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Purrosk. Miiller cells create the external limiting membrane (ELM) by forming junctions with
photoreceptor cells. This study evaluated the relationship between focal photoreceptors and
RPE loss in geographic atrophy (GA) and Miiller cell extension into the subretinal space.

Mernops. Human donor eyes with no retinal disease or geographic atrophy (GA) were fixed
and the eye cups imaged. The retinal posterior pole was stained for glial fibrillary acidic
protein (GFAP; astrocytes and activated Miiller cells) and vimentin (Miiller cells) while the
submacular choroids were labeled with Ulex Europaeus Agglutinin lectin (blood vessels).
Choroids and retinas were imaged using a Zeiss 710 confocal microscope. Additional eyes
were cryopreserved or processed for transmission electron microscopy (TEM) to better
visualize the Miiller cells.

Resurts. Vimentin staining of aged control retinas (z = 4) revealed a panretinal cobblestone-
like ELM. While this pattern was also observed in the GA retinas (z = 7), each also had a
distinct area in which vimentin®™ and vimentin™/GFAP™ processes created a subretinal
membrane. Subretinal glial membranes closely matched areas of RPE atrophy in the gross
photos. Choroidal vascular loss was also evident in these atrophic areas. Smaller glial
projections were noted, which correlated with drusen in gross photos. The presence of glia in
the subretinal space was confirmed by TEM and cross cross-section immunohistochemistry.

Concrusions. In eyes with GA, subretinal Miiller cell membranes present in areas of RPE
atrophy may be a Miiller cell attempt to replace the ELM. These membranes could interfere
with treatments such as stem cell therapy.
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Ml‘iller cells, the primary glial cell of the retina, span the
entire retinal thickness and are identified by vimentin and
glutamine synthetase (GS). Miiller cell endfeet bind to the
internal limiting membrane (ILM),! separating the retina and
vitreous while their posterior processes form adhesion
junctions with photoreceptors to create the external limiting
membrane (ELM). These glial cells provide the retinal supra-
structure and interact with most retinal cell types. They also
maintain ion homeostasis, synthesize glutamine, and assist in
synaptic activity.? Miiller cells respond rapidly to injury by
increasing their glial fibrillary acidic protein (GFAP) expression
and taking on a reactive state.

Despite neuronal dependence on Miiller cells and astro-
cytes, very little is known about their role in retinal diseases,
such as AMD. Geographic atrophy (GA), the advanced dry form
of AMD, is characterized by the loss of RPE cells and
subsequent dropout of choroidal vessels.>4 Miiller cells above
drusen and/or RPE and photoreceptor loss are known to
express GFAP>-8 Focal areas of GFAP accumulation in the outer
nuclear layer (ONL) have also been reported anterior to drusen
in retinas with GA.>® Interestingly, Miiller cells migrate toward
the ELM when proliferating and this migration is crucial to
Miiller cell remodeling and dedifferentiation that takes place in
other animals.® Therefore, glial remodeling in AMD could
contribute to the Miiller cell accumulation at the ELM. The idea
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of remodeling is supported by our recent report that Miiller
cells and astrocytes form membranes on the vitreoretinal
surface in eyes with advanced AMD.!?

Glial fibrillary acidic protein™ processes have also been
observed overlying Bruch’s membrane in atrophic areas of GA
eyes.®810-12 These authors did not, however, characterize
these membranes nor determine their frequency or association
with pathology. Miiller cell extension through the ELM would
affect the milieu of both the subretinal space and retina. These
changes may contribute to RPE cell loss by promoting
inflammation and allowing the flow of material between the
retina and subretinal space. The present study investigated
Miiller cell membranes posterior to the ELM in human donor
eyes with GA.

MATERIALS AND METHODS

Tissue Collection

Aged donor eyes with no retinal disease (age-matched controls)
or GA were received from the National Disease Research
Interchange (Table 1). The use of tissue was approved by the
institutional review board at Johns Hopkins University. All
tissues were used in accordance with the Declaration of
Helsinki and written informed consent was obtained from all
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Antibody Structures Labelled Source Location Dilution
Ck-a-GFAP Astrocytes & activated Miiller cells Millipore Billerica, MA 1:500
Ck-a-vimentin Miiller cells Millipore Billerica, MA 1:500
Rb-a-GFAP Astrocytes & activated Miiller cells Dako Carpinteria, CA 1:200
Rb-a-CD34 Blood vessels Abcam Cambridge, MA 1:200
Ms-a-GS Miiller cells Millipore Billerica, MA 1:500
Rat-a-CD44 Miiller cell apical processes at the ELM ~ R&D Minneapolis, MN  1:200
FITC conjugated PNA Photoreceptor inner & outer segments  Vector Laboratory Burlingame, CA 1:500

Gt-a-Rb Alexa Fluor 647
Gt-a-Ck cy3

DAPI Nuclei
Gt-a-Ms cy3

Gt-a-Ms Alexa Fluor 647

UEA lectin Endothelial Cells

Molecular Probes/ThermoFisher

Jackson Immunoresearch

Invitrogen

Jackson Immunoresearch

‘Waltham, MA

West Grove, PA

Carlsbad, CA
West Grove, PA

1:300 (flatmount)
1:500 (sections)

1:300 (flatmount)
1:500 (sections)

1:1000

1:300 (flatmount)

1:500 (sections)

Molecular Probes/ThermoFisher ~ Waltham, MA 1:300 (flatmount)
1:500 (sections)
Genetex Irvine, CA 1:100

participants. Enucleated eyes were shipped on wet ice
overnight to achieve post mortem times of less than 24 hours.
Eyes were processed as previously described.!?

Cryopreservation, Histology, and
Immunohistochemistry

Whole eye cups were cryopreserved with a sucrose gradient as
previously described.!® Eight-micron sections were cut on a
Leica cryostat (Leica Biosystems, Buffalo Grove, IL, USA).
Cryosections, taken from the macula but not including the
Henle fiber layer, were processed for immunohistochemistry as
previously described.!* Eyes for transmission electron micros-
copy (TEM) were fixed in 2.5% gluteraldehyde/2% paraformal-
dehyde (PFA) in 0.1 M cocadylate buffer and processed as
previously reported.!> Hematoxylin and eosin staining was
performed using standard methods.

The posterior poles from wholemount retinas were
immunohistochemically stained as previously described.!?
The choroids were stained with Ulex Europaeus Agglutinin
(UEA)lectin and antibodies as previously described.!'> Only
UEA-lectin results are reported herein for choroids. Antibody
details are listed in Table 2.

Imaging and Analysis

All images were collected on a Zeiss 710 confocal microscope
equipped with Zen software (Carl Zeiss, Peabody, MA, USA).
Retinas were imaged with both the ILM and the ELM en face.
Maps (9 X 9 mm) were generated of the posterior poles and
submacular choroids by taking tiled Z stacks at low magnifi-
cation (5X). These images were collected at 1024 X 1024
resolution. High-resolution images (2048 X 2048) were
collected at 20X with the optimal slice settings.

Calculation of Area Using Image]J

The affected area was calculated from tiled images of the entire
posterior pole or submacular choroid as well as gross images
using Image] software (http://imagej.nih.gov/ij/; provided in
the public domain by the National Institutes of Health,
Bethesda, MD, USA). Images were opened in ImageJ and
calibrated using the embedded scale bar. The free selection
tool was used to draw the affected region and the area was

measured. The area of RPE atrophy was defined as the area
where choroidal vessels are visible in the gross photos. A
similar method is used by clinicians to monitor GA pro-
gression using fundus photographs.'® For each eye, the area
of RPE atrophy, choroidal vessels (CC) loss, and subretinal
glia were entered into Microsoft Excel (Redmond, WA, USA).
The correlation coefficient was calculated using Microsoft
Excel.

RESULTS

Normal Aged Retina

Aged retinas with no pathology were used as controls in this
study. The gross image of a representative control retina
demonstrated the normal retinal arcade vessels, optic disc, and
fovea (Fig. 1A). Choroidal vessels, blocked by an intact RPE
monolayer, were not visible. Ulex Europaeus Agglutinin-lectin
staining of isolated choroid revealed a uniform pattern of
choriocapillaris throughout the submacular choroid (Fig. 1B).
The retina imaged with the ILM en face demonstrated a
uniform staining of GFAP" astrocytes and vimentin® Miiller cell
endfeet (Fig. 1C). Higher magnification better demonstrated
the Miiller cell endfeet and revealed isolated GFAP'/vimentin*
glial cells on the vitreoretinal surface (Fig. 1D). Vimentin and
GFAP staining were barely detectable when viewed with the
ELM en face at low magnification as a tiled map (Fig. 1E). The
honeycomb-like pattern created by the vimentin™ Miiller cell
processes as they form the ELM was visible at higher
magnification (Fig. 1F). No vimentin or GFAP' processes were
observed posterior to the ELM in aged control retinas.

Glia on the Vitreoretinal Surface in GA Eyes

Imaging of retinas with GA with the ILM en face revealed glial
cells and processes positive for GFAP and vimentin on the
vitreoretinal surface (Fig. 2). There was no correlation between
GA severity and the amount of preretinal glia. For example, a
retina (from the eye shown in Figs. 3D-F) with a small atrophic
area had a large glial membrane, which covered most of the
posterior pole (Figs. 2A-F). The retina shown in Figures 3G to
31 with a large atrophic area had many glial processes and cells
on the vitreoretinal surface but no membrane (Figs. 2G-L).
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A representative 75-year-old age-matched control retina. (A) Gross fundus photograph of the posterior pole from Donor 7 in which the

choroid is blocked by RPE cells. (B) The control choroid stained with UEA-lectin demonstrated the density of submacular choriocapillaris. (C, D)
The retinal posterior pole stained for GFAP (red) and vimentin (green) and imaged with the ILM en face demonstrated a uniform astrocyte pattern
with only a few isolated vimentin®™ and GFAP™' glia on the vitreoretinal surface. (D) At higher magnification, the vimentin® Miiller cell endfeet
(arrows) and GFAP' astrocyte processes ensheathing a vessel were observed with an isolated double-positive glial cell on the vitreoretinal surface
(arrowbead). Note that ripples in the tissue forced some endfeet to be out of focus. (E, F) This same retina imaged with the ELM en face. At low
magnification, staining was barely visible. (F) Higher magnification revealed the cobblestone pattern created by vimentin® Miiller cell apical

processes (arrow). Scale bars: (A, B, E) 1 mm; (C) 500 pm; (D, F) 50 um.

Glia Extended Beyond the ELM in All GA Eyes

In all eyes with GA, gross images revealed atrophic areas where
RPE cell loss made large choroidal vessels visible (Figs. 3A, 3D,
3G, 3)). Drusen, seen as small white spots, were also observed
surrounding the atrophic area (Figs. 3G, 3]J). Ulex Europaeus
Agglutinin-lectin staining of the submacular choroid revealed
choriocapillaris dropout corresponding to areas of RPE atrophy
(Figs. 3C, 3E 3D). A clear border was evident in all atrophic areas.
‘When retinas stained for GFAP and vimentin were imaged with
the ELM en face, a glial membrane was observed covering an
area very similar to that of RPE and choriocapillaris atrophy
(Figs. 3B, 3E, 3H, 3K). As shown in Figure 3, subretinal glial

membranes were observed in all GA eyes investigated. The
subretinal glial membranes were all similar in shape and size to
the atrophic areas. Subretinal membranes ranged in area from
5.3 to 56.4 mm? (Table 1). Similarly, the area of RPE atrophy,
measured from gross photos as the area where large choroidal
vessels were visible, ranged from 6.4 to 32 mm? while
choriocapillaris loss ranged from 14.4 to greater than 50 mm?.
It is important to note the gross photos were taken of concave
eyecups while the retina and choroid images were collected on
flat tissue. There was significant correlation between the area of
the subretinal glial membrane and both RPE atrophy and CC
dropout in each eye with GA (Supplementary Fig. S1).
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A Vimentin/ % Vimentin
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Ficure 2. Retinas of subjects with GA had varied degrees of glia on the vitreoretinal surface. Wholemount retinas stained for GFAP (red) and
vimentin (green) imaged with the ILM en face. (A-F) Low magnification image of the retina from Donor 2, with a small atrophic area, taken between
the fovea (asterisk) and optic disc (not shown) revealed a large glial membrane, which covered most of the posterior pole. Only the parafoveal
region (arrows) was spared from this membrane. The entire area to the left of the arrows was covered by a preretinal membrane. (D-F) Higher
magnification of this membrane confirmed that cells are double-positive for GFAP and vimentin. The density of the membrane was also
demonstrated. (G-I) Low-magnifi image of the retina from Donor 1, with a large atrophic area, taken between the fovea (asterisk) and optic
disc (not shown) demonstrated glial blooms on the vitreoretinal surface (arrows). (J-L) Higher magnification revealed the density of this bloom,
which contained numerous cells and processes. Scale bars: (A-C), (G-D 1 mm; (D-F), J-L) 50 pm.
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Ficure 3. Glia created a membrane posterior to the ELM in atrophic areas of GA eyes. Gross fundus photographs (A, D, G, J) of eyes from donors
with GA (Donors ? 1A, and 1B, respectively) showing varied areas of RPE atrophy. The loss of RPE (arrows) allowed the choroidal vessels to be
visible. Arrowbeads point to drusen in (D) and (G). (B, E, H, K) Retinas stained for GFAP (red) and vimentin (green) were imaged with the ELM en
face revealing glial membranes (arrows), which closely matched the atrophic area. Arrowhbeads point to small glial projections through the ELM in
(H) and (K). As shown, most processes were positive for both GFAP and vimentin. (C, E I) Choroidal vessels stained with UEA lectin (red) were
attenuated posterior to the atrophic RPE region (arrows). Scale bars: 1 mm. Asterisks indicate the optic nerve. The choroid of the retina shown in
@ and (K) (from Donor 1B) was processed differently and, therefore, could not be included in this figure.
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FiGure 4.  Glial membranes increase in density with increased area of atrophy. Retinas from Figure 3 stained with GFAP and vimentin imaged with
the ELM en face shown here at higher magnification. (A-C) In a retina with the smallest atrophic area (Donor 3A), only a few GFAP' processes were
observed among many vimentint processes. (D-F) The glial membrane in a retina with a slightly larger atrophic area (Donor 2) was larger and
denser than that shown in (A-C) and had more GFAP'™ processes. (G-I) The membrane from Donor 1A, the retina with the largest atrophic area,
contained numerous processes that were positive for both vimentin and GFAP. Scale bars: (A-C) 100 pm; (D-D 200 pm.

While some processes within this membrane were double
positive for GFAP and vimentin, more were only vimentin™. A
few cell processes had GFAP but not vimentin. Adjacent to this
large membrane, small bundles of GFAP/vimentin double-
positive cells were observed projecting into the subretinal
space. The depth of these structures was demonstrated more
clearly when viewing membranes at higher magnification (Figs.
4, 5). Labeling with vimentin was dominant, but most
processes also had GFAP. Glial fibrillary acidic protein was
more prominent in the larger membrane (Figs. 4G-D. Thin
processes were observed in a focal plane posterior to the ELM
(Fig. 5A). These processes were disorganized and skewed. In
many areas, processes overlapped one another. In other areas,

they joined to create bundles in the subretinal space. These
bundles were most apparent at the membrane’s edge. Some
processes joined and terminated in circular formations, which
surrounded process-free areas. Glial fibrillary acidic protein™/
vimentin~ processes were more linear and less complex than
those that were double positive or expressed only vimentin. At
the ELM focal plane, Miiller cell processes within the
membrane extended horizontally across the retinal surface
(Fig. 5B). While the ELM’s honeycomb-like pattern was lost
within the membrane, connections between Miiller cell
processes were observed. These Miiller cell connections were
more prominent away from the membrane’s center and
resembled the ELM near the edge (Fig. 5B). Large gaps
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FiGURe 5. Glial membranes had a defined border. A retina from Donor 1 with GA stained for GFAP (red) and vimentin (green). (A) At the focal plane
posterior to the ELM (Z-position 1), linear processes of Miiller cells could be seen extending along the bottom of the retina to create a dense
membrane. Many of these same processes had GFAP as well as vimentin (yellow labeling). A few had only GFAP (arrows). A clear border was
observed to this membrane. At the membrane’s edge, cells were intensely positive for GFAP. The membrane contained frequent gaps with no glial
processes (arrowhbead). (B) At the focal plane of the ELM (Z position 2), the normal cobblestone pattern was observed just beyond the membrane
(arrow). Miller cell processes at this plane had elongated, often overlapping processes and juxtapositions between individual processes can be
observed. Miiller cell processes appeared condensed around the holes observed in the first focal plane (arrowbead). (C-E) In the center of the
atrophic area, in the Z plane posterior to the ELM, connections between glial processes were clearly observed. Processes with only GFAP were
observed among those with vimentin and GFAP. Scale bars: (A, B) 100 um; (C-F) 50 pm.

between vimentin™ cells were also evident in areas corre-
sponding to the circular structures in the posterior focal plane.
Individual processes positive for only GFAP appeared bulbous
and were observed throughout the membrane (Fig. 5B). The
membrane contained a clear border beyond which the
cobblestone pattern of the ELM was evident. In the center of
this gliotic lesion, some GFAP" processes were observed
among those that were double positive and these processes
were the most disorganized (Figs. 5C-E).

The smaller glial projections adjacent to the atrophic area
were also evaluated at higher magