the one year-old female macaque. The images were
obtained from a region 800 μm distant to the foveal
center (above) and from the peripheral retina (below).
Note the decreased thickness of cone segments and
the highly increased number of (thin) rods in the
peripheral retina compared to the more central re-
tina. E. Horizontal sections through photoreceptor
inner segments around the optic nerve head in ret-
inal wholemounts of two animals. The tissue shown
in the right image was stained with an antibody

against GFAP (red) and fluorescent peanut agglutinin (green) which selectively labels cones (Kawano et al., 1984). The rim of the optic disk is only surrounded by
cone photoreceptors (arrows). Both (thick) cone segments and (thin) rod segments are located at distances greater than 25 μm. The cone segments at the rim of the
optic disk are irregularly formed and thicker than the more distant cone segments. Bars in B–D, 10 μm.
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140,000 per mm2 in adults (Diaz-Araya and Provis, 1992; Curcio et al.,
1990).

The high photoreceptor packing in the foveal center proceeds re-
latively late, after birth (Fig. 13C), because it (partly) depends on light
stimulation and central information processing. The binocular vision
starts to develop 6 weeks after birth, and the differentiation of bino-
cular cells in the visual cortex peaks around the 3rd postnatal month.
The visual acuity is low at birth. When the formation of foveal images at
or shortly after birth is hindered (e.g., by cataract or corneal scarring), a
high visual acuity may not develop, even though the opacity is removed
later (Hendrickson and Provis, 2006). In marmosets which undergone
experimental myopia shortly after birth, the central photoreceptor
density is increased (Troilo, 1998).

The fovea externa represents the pyramid-like arrangement of the
elongated cone segments in the center of the foveola; the tip of the
fovea externa is located in the foveolar center (the site of the smallest
thickness of the foveola) (Figs. 11B and 13C). It may be conceivable
that the formation of the fovea externa is supported by a vertical con-
traction of (the outer processes of) Müller cells in the “Müller cell cone”
(Figs. 11D and 18A,B). Because there is no correlation between the
centrifugal shift of inner retinal layers and the length of central cone
segments in humans (Tick et al., 2011), the vertical contraction of fo-
veolar Müller cells may proceed relatively independent on the forma-
tion of the foveola. However, because the mean peak photoreceptor
density is lower in albinotic human subjects with foveal hypoplasia
compared to control subjects (Springer, 2014), and because prema-
turely born children with foveal hypoplasia have discrete deviations in
the OLM contour of the fovea externa (Rosén et al., 2015), the forma-
tion of the fovea externa seems to be at least in part dependent on the

development of the foveola. Possibly, the centrifugal pulling of Henle
fibers contributes to the formation of the fovea externa (Fig. 11D)
(Rosén et al., 2015); this pulling is less when the displacement of the
inner retina is incomplete as in foveal hypoplasia.

The inner segments of foveal cones first appear between fetal weeks
20 and 26 (Yuodelis and Hendrickson, 1986; Provis et al., 1998).
Thereafter, the inner segments elongate and become thinner; at fetal
weeks 24–26, they are 6 μm in diameter and 9 μm in length (Yuodelis
and Hendrickson, 1986). The outer segments of foveal cones are not
present until fetal week 36, i.e., shortly before birth (Yamada and
Ishikawa, 1965; Yuodelis and Hendrickson, 1986). The elongation of
the central cone segments proceeds from birth until 17‒25 years post-
natally (Fig. 13C) (Yuodelis and Hendrickson, 1986; Vajzovic et al.,
2012; Lee et al., 2015). Around postnatal month 45, the inner segments
reach their adult length (30‒35 μm), while the outer segments have
reached only half of the adult length (Yuodelis and Hendrickson, 1986).
The elongation of the central cones is associated with a thinning of the
receptor segments, an increase of the receptor density (Fig. 13C), and a
thickening of the central ONL that also proceeds up to 17‒25 years
postnatally (Lee et al., 2015). In humans, the diameter of foveal cones
decreases from 7.5 to 2 μm during 45 months of postnatal development
(Yuodelis and Hendrickson, 1986). The increasing receptor density
contributes to the improvement of visual function until 21 years of age
(Wang et al., 2009).

The postnatal thickening of the central ONL results from the in-
creased stacking of cone cell somata (Fig. 13A,C). The thinning (to
about 2 μm; Fig. 7G) and close spacing of the foveal cone inner seg-
ments enforces a stacking of the cone cell somata because their dia-
meter is larger (about 5 μm) (Borwein et al., 1980; Ahnelt et al., 2004).

