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Purposk. Previous evidence indicates that molecular properties of foveal Miiller cells are
different from those in the peripheral retina. Here we aimed to characterize Miiller cells
in the human fovea (including the foveal floor) with specific focus on their spatial density
and immunohistochemistry.

MertHops. Human retinas were obtained postmortem from male and female donors with
no known eye disease (aged 31-56 years) or after exenteration (one 75-year-old patient
with no retinal disease and one 86-year-old patient with reticular pseudodrusen). Vertical
sections through the macula were processed for immunofluorescence using antibodies
against cellular retinaldehyde binding protein (CRALBP), glutamine synthetase (GS), glial
fibrillary acidic protein (GFAP), transient receptor potential vanilloid 4 (TRPV4),
excitatory amino acid transporter 4 (EAAT4), calbindin, and RNA-binding protein with
multiple splicing. Sections were imaged using high-resolution, multichannel confocal
microscopy.

Resurrs. Immunofluorescence for CRALBP and GS was found in Miiller cells, including
their processes throughout the retina. GFAP expression was found in astrocytes outside
the fovea and in some foveal somas. Miiller cell nuclei had a peak density of about 35,000
cells/mm? at 500 pm eccentricity. Calbindin was coexpressed with CRALBP in up to 96%
of Miiller cells in the fovea, but at eccentricities beyond about 1.5 mm calbindin was not
expressed by Miiller cells. Conversely, calbindin expression in cone photoreceptors was
absent in foveal but present in peripheral retina.

Concrusions. This study supports the hypothesis that Miiller cells in the macula have
distinct structural, functional, and immunohistochemical properties compared to their
peripheral counterparts.
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he fovea is a specialized region in primate retina that

serves high visual acuity."* The center of the fovea
(foveola) is characterized by a high cone photoreceptor
density, the absence of rod photoreceptors,”~® and the lack
of retinal vasculature.” ' Degeneration of the fovea as in reti-
nal diseases such as advanced age-related macular degener-
ation (AMD) is a leading cause of irreversible vision loss.
Thus understanding the architecture and molecular proper-
ties of the fovea is an important scientific goal with high
clinical relevance.

The primate retina contains three types of glial cells
comprising Miller cells, astrocytes, and microglia that all
play critical roles in maintaining normal neural function.!"
Miiller cells are the most abundant retinal glial cell’>'® and
Miiller cell dysfunction has been linked to retinal diseases
such as diabetic retinopathy!” and AMD.!®-%* Moreover,
Miiller cells have been shown to play a role in neuronal
regeneration in zebrafish and mice.?!+??

In human retina as in other diurnal primates, the
morphology of Miiller cells varies with the distance from
the fovea.!-19-23-25 Miiller cells in peripheral retina (beyond
3 mm eccentricity) resemble their counterparts in other
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mammals.?>?” Their cell bodies are situated in the inner
nuclear layer, their outer processes end in microvilli which
make tight-like junctions with the inner segments of cone
and rod photoreceptor to form the outer (external) limiting
membrane (OLM), and their endfeet form the inner limit-
ing membrane (ILM). The somas of Miiller cells in central
retina (0.7 to 3 mm eccentricity) are also located in the inner
nuclear layer and their inner processes terminate at the ILM,
but their outer processes (which originate in the center of
the fovea and contribute to the Henle fiber layer) are elon-
gated and laterally displaced, giving the cells a z-shaped
appearance.'®-?3

The foveal floor has been suggested to contain a small
population of specialized Miiller cells. Polyak? (page 203)
using light microscopy described these cells as having
“dark nuclei with finely granulated chromatin ... resem-
bling Miiller cell nuclei.” A subsequent electron microscopic
study described this region as an electron lucent “bowl
shaped concavity ... containing a large amount of Miiller cell
processes.” The outer processes of these foveal Miiller cells
envelop the cone nuclei and cone outer processes before
terminating at the outer limiting membrane.?® This region
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has been named “Miiller cell cone™ but is also referred
to as the “central foveal bouquet.”® The latter term is a
variation of “bouquet of central cones” coined by Rochon-
Duvigneaud in 1907 (cited after Polyak??) because it was
originally thought to contain cones only. Here we will be
using the term central bouquet to refer to this region. A more
recent EM study found that the inner processes of the Miiller
cells in the central bouquet do not form endfeet and that
their outer processes do not contribute to the Henle fiber
layer but extend straight to the outer limiting membrane
where they envelope and separate the outer processes of
cone photoreceptors.?t

Evidence from nonhuman primates suggests that in the
fovea there are as many Miiller cells as cones.*3? Similarly,
in our previous study of human retina,?> we estimated that
there are between one and two Miiller cells per cone in the
fovea. However, little is known about the Miiller cell density
in the foveola of normal human retina.

The cellular retinaldehyde binding protein (CRALBP) is
expressed in the retinal pigment epithelium, as well as by
Miiller cells®* and is thought to play a role in the regener-
ation of cone visual pigment and the maintenance of cone
function.?>3° In support of the notion that the foveal floor
contains Miller cells, expression of CRALBP and another
Miller cell marker, glutamine synthetase (GS) has been
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found albeit at a reduced level compared to outside of
the fovea in human and nonhuman primates.>’-%! In addi-
tion, expression of glial fibrillary acidic protein (GFAP) in
the foveola has been reported, but these studies differ in
the interpretation of the result (astrocytes®® 3 versus Miiller
cells'®?%). There is evidence for differences in gene expres-
sion between foveal and peripheral (beyond 2.5 mm eccen-
tricity) Miller cells from molecular studies that may point to
distinct functions in these two locations.?0:42-47

The aim of the present study was to compare the
immunohistochemical profile of Miiller cells in the fovea and
peripheral retinal and to quantify their density. We demon-
strate that foveal but not peripheral Miller cells of adult
human retina express the calcium binding protein calbindin
D28K. Conversely, as reported previously® we find that cone
photoreceptors in the peripheral retina but not in the fovea
express calbindin.

METHODS
Tissue Collection and Preparation

Information about the donor eyes obtained postmortem is
summarized in Table 1. The eyes of six human donors were

TaBLe 1. Postmortem Donor Retinas

ID Eye Sex Age (Years) Time to Enucleation (H) Time to Preservation (H) Fixative Fixation Time (H)
13587 Right* & Left F 44 2 4 2% PFA 12

13699 Right” & Left M 56 2 9 2% PFA 21

14064 Right" F 44 1 3 2% PFA 13

15415 Left" F 54 3 5 2% PFA 17

15649 Left’ F 36 0.5 8 2% PFA 40
D19-0859  Right & Left F 31 1 7 2% PFA 16

These preparations were also used in our previous studies.

19,33,58

"The eye was placed into CO; independent medium for one hour before fixation. Times over one hour are shown to the nearest hour.

TaBLe 2. Antibodies

Source, Catalogue

Antibody Name Immunogen Number, RRID Antibody Type Dilution
CaBP Recombinant rat calbindin D-28k  Swant, CB38, lot: 5.5, RRID: Rabbit polyclonal 1:20,000
AB_10000340
CaBP Calbindin D-28k purified from Swant, 300, lot: 07 (F), RRID: Mouse monoclonal  1:10,000
chicken gut AB_10000347
Cone arrestin (7G6) Crude extract of macaque Gift from Peter MacLeish, Mouse monoclonal  1:500
light-adapted retina Morehouse School of
Medicine, Atlanta, GA, RRID:
AB_2314215
Cellular retinaldehyde binding Recombinant full-length protein ~ Abcam, AB_15051, lot: F10, 13, Mouse monoclonal  1:1,000
protein corresponding to Human RRID: AB_2269474
CRALBP
Cellular retinaldehyde binding Human recombinant CRALBP Thermo Fisher, MA1-813, Mouse monoclonal  1:500
protein (B2) RRID:AB_2178528
EAAT4 21 Amino acid synthetic Alpha Diagnostic, EAAT41-A, Rabbit polyclonal 1:500
oligopeptide corresponding to RRID:AB_1622384
the C-terminus of rat EAAT4
Glial fibrillary acidic protein GFAP from pig spinal cord Merck, G3893, RRID: AB_477010 Mouse monoclonal  1:200
Glial fibrillary acidic protein GFAP (cat, cow, dog, human, DAKO, Z0334, RRID: Rabbit polyclonal 1:50,000
mouse, rat, sheep) AB_10013382
Glutamine synthetase Human glutamine synthetase BD Biosciences, 610518; RRID: Mouse monoclonal  1:6,000
amino acids 1-373 AB_397880
TRPV4 Synthetic peptide corresponding ~ Abcam; AB94868, Rabbit polyconal 1:200

to region 742-753 within
internal amino acids 720 to 769

RRID:AB_10675981
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Ficure 1. Glia and neurons on the foveal floor. Confocal images of a vertical section through the fovea of a 31-year-old woman (Case
no. D19_0859R) processed with antibodies against the Miller cell marker CRALBP and the ganglion cell marker RBPMS. (A) Single image
from a tiled stack of images showing CRALBP immunofluorescence (white) in Miiller cells spanning the retina from the OLM to the ILM.
DIC optics is used to reveal the retinal layers. (B, C) This section (adjacent to the one shown in A) was processed with DAPI (white) and
antibodies against the Miiller cell marker CRALBP (green). DIC optics reveals the retinal layers. A single image from a stack of images is
shown. The white arrowbeads indicate CRALBP positive Miiller cell somas, the black arrowbead points to an unlabeled soma. CRALBP
immunofluorescence fills the foveal floor and extends to the OLM. The bracket indicates the region of the central bouquet. The insets show
the soma of the CRALBP-positive cell on the right together with DIC (fop) and DAPI labeling (bottom). (D) Maximum-intensity projection of
a stack of confocal images showing that the foveal floor comprises RBPMS (magenta) positive ganglion cells and CRALBP (green) positive
Miiller cells. The same section as in A is shown. GCL, ganglion cell layer; IPL, inner plexiform layer; OPL, outer plexiform layer. Scale bar
shown in A: 100 pm; scale bar shown in D: 50 pm (applies to B-D).
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Ficure 2. Glial cells on the foveal floor. Confocal images of different vertical sections through the foveal floor of a 36-year-old woman
(case no. 15659L, A) and a 31-year-old woman (case no. D19_0859R, B). (A) The section was processed with DAPI (white) and antibodies
against the Miuller cell marker GS (magenta). The GS immunofluorescence fills the foveal floor including the HFL and extends to the OLM.
(B) The section was processed antibodies against the astrocyte marker GFAP (magenta). GFAP-positive somas (white arrowbeads) and their
processes are found at the foveal floor. The inset shows the cell indicated on the right together with DAPI staining. DIC optics is used to

reveal the retinal layers. Scale bar: 50 pm.

obtained from the Lions NSW Eye Bank (Sydney Eye Hospi-
tal) and Australian Ocular Biobank with consent and ethical
approval from The University of Sydney Human Research
Ethics Committee (HREC# 2012/2833). Donor ophthalmo-
logic histories were not available for these eyes but reti-
nas showing obvious pathology such as advanced macular
degeneration, distortion of the optic disc (suggesting glau-
coma) or intraretinal myelination49 were excluded from the
study.

In addition, we obtained two foveas from two consent-
ing donors whose eyes were exenterated because of a
lower lid sebaceous cell carcinoma. One eye from a 86-
year-old female donor had widespread reticular pseu-
dodrusen (RPD) throughout the macula (for details see
Greferath et al.’®), and the other eye was from a 75-year-
old female donor that, apart from a cataract, had no known
eye disease. The approval for these studies was obtained
from the Human Ethics Committees of the Royal Victo-
rian Eye and Ear Hospital in Melbourne, Australia (HREC

no. 08/0853H/18) and The University of Melbourne (HREC
no. 22293).

Retinas from postmortem donors were fixed in the
eyecup in 2% paraformaldehyde (PFA) in 0.1M phosphate
buffer (PB) less than 10 hours after death. They were
rinsed in PB and dissected from the eye cup. Small reti-
nal pieces (3-4 mm in width and 3-5 mm in length)
including the fovea were prepared for sectioning along
the nasal-temporal axis. Sections were judged to be at the
center of the fovea when almost no somas were visible
at the foveal floor, the processes in the Henle fiber layer
appeared parallel and the nuclear layers did not appear
distorted.

The tissue was rinsed in PBS, embedded in 3% low melt-
ing temperature Agarose (Sea Plaque Agarose; Lonza, Rock-
land, ME, USA) in PBS and sectioned at a thickness of 100 pm
using a Vibratome (VT 1200; Leica Microsystems, Wetzlar,
Germany). In one case (no. 13587L) a piece of retina (4 X
4 mm) centered around the fovea was processed as a flat
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Figure 3. Expression of Miiller cell and astrocyte markers on the foveal floor of an 86-year-old woman with RPD. Confocal micrographs
of cryostat sections through the foveola. (A-C) GFAP (magenta) is coexpressed with CRALBP (green) in some (arrowheads) but not all
somas on the foveal floor. Some GFAP expressing processes (arrows) extend to the OLM as delineated by labeling for peanut agglu-
tinin expressed by cone inner segments (wbhite). These processes do not coexpress CRALBP. (D-F) GFAP (green) is coexpressed with
EAAT4 (magenta, arrowbeads). (G-I) EAAT4 positive somas (green) are indicated by open arrowbeads. These cells do not express CRALBP.
(J, K) High-resolution images of GFAP expressing processes extending to the OLM. ONL, outer nuclear layer. Scale bar shown in A: 20 pm

applies to A to I; scale bar shown in J: 20 pm, applies to J and K.

mount. The human tissue experiments complied with the
guidelines of the ARVO Best Practices for Using Human Eye
Tissue in Research (Nov2021).

The eyes from the 86-year-old and the 75-year-old
donors were exenterated and fixed in 4% PFA in 0.1
M PB (four hours at room temperature) within approxi-

mately 20 minutes. The retinal piece containing the fovea
was dissected, cryoprotected in graded sucrose solutions
(10%, 20%, 30% weight/volume), snap-frozen, and stored at
—80°C until use. Sections (14 pm thick) were taken through
the middle of the foveola along the horizontal meridian
using a cryostat (Reichert Jung) and collected on polylysine
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Ficure 4. Expression of glial markers on the foveal floor of a 75-year-old woman without retinal disease. Confocal micrographs of cryostat
sections through the foveola. (A-E) GFAP (mmagenta) is coexpressed with EAAT4 (green) in somas (open arrowbeads) and their processes on
the foveal floor, as well as in some processes on extending to the outer limiting membrane (white arrowbeads). The boxes shown in A and
C indicate the region shown in E. The images shown in B and D are the same as in A and C, respectively, but are showing only the GFAP
channel in black and white. (F-H) GFAP (magenta) is coexpressed (white arrowhbeads) with TRPV4 (green) in some processes. The arrows
indicate a TRPV4 positive soma and processes that are not double labeled. DAPI-labeled nuclei are shown in gray. ONL, outer nuclear layer.
Scale bar shown in C: 50 pm applies to A-Dj; scale bar shown in H: 20 pm applies to F-H.

glass adhesion slides (Thermo Fisher Scientific, Waltham, CRALBP?* and against GS, the enzyme that converts gluta-
MA, USA). mate to the amino acid glutamine, are known markers of
Miiller cells.®:>1,52 Antibodies against GFAP'>!4 and exci-
Primary Antibodies tatory amino acid transporter 4 (EAAT4)5>5* are estab-
lished markers for astrocytes but GFAP is also expressed by
The antibodies used in this study are summarized in Table 2. Miiller cells during development'? and by Miiller cells under

Multiple glial cell markers were used: Antibodies against  stress.’>>® Antibodies against calbindin d28k (CaBP) have
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Ficure 5. The morphology of Miiller cell somas changes with eccentricity. Confocal images of vertical sections through the fovea of a
31-year-old woman (Case no. D19-0859R) taken at different eccentricities. CRALBP-positive Miiller cell somas and their inner and outer
processes (green). DAPI (white) and DIC optics reveal the retina layers. (A-C) Foveal floor: White arrowbeads point to round CRALBP-
positive somas, black arrowbeads point to CRALBP-negative somas. (D-F) Temporal retina at 0.25 mm eccentricity. CRALBP-positive somas
(asterisks) are oval shaped. (G-I) Temporal retina at 1 mm eccentricity. CRALBP-positive somas (asterisks) are polygonal. ONL, outer nuclear
layer; HFL, Henle fiber layer; OPL, outer plexiform layer. Scale bar shown in C: 20 pm applies to A-C; scale bar shown in G: 20 pm applies
to D-L.

been shown to label subpopulations of cone photorecep- were used to label cone photoreceptors,’®% and antibodies
tors, horizontal cells, bipolar, amacrine, and ganglion cells against RNA binding protein with multiple splicing (RBPMS)
in human retina.>4:57-%2 Antibodies against cone arrestin  were used to label retinal ganglion cells.”®% Antibodies
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against the transient receptor potential vanilloid 4 (TRPV4)
cation channel have been shown to label a subpopulation
of astrocytes in the mouse brain.®® In the retina, TRPV4 has
been located in Miiller cells of mouse®®” and in peripheral
retina of human® and macaque.®

Immunofluorescence

Sections (vibratome and cryostat) and the retinal flat mount
preparation were processed for standard immunofluores-
cence as described previously**->® using a mixture of primary
antibodies. Secondary antibodies (made in donkey) coupled
to the fluorophores Alexa 594, Alexa 488 or Alexa 647 (Jack-
son ImmunoResearch Laboratories, Westgrove, PA, USA)
were applied for about 16 hours. The nuclear stain DAPI was
added to the diluent for the secondary antibodies. Vibratome
sections were mounted onto polylysine-coated slides within
wells of adhesive spacers (diameter 20 mm, depth 0.12 mm,
secure seal spacers, ThermoFischer Scientific) and then
coverslipped with Vectashield aqueous mounting medium
(Vector Laboratories, Burlingame, CA, USA).

Microscopy

Tiled stacks of images were obtained from vibratome
sections using a confocal scanning microscope (Zeiss
LSM700 or LSM900) equipped with 405, 488, 555, and
635 nm lasers using a 20 X air objective (Plan Apochro-
mat no. 420650-9901) at a resolution of 2048 x 2048 or
1024 x 1024 pixels and a Z-axis step size of 0.5-1 pm.
Cryostat sections were imaged with a Zeiss LSM800 confocal
microscope. The contrast and brightness of the images were
adjusted using Zen Blue or Adobe Photoshop software.

Analysis

Cell densities were determined from tiled image stacks using
Zen Blue software as described previously.®33:% Briefly,
Miller cell nuclei were counted in two preparations (case
no. D19-0895R, case no. 13699L) from volumetric recon-
structions of Vibratome sections (i.e. by stepping through
each image stack and taking the CRALBP immunofluores-
cence, DAPI, and differential contrast optics into account).
Cells were counted across the length and depth of each
section, except where the retinal layers were mechanically
distorted or the immunolabeling was substantially weaker
than in other parts of the same section. Volumetric recon-
structions of individual vibratome sections were separated
into bins (normally 100 pm width) and cells were counted
within each bin across a minimum depth of 15 pm in the
z-plane. Areal densities (cells/mm? of retinal surface) were
calculated for each bin at various eccentricities along the
temporal horizontal meridian.

RESULTS
Identification of Cells on the Foveal Floor

Various antibodies were applied to sections through the
fovea to investigate the composition of the foveal floor.
CRALBP expression was studied in four preparations (no.
13699L, no. 15649L, no. D19-0859R, no. D19-0859L) and
was found in the retinal pigment epithelium and in Muller
cells, as shown previously.?*”° The cells were labeled in
their entirety including their endfeet forming the inner
limiting membrane, their cell bodies in the inner nuclear
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Ficure 6. Spatial density of Miiller cells. Spatial density of Miiller
cells quantified from two preparations (D19-0859R, 31-year-old
woman and 13699L, 56-year-old man) together with the cone inner
segment density obtained from one preparation (D19-0859R). Note
that the very central cone inner segments could not be counted in
this preparation.

layer, and their outer processes, which run obliquely within
the Henle fiber layer and terminate in the outer limiting
membrane (Fig. 1A). For two preparations (no. 13699L and
no. D19-0859R) high-resolution confocal images reveal a
distinct region at the center of the fovea that has a reduced
number of cone nuclei and high density of CRALBP-positive
processes (Figs. 1B, 1C). This region spans roughly 70 pm
in diameter and presumably represents the central bouquet.
Expression of CRALBP is also observed in cell bodies located
on the foveal floor among other cell bodies that do not
express CRALBP suggesting that not all cells at the foveal
floor are Miiller cells. In agreement with this interpreta-
tion, labeling for the ganglion cell marker, RBPMS, revealed
labeled ganglion cells intermingled with Miiller cell somas
at the foveal floor (Fig. 1D).

As reported in our previous study,>> immunofluorescence
for GS (Fig. 2A) like that for CRALBP (Fig. 1C) is present at
the foveal floor, in the Henle fiber layer, and in processes
surrounding cone nuclei in the outer nuclear layer. This
result is consistent with the notion that GS is expressed by
Miiller cells. Two sections (cases no. 13699L and no. D19-
0859R) about 200 pm away from the foveal center were
stained for GFAP. Here we found a subpopulation of GFAP-
positive somas that had inner processes located on the foveal
floor (Fig. 2B) but lacked outer processes extending through
the outer nuclear layer to the outer limiting membrane (but
see below). Taken together our results indicate that the
somas located at the foveal floor include glia cells, as well
as neurons (ganglion cells).

In addition, we obtained cryostat sections through the
fovea from two eyes of two donors following exenteration.
These eyes were fixed with a very short delay (see meth-
ods). One of the sections from the 86-year-old patient with
RPD was double-labeled with antibodies against CRABLP
and GFAP, and we found that some but not all somas at the
foveal floor coexpressed both markers (Figs. 3A—-C). Another
section through this retina showed coexpression of GFAP
and EAAT4, which is considered an astrocyte marker,>® in
processes at the foveal floor (Figs. 3D-F). In a third section,
we found that immunofluorescence for EAAT4 was strongly
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Ficure 7. Calbindin expression in foveal Miiller cells. (A-E, G, H) Confocal images of a vertical section through the fovea of a 36-year-old
female donor (case no. 15649L) processed with antibodies against calbindin (CaBP, green). The scale shown in A indicates the distance from
the fovea in temporal (T) retina. The transitional zone where both calbindin-positive Miiller cells and calbindin-positive cone photoreceptors
are present is located between 1 and 2 mm eccentricity. (A-D) Up to an eccentricity of about 1.2 mm CaBP is expressed almost exclusively
by subpopulations of Miiller cells, at 2 mm eccentricity CaBP is found in cone photoreceptors (E). (F) Expression of cone arrestin (7G6)
in a foveal flat mount preparation from a 44-year-old female donor (case no. 13587L) showing labeling of cone photoreceptors. The axon
terminals (cone pedicles) form a ring around the fovea. The cone axons are displaced from the foveal pit and are part of the Henle fiber layer.
The cone somas are located distally from the axons and have short outer processes extending to the cone inner segments. The image was
taken in temporal retina. (G) At 0.6 mm eccentricity calbindin (green) labeled Miiller cell processes run alongside cone arrestin (magenta)
labeled cone axons in the Henle fiber layer (HFL). (H) Beyond 1.2 mm eccentricity calbindin (green) is coexpressed with cone arrestin
(magenta) in cone photoceptors including their inner and outer segments, somas, Henle fibers, and cone pedicles. ONL, outer nuclear layer;
OPL, outer plexiform layer. Scale bar shown in E: 20 ym, applies to B-E; scale bar shown in F: 20 nym, applies to F-H.




Investigative Ophthalmology & Visual Science

Miiller Cells in the Human Fovea

expressed in processes on the foveal floor but was not coex-
pressed with CRALBP (Figs. 3G-J). Moreover, in a very small
region (less than 30 ym in depth) at the center of the fovea,
we noticed GFAP-positive processes that extended from the
foveal floor through the outer nuclear layer and ended at the
outer limiting membrane (Figs. 3A-C, 3], 3K), indicating that
these cells might be the atypical of Miiller cells described
previously in macaque retina.'®

Staining of cryostat sections through the fovea from
the eye of the 75-year-old patient with no retinal disease
revealed similar results. The astrocyte markers EAAT4 and
GFAP were coexpressed in cell bodies on the foveal floor and
in some processes extending toward the OLM (Figs. 4A-E).
Moreover, we found a small region in the center of the fovea
that contained GFAP-positive processes extending toward
the OLM that were double-labeled for EAAT4 (Figs. 4A-E).
In another section we found that some, but not all of these
GFAP-positive processes coexpressed the Miiller cell marker
TPRV4 (Figs. 4F-H). Taken together, we found expression
of astrocyte and Miiller cell markers on the foveal floor
indicating that glial cells on the foveal floor show molec-
ular diversity and may include astrocytes, as well as Miiller
cells.

Quantification of Miiller Cells in the Fovea

Miiller cell nuclei immunolabeled for CRALBP were counted
in combination with DAPI labeling to distinguish individual
nuclei (Fig. 5). Within the foveal floor, Miiller cell nuclei have
a round shape (Fig. 5A-C), but by —0.2 mm eccentricity the
nuclei become more oval shaped (Figs. 5D-F) until gradually
the classic polygonal Miiller cell nucleus can be appreciated
at about 1 mm eccentricity (Figs. 5G-D).

Figure 6 shows the density of CRALBP-positive Miiller
cell nuclei within the fovea from two preparations (case no.
13699L and case no. D19-0859R) together with the cone
density obtained from cone inner segments of a section
labeled for cone arrestin (case no. D19-890R). The density
of Miiller cell nuclei in the fovea did not vary significantly
between nasal and temporal retina and was also consis-
tent between the two preparations. The density of CRALBP-
positive Miller cell nuclei on the foveal floor was 730
cells/mm? in no. 13699L and 1840 cells/mm? in no. D19-
0859R. The first Miiller cell nuclei in the inner nuclear
layer (INL) appeared at about 50 um eccentricity in both
nasal and temporal retina. There is a steep increase in the
density of Miiller cells in the foveal slope with a peak of
35,000 to 40,000 cells/mm? at about 500 pm eccentricity.
Miiller cell density and cone density are roughly equal within
the central 1 mm eccentricity in both nasal and temporal
retina. Beyond this point, Miiller cell density remains rela-
tively stable at around 30,000 cells/mm? despite the well-
established dramatic decline in cone photoreceptor density
across this eccentricity range.”->®

Calbindin Expression in Foveal Miiller Cells

The calcium binding protein calbindin is known to be
expressed in medium- and long-wavelength sensitive (M/L)
cone photoreceptors®’ throughout the retina with the excep-
tion of the fovea.*® Here we confirm that calbindin is absent
from foveal cones and show that calbindin is expressed by
foveal Miiller cells (Fig. 7A). This observation was made in
five postmortem donor preparations (cases no. 13587R, no.
13699L, no. 15415L, no. 15649L, no. D19-0859R), as well as
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in the retina from an 86-year-old patient and thus appears
to be independent of the age or sex of the donor and of the
time interval from death to fixation. The density of calbindin
expressing Miiller cells declined with increasing eccentricity.
For example, in case no. 15649L calbindin expression was
found in the large majority of Miiller cell outer processes
up to an eccentricity of about 0.5 mm (Figs. 7A-C). Beyond
this eccentricity calbindin expressing Miiller outer processes
became less frequent (Fig. 7D). From an eccentricity of
about 2 mm calbindin was absent from Miiller cells but
conversely was expressed in the majority of cones (Fig. 7E).
Consistently, sections double labeled with antibodies against
cone arrestin (which label cone photoreceptors including
their pedicles, Fig. 7F) and calbindin revealed that the outer
processes of calbindin labeled Miiller cells ensheathe and
run in parallel with the cone axons in the Henle fiber layer
in foveal retina (Fig. 7G). Beyond 2 mm eccentricity only
cones including their axons and pedicles are labeled with
both markers (Fig. 7H).

The expression of calbindin in foveal Miiller cells was
further analyzed in sections double labeled with antibodies
against calbindin and CRALBP (cases no. 15649L, no. D19-
0859L, no. 13699L). Consistent with the results presented
above and shown in Figures 8A-C and 8G-I, close to the
center of the fovea calbindin (green) is coexpressed with
CRALBP (magenta) in the endfeet, somas, and the Henle
fiber layer and at the apical processes of Miiller cells. At
eccentricities beyond 2 mm, only CRALBP is found in Miiller
cells, and calbindin is found in cone photoreceptors and
subpopulations of amacrine, bipola,r and horizontal cells
(Figs. 8D-F, 8J-L). Close inspection of sections through the
fovea (Preparations no. 15649L, no. D19-08959R, no. D19-
08959L, no. 13699L) further reveals that not all CRALBP posi-
tive Miiller cell somas are positive for calbindin (Fig. 9).

We attempted to define further the “transitional
zone,” where calbindin expression in Miiller cells over-
laps with calbindin expression in cone photoreceptors
(Figs. 7A, 7D, 7E; 8J-L). The size for the transitional zone
varied somewhat between preparations. For the five prepara-
tions (cases no. 13587R, no. 13699L, no. 15415L, no. 15649L,
no. D19-0859R) analyzed here, we identified calbindin
expressing outer Miiller cell processes in the outer nuclear
layer at eccentricities up to —1.25 mm (£ 0.45 mm) in tempo-
ral retina and at eccentricities of about 1.07 mm (& 0.57 mm)
in nasal retina. The appearance of the first calbindin labeled
cone inner segments ranged from eccentricities of about
0.2 mm to 0.5 mm (average 0.4 mm, + 0.7 mm, tempo-
ral; average 0.4 mm =+ 0.2 mm, nasal). Beyond 2.5 mm (+
0.15 mm) calbindin is expressed only by cone photorecep-
tors. Thus the transitional zone covers approximately 1 mm
(Fig. 7A) in both temporal and nasal retina.

The densities of Miiller cell somas double labeled for
CRALBP and calbindin immuno-fluorescence were quanti-
fied in two preparations (Fig. 10) and compared to the
total Miiller cell density as determined from CRALBP expres-
sion (Fig. 6). In both cases, most double labeled cells are
found at eccentricities between 0.2 mm and 0.5 mm in
both nasal and temporal retina. The proportion of double
labeled cells reaches a maximum close to the center of
the fovea (96% in preparation no. D19-0859R and 76% in
preparation no. 13699L). At about 1 mm eccentricity, the
number of double-labeled cells drops below 50% in no.
D19-0859R and below 20% in no. 13699L. In summary,
calbindin is expressed in a large proportion of foveal Miiller
cells.
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Figure 8. CRALBP and calbindin expression in central and peripheral retina. Confocal images of vertical sections through the fovea of a of
a 31-year-old female donor (case no. D19-0859L, A-C) and a 36-year-old female donor (case no. 15649L) processed with antibodies against
CRALBP (magenta) and CaBP (green). (A-C) Eccentricity 0.4 mm, temporal. CRALP and CaBP are coexpressed in Miiller cell somas and
endfeet. CaBP is also found in few neurons in the INL and GCL. (D-F) Eccentricity 2 mm, temporal. CRALBP and CaBP are not coexpressed.
Arrows point to CRALBP-positive Miiller cell somas. Subpopulations of bipolar (B), amacrine (4), and horizontal (H) cells are also calbindin
positive. (G-I) Eccentricity 0.1 mm, nasal. CRALBP and CaBP are coexpressed in the outer processes of Miiller cells, cones are not labeled for
CaBP. (J-L) Eccentricity 1.6 mm, temporal. Transitional zone where CaBP expression can be found in subpopulations of cones (arrowbeads)
and Muller cells (open arrows). GCL, ganglion cell layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL, outer plexiform layer.
Scale bar shown in D: 20 pm, applies to A-F; scale bar shown in L: 20 um applies to G-L.
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Figure 9. CRALBP and CaBP expression on the foveal floor. Confocal images of sections through the fovea of 36-year-old female donor
(case no. 15649L) processed with antibodies against CRALBP (magenta) and CaBP (green) and counterstained for DAPI. The rectangles
are 200 pm wide and indicate the regions shown in (B, C) and (D, E), respectively. (B, C) CRALBP is strongly expressed by Miiller cell
endfeet at the foveal floor and in the HFL. The white open arrows indicate cells that are CRALBP-positive but CaBP negative. The white solid
arrowbead indicates a cell that is CaBP positive but CRALBP negative. (D, E) CaBP and CRALBP immunofluorescence together with DIC
optics to show the retina layers. The two markers are coexpressed in oval shaped Muller cell somas (solid white arrows), but some cells
are CRALBP positive and CaBP negative (open arrows). GCL, ganglion cell layer; IPL, inner plexiform layer; ONL, outer nuclear layer; OPL,
outer plexiform layer. Scale bar: 100 pm.
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Figure 10. Spatial density of Miiller cells that coexpress CRALBP
and CaBP (open circles) in comparison to all Muller cell nuclei (solid
circles) for two preparations. (A) Case no. D19-0895R, 31-year-old
woman); (B) case no. 13699L, 56-year-old man).

Coexpression of Calbindin With Other Glia
Markers in the Fovea

The molecular properties of calbindin-expressing Miller
cells in the fovea were further investigated in sections
double labeled for calbindin and the glia markers GFAP
(Fig. 11) and GS (Fig. 12). As expected,’>'* outside of
the foveal center GFAP immunofluorescence was associated
with blood vessels (arrows in Fig. 11C) and clearly distinct
from calbindin expression (Figs. 11A, 11B) and CRALBP
expression (Fig. 1A) consistent with the idea that GFAP is
expressed in astrocytes. Calbindin was coexpressed with
glutamine synthetase in most but not all Miiller cells of
central retina (Fig. 12). This finding is consistent with the
results obtained with CRALBP antibodies described above.

DiscussION

This study has three major findings. First, we confirm and
extend previous findings showing that the foveal floor in
human retina contains somas of neurons and glial cells.
Second, we show that in the foveal retina there is at least
one Miiller cell per cone. Third, we demonstrate that the
large majority of Miiller cells in the fovea express the calcium
binding protein calbindin and thus foveal Miller cells differ
in their molecular properties from Miller cells in peripheral
retina. The qualitative results are summarized in Fig. 13.
The presence of retinal ganglion cell somas in the
center of the human fovea has been reported previously’!
and is also consistent with previous studies of nonhuman
primates®>7>~7> suggesting that this is a normal part of
foveal architecture. Other neuronal somas found on the

IOVS | February 2025 | Vol. 66 | No.2 | Article 46 | 13

foveal floor include horizontal,”® amacrine,”” and bipolar

cells.”® Whether the neurons on the foveal floor are remnants
of foveal development or have a specific functional role
remains unknown.?

In the present study, glia cell labeling in the foveal
center included immunofluorescence for Miiller cell markers
(CRALBP, GS, and TRPV4) and for astrocyte markers (GFAP
and EAAT4). The presence of Miiller cells in the fovea is
well documented for healthy human and macaque monkey
retinas,'!15:237% and thus our results support these previous
studies.

Whether the GFAP-expressing cells on the foveal floor
are Miiller cells or astrocytes is controversial. Bringmann
and colleagues'!"'® reported coexpression of GFAP and GS
in somas and outer processes of cells in the center of a
macaque fovea and suggested that these cells represent the
atypical Miiller cells described in their previous EM study.?
In human retina, we observed GFAP expression in somas
and inner processes at the foveal floor in postmortem as
well as in the two fresh preparations (Figs. 2, 3A-F, 4).
GFAP positive outer processes, however, were only observed
in a very small region at the center of the fovea of the
two freshly obtained human retinas (Figs. 3], 3K, 4F-H).
These outer processes were probably missed in our GFAP-
labeled vibratome sections of postmortem retina, because
these sections were taken at about 200 pm away from the
center of the fovea. The presence of outer GFAP positive
processes and the coexpression with CRALBP are consistent
with the idea that these cells are Miller cells. We cannot
rule out that GFAP expression by Miller cells in the RPD
retina is due to gliosis.”>>® However, the retina of the 75-
year-old patient without retinal disease showed comparable
GFAP expression on the foveal floor suggesting that GFAP
might be expressed by non-gliotic Miller cells in the fovea.

In contrast, two recent studies applied GFAP antibod-
ies in combination with a variety of Miiller cell markers to
foveal sections of adult macaque monkeys* and humans®
and found that the GFAP labeled cells in the foveola did
not co-express a variety of Miller cell markers. These stud-
ies thus concluded that the GFAP positive cells in the fove-
ola are astrocytes. Consistent with the latter conclusion, we
found co-expression of GFAP with the astrocyte marker
EAAT4 (Figs. 3D-F; 4A-E). The conclusion that astrocytes
are present in the foveola seems at odds with the assump-
tion that astrocytes are absent from the foveal avascular
zone.'?79-81 However, GFAP labeled astrocytes in the center
of the fovea are present during development and, in adult
macaque monkey, a few astrocytes were found in the middle
of the fovea®! Thus it is possible that foveal astrocytes,
like their neuronal counterparts, are unmigrated remnants
of foveal development.

Finally, we show that TRPV4 is expressed in some but not
all processes in the foveola of the 75-year-old patient with-
out eye disease (Fig. 4F-H). In the retina, TRPV4 is thought
to be a marker for Miiller cells and has been implicated with
osmoregulation, mechanotransduction and regulation of the
inner and outer blood brain barrier.8? TRPV4 also plays a
role in ganglion cell recovery after mechanical insult®” Thus
its presence in the fovea is consistent with the idea that
foveal Miiller cells are involved in the response to mechani-
cal stress.*” The fact that GFAP and TRPV4 immunolabel do
not overlap completely might indicate that that in addition to
these specialized Miiller cells the fovea also contains astro-
cytes which (in studies of higher brain regions) recently have
been shown to be more diverse than previously expected.®?



Investigative Ophthalmology & Visual Science

Miiller Cells in the Human Fovea

FiGure 11.

IOVS | February 2025 | Vol. 66 | No.2 | Article 46 | 14

LM
GCL|

IPL

INL

HFL

ONL

D19_0859_R1A_slice16

Calbindin and GFAP in the fovea. Confocal images of a vertical section through the fovea of a 31-year-old female donor (case

no. D19-0859L). The section was processed for CaBP (green), GFAP (magenta), and DAPI (blue). (A) CaBP expression in foveal Miiller cells.
(B) Merged image showing CaBP together with GFAP. GFAP is mainly found in the ganglion cell layer (GCL) and in the nerve fiber layer
near the Miiller cell endfeet. A and B show single images from a stack of images. (C) Maximum intensity projection of confocal images from
a stack of images of the same section as shown in A, B revealing the morphology of GFAP positive astrocytes in the fovea. The arrows point
to blood vessels. ONL, outer nuclear layer; IPL, inner plexiform layer. Scale bar: 50 pm.

Taken together, the current evidence, together with the find-
ing of sparse microglia on the foveal floor,** suggest that
the foveola contains at least three types of glia (Miiller cells,
astrocytes and microglia) and that Miiller cells are by far the
dominant glial population in the foveola.

In the present study we counted CRALBP positive Miiller
cell nuclei and found a peak density of about 35,000
Miiller cells/mm? near 0.5 mm eccentricity in both nasal
and temporal retina. Comparable values (average 24,000
cells/mm? at 1 mm eccentricity) were obtained in our
previous study where we counted GS positive Miiller cell
nuclei in temporal retina.> Somewhat lower values (around
15,000 cells/mm?) were reported by Bringmann et al.'® who
counted stems of Miiller cells in the outer nuclear layer and
the inner plexiform layer (see their figure 15B). A recent
connectomics study of a preterm born 28-year-old male
human donor® reported a peak density of about 25,000
cells/mm? from counting Muller cell somas in the INL near
the foveola. In summary, all three previous studies and
the current study obtained roughly comparable Miiller cell
densities.

Kar and colleagues’ study® of a preterm born adult,
which had a foveal center containing inner retinal layers,
reports considerably higher Miiller cell densities (200,000
cells/mm?) when Miiller cell trunks were counted close to
the region of the peak cone density.®> But the peak cone
density obtained in that study is comparable to previous
studies of normal human retina’->® Thus the cone to Miiller
cell ratio of 1:1.8 in the preterm born adult is comparable
to previous estimates of 1 to 2 Miiller cells per cone for
human'®3 and macaque retina,>' indicating that this ratio

was not affected by the arrested development in a preterm
born adult donor.

It should be noted that the study of the preterm born
adult male in addition to the classic Miiller cells also reports
a second (atypical) Miiller cell type, named “inner” Miiller
glia.®> These inner Miiller cells, like the classic (“outer”)
Miiller cells, have a soma in the inner nuclear layer but
their outer processes terminate at the level of the cone pedi-
cles. The inner Miiller cells are thus different from the small
number of atypical Miiller cells in the foveola described
previously which were reported to extend to the OLM.'® The
inner Miiller cells were twice as frequent as outer Miiller
cells and together the two populations outnumbered cones
by fourfold. Whether these “inner” Miiller cells are present
in normal retina or are the result of arrested development of
the inner retinal neurons in the preterm retina needs further
investigation.

Calbindin expression in Miiller cells has been identi-
fied in RNAseq studies of adult human retina®® and using
immunofluorescence staining of foveal sections through
human retina during development.®® Here we found that
in foveal retina a large proportion of Miiller cells expresses
calbindin whereas at eccentricities beyond 1 mm the expres-
sion of calbindin is only found in a small portion of Miiller
cells. Haley and coworkers*® noticed calbindin staining in
the Henle fiber layer in the fovea of adult human retina.
They interpreted that staining as cone axon labeling despite
its absence from cone inner and outer segments. Taking
our results in account, it appears likely that the labeling
in the Henle fiber layer found by Haley and coworkers*®
should be attributed to Miller cell processes. Calbindin
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Ficure 12. Calbindin and glutamine synthetase in the fovea. Confocal images of a vertical section through the fovea of a 36-year-old female
donor (case no. 15649L) processed for CaBP (green) and GS (magenta) showing coexpression of the two markers in Miiller cells. GCL,
ganglion cell layer; IPL, inner plexiform layer; N, nasal; ONL, outer nuclear layer; T, temporal. Scale bar: 50 pm.
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Figure 13. Summary diagram of our qualitative results. Semi-schematic drawing of the section through the macula of preparation no. 15649L.
The original image is shown in Figure 7A. The area highlighted in green refers to the central bouquet, which contains many calbindin- and
CRALBP-positive processes in addition to cone photoreceptors. The somas on the foveal floor (shown in gray) comprise glial and neuronal
cells. Close to the center of the fovea most Miiller cells are calbindin positive, and cones are calbindin negative. In the peripheral region
of the macula Miiller cells are calbindin negative, but nearly all cones are calbindin positive. The gray rectangle indicates the transitional
zone where both calbindin-positive Miiller cells and calbindin-positive cones can be found. GCL, ganglion cell layer; IS, inner segment of
photoreceptors; ONL, outer nuclear layer; OS, outer segment of photoreceptors.
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like other calcium binding proteins plays a role in calcium
buffering®” and calbindin is usually found in neurons where
it contributes to the regulation of electrical excitability.®®
Calbindin expression has also been seen in astrocytes in
the brain after injury and thus has been suggested to have
a neuroprotective role.?>?° The role of calbindin in foveal
Miiller cells, however, remains to be determined.

Other evidence supporting differences between central
and peripheral Miiller cells in human retina comes from
molecular studies showing differences in gene and protein
expression®?4-47 and from biochemical studies showing
differences in the response to stress between macular and
peripheral Miiller cells.”® In Macular Telangiectasia Type 2
(MacTel), a retinal degenerative disease, Miiller cells degen-
erate within an oval shaped zone of 2.5 to 3 mm, which
includes the fovea (MacTel zone).?2%% In all these studies
the region where central Miiller cells differ from periph-
eral Miiller cells coincides with the presence and absence of
calbindin expression, respectively, suggesting that calbindin
expression, in some as-yet unknown way, contributes to the
susceptibility of the macula to retinal disease.”! An alterna-
tive (but not mutually exclusive) hypothesis is suggested by
the fact that the region of calbindin expression coincides
with the macula lutea, which is a region rich in xanthophyll
carotenoids.®> This association could link calbindin expres-
sion to cone resilience and foveal sparing in disease and
aging.95'96
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