Fig. 17. Transitory radial fiber layer (RFL) during the development of the human fovea. A. Section through the retinal center at an early stage of the development of
the area centralis (fetal week 20). Note the absence of a specialized RFL between the amacrine (ACL) and bipolar cell layers (BCL). B. Section through the retinal
tissue at the edge of the area centralis (fetal week 24). Note the oblique arrangement of thick Müller cell processes in the RFL. In more vitreal layers (the inner
plexiform [IPL], ganglion cell [GCL], and nerve fiber layers [NFL]), the Müller cell processes draw rather straight through the tissue. In the IPL, horizontal side
processes of Müller cells are established. C. Section through the fovea wall during the formation of the foveal pit (fetal week 28). Note the oblique arrangement of
Müller cell processes in the RFL and BCL, and of the bipolar cell nuclei rows in the BCL. D. Section through the fovea wall during the widening of the foveal pit (fetal
week 32). Note the oblique arrangement of the nuclei rows in the GCL and the centripetally bended Müller cell processes and bipolar cell nuclei rows in the RFL and
BCL. Note also the spindle-shaped nuclei of many bipolar cells and the increased density of neuronal somata in the GCL. E. Section through the fovea wall at birth. F.
Section through the fovea wall during the formation of the foveola (postnatal week 8). The Müller cell processes in the IPL, GCL, and NFL are centrifugally bended,
nearly parallel to the Müller cell fibers in the RFL and BCL. G. Section through the fovea wall during the formation of the fovea externa (postnatal week 16). The inner
Müller cell processes begin to erect due to a centrifugal displacement of the tissue within the outer plexiform layer (OPL). This displacement contributes to the
elongation of the Henle fibers in the Henle fiber layer (HFL) and is associated with a decrease in the thickness of the RFL. HCL, horizontal cell layer. Images are
modified from Bach and Seefelder (1914).
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During the first phase of photoreceptor packing, the somata rows in the
ONL are vertically stacked, while during the second phase of central
photoreceptor redistribution (along with the formation of the HFL), the
somata in the inner part of the ONL are obliquely stacked (Figs. 11B and
13A,C). Foveal development may also involve a widening of the central
ONL (see 2.2.). There is an inverse relation between the thickness of the
central ONL and the magnitude of the centrifugal displacement of the
inner retinal layers (Tick et al., 2011). In individuals with a small and
thick foveola, the central ONL is thick, while in individuals with a large
and thin foveola, the central ONL is thin and widened (Fig. 13D) (Tick
et al., 2011). It is likely that the widening of the central ONL and the
oblique stacking of cone cell somata are supported by centrifugal me-
chanical forces provided by the Müller cells of the fovea walls on the
Henle fibers (Fig. 11D).

The developmental relocation of photoreceptors proceeds in-
dependently from the redistribution of RPE cells (Robinson and
Hendrickson, 1995). At midgestation, one foveal RPE cell covers 5
cones (Krebs and Krebs, 1989; Robinson and Hendrickson, 1995). After
birth, the number of cones per RPE cell changes rapidly; in the adult
fovea, one foveal RPE cell covers 22‒35 cones (Krebs and Krebs, 1989;
Gao and Hollyfield, 1992; Robinson and Hendrickson, 1995). It has
been suggested that the centripetal relocation of the (peri-) foveal
photoreceptors is mediated by a radial contraction of the receptor
segments (Packer et al., 1990; Provis et al., 2013). When the inner
segments contract to become more slender and elongated, they move
more closely together because they are bound to each other and to the
outer Müller cell processes by adherent and tight junctions. This process
will also drag the perifoveal photoreceptors and outer Müller cell pro-
cesses towards the foveal center. The increase of the photoreceptor
density may be mediated by contact signaling between cones, by the
absence of signals derived from rods, and/or by FGF receptor signaling
in photoreceptors (Cornish et al., 2004, 2005; Provis et al., 2013). Be-
cause the photoreceptors and their accompanying Müller cells are
tightly glued together by heterotypic junctions composed of adherent
junctions, tight junctions, and desmosomes (Omri et al., 2010), which
form small bulbs at the OLM (Hendrickson et al., 2012), it is likely that
the centripetal displacement of photoreceptors is supported by a hor-
izontal contraction of Müller cell structures at the OLM (Fig. 18A and
B). In addition, there are tight-like junctions between Müller cells and
photoreceptor cell somata in the ONL (Omri et al., 2010). At the OLM,
Müller cells contain contractile rings of filamentous actin that surround
the photoreceptors; these actin rings are associated with the junctions
between Müller and photoreceptor cells and form a structural mesh-
work in which photoreceptors are embedded (Del Priore et al., 1987).
The cytoplasmic plaques of the junctions between Müller and photo-
receptors contain actin, myosin, α-actinin, and vinculin (Drenckhahn
and Wagner, 1985; Williams et al., 1990). It has been shown that
stretching of the retinal tissue (as occurring during eye growth, for
example) induces an expression of FGF2 in Müller cells (Lindqvist et al.,
2010). Müller cell-derived FGF2 may be involved in inducing the
elongation of the photoreceptor cell axons (Cornish et al., 2004, 2005;
Provis et al., 2013).

4.5. Variations in foveal development

The foveal morphology in the normal human population shows
substantial variations, e.g., in respect to the size of the foveola and of
the foveal avascular zone, the depth of the foveal pit, the steepness and
asymmetry of the fovea walls, and the magnitude of the centrifugal
displacement of inner retinal layers (Fig. 13D) (Tick et al., 2011; Dubis
et al., 2012a; Wilk et al., 2017). Generally, a lower depth of the foveal
pit is associated with a lower magnitude of the centrifugal displacement
of inner retinal layers resulting in smaller areas of the foveola and of the
avascular zone, increased thickness of the foveola, and a decreased
steepness of the foveal slope (Fig. 13D). A similar morphological
variability can be observed in other primate species (Fig. 5A).

The morphological variability of the fovea mainly results from
variations in the foveal development (Provis et al., 1998, 2013). The
morphological variability of the fovea is strongly related to the size of
the avascular zone (Provis et al., 1998, 2013). The foveal avascular
zone in humans may have diameters between 200 μm and 1mm (Adler,
1929; Dubis et al., 2012a). A wide and deep foveal pit (Fig. 13D) is
typically seen in individuals of African descent (Wagner-Schuman et al.,
2011); these subjects have foveal avascular zones with diameters be-
tween 0.8 and 1mm. Subjects of Caucasian ancestry have a shallower
foveal pit that is associated with smaller areas of the avascular zone and
foveola (Fig. 13D) (Wagner-Schuman et al., 2011). The thickness of the
foveola varies substantially as a function of the shape of the foveal pit
(Fig. 13D) (Tick et al., 2011). In one study, the mean thickness of the
foveola was 227 μm in preterm children and 90 μm in full-term children
(Yanni et al., 2012). Because the largest distance over which oxygen can
diffuse from the choriocapillaris is about 140 μm in the human retina
(Dollery et al., 1969), there is little need for an internal retinal blood
supply in thin foveolas of subjects with large avascular zones. In order
to avoid metabolic stress, thicker foveolas need smaller foveal avascular
zones. It may be conceivable that the Müller cell expression levels of
molecules which inhibit the migration of astrocytes determine the size
of the foveal astrocyte-free zone and thus the size of the avascular area.
A large astrocyte-free zone results in a wide displacement of the inner
retinal layers and thus the formation of a deep pit and a large-diameter
foveola (Fig. 18A). A small astrocyte-free zone results in a small dis-
placement of the inner retinal layers; therefore, remnants of inner ret-
inal layers may persist in the foveal center, and the pit is shallow
(Figs. 13D and 18B). Because the formation of the fovea externa is re-
latively independent from the development of the foveal pit, a regular
fovea externa with elongated cone receptor segments is formed in both
cases (Figs. 13D and 18A,B), resulting in normal visual acuities.

4.6. Improper foveal development

Foveal hypoplasia results from an arrest at different stages of foveal
development (McAllister et al., 2010). Various different mutations and
developmental conditions may lead to foveal malformation or hypo-
plasia. Foveal hypoplasia was associated with albinism, microcornea,
familial and presenile cataracts, retinopathy of prematurity, and PAX6
mutations (Curran and Robb, 1976; Oliver et al., 1987; McGuire et al.,
2003; Baker and Tasman, 2010). The morphology of the foveal pit and

Fig. 18. Proposed model of the foveal development. In the area centralis, the photoreceptors are centripetally displaced; this results in a spatial shift between the
inner and outer retina. This shift is compensated by the oblique arrangement of Müller and bipolar cell processes in the bipolar cell layer (BCL) and the transitory
radial fiber layer (formed between the amacrine cell layer [ACL] and BCL). After formation of the astrocyte-free zone, a foveal pit is produced by a vertical
contraction of the centralmost Müller cells. The foveal pit is widened by the centrifugal displacement of ganglion cells in the ganglion cell layer (GCL) which results in
a tilting of the whole inner retinal tissue. Thereafter, the foveola is formed by an erection of the inner retinal tissue in the fovea walls; the erection likely results from a
horizontal contraction of Müller cell side processes in the OPL. This contraction also contributes to the elongation of the Henle fibers in the Henle fiber layer (HFL). A
horizontal contraction of Müller cell structures at the outer limiting membrane and a vertical contraction of central Müller cells in the foveola may contribute to the
formation of the fovea externa. The foveal morphology varies with the size of the astrocyte-free zone. When the size of the astrocyte-free zone is large, a deep pit is
formed (A). When the size of the astrocyte-free zone is small, a shallow pit is formed (B). When the astrocyte-free zone is very small or absent, no pit or a very shallow
pit is formed, as observed in many cases of foveal hypoplasia (C). In cases of foveal hypoplasia, a fovea externa may be formed to a certain degree (C). INL, inner
nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
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the photoreceptor density in the foveal center vary greatly among al-
binotic subjects (Wilk et al., 2014). In the mean, the peak photoreceptor
density is lower in human subjects with albinism compared to control
subjects (Springer, 2014). The central retina of human albinos lacks a
rod-free zone, cones are large, loosely packed and immature in shape,
and the foveal pit is poorly formed or absent (Fulton et al., 1978; Mietz
et al., 1992). In subjects with albinism, the length of the photoreceptor
outer segments is the strongest predictor of the visual acuity
(Mohammad et al., 2011). The varying photoreceptor densities in the
foveal center of albinotic individuals could be partially explained with
the different mechanisms of photoreceptor redistribution. The initial
photoreceptor packing in the primate fovea is caused by the horizontal
displacement at the OLM; this increases the foveal cone density but
does not result in an elongation of the central photoreceptor segments.
The postnatal cone packing may be supported by the vertical contrac-
tion of foveolar Müller cells (Figs. 11D and 18) which causes elongation
of the foveolar photoreceptors that is associated with a further thinning
of the photoreceptors and a further increase in the receptor density.
Depending on the stage at which the foveal development is arrested, the
fovea of albinotic subjects can lack or contain a fovea externa (Fig. 18C)
that is associated with varying visual acuities.

When molecules, which inhibit the migration of astrocytes, are not
expressed or at a very low level, a foveal astrocyte-free and avascular
zone is not formed. The presence of astrocytes in the foveal center
prevents the formation of a foveal pit (Fig. 18C), as observed in many
cases of foveal hypoplasia. However, there are numerous other factors
which may be dysregulated during development and thus may cause an
arrest in foveal development with abnormal persistance of certain signs
of early retinal structural organization. It has been shown, for example,
that human subjects with foveal hypoplasia which lack a foveal avas-
cular zone and a foveal pit may have a central bouquet of cones and a
GCL dome (Querques et al., 2008); this suggests that, in this case, a
nearly normal development of the fovea externa is associated with an
arrest of the inner foveal development at the stage of the area centralis.
The fact that albinotic subjects also lack a foveal rod-free zone (Usher,
1920; Mietz et al., 1992) suggests that the foveal development may be
dysregulated at very early stages, e.g., by dysregulation of the expres-
sion or function of PAX6 which is involved in the specification of the
foveal location, or by dysregulation of L-DOPA production which nor-
mally inhibits the proliferation of late progenitor cells (Ilia and Jeffery,
2000) that produce rods (Reichenbach, 1993; Reichenbach and
Robinson, 1995).

5. Concluding remarks

The primate fovea is a retinal specialization for high-resolution
color vision. The centrifugal displacement of the inner retinal layers
away from the path of the incoming light and the absence of blood
vessels may improve the quality of the visual image receipt by the
highly packed cone photoreceptors in the foveola. There is increasing
knowledge regarding the important roles of Müller cells and astrocytes
in the foveal development and function, and the pathogenic role of
Müller cell dysfunction in the development of age-related macular
disorders. However, there are many questions related to the mor-
phology, function, and development of the primate fovea. These ques-
tions involve, for example, the precise ratios between and spatial ar-
rangements of different cell types in the central fovea, the
(biomechanical and molecular) mechanisms of (improper) foveal de-
velopment, the mechanical properties of the central fovea which have
importance for the understanding of the pathogenesis of macular holes
and the effects of ILM peeling, and the distinctive metabolic features of
the fovea centralis, including its high susceptibility to age-related de-
generation. It should be kept in mind that the structural and functional
properties of the fovea described in this review alter in degenerative
macular diseases and after foveal injury. The functional properties and
the neuronal network of the retina also alter after vision-restoring

therapies, e.g., after transfection of channelrhodopsins in animal
models of photoreceptor degeneration (Bi et al., 2006; Thyagarajan
et al., 2010). OCT, in combination with adaptive optics and other
techniques such as two-photon microscopy which allows high-resolu-
tion imaging of the retina in the living eye close to the resolution of
microscopy on histological preparations, may provide novel insights
into the (patho-) mechanisms of foveal functioning and dysfunctioning
which may also have importance for the understanding of macular al-
terations after implantation of electronic retina chips, for example.
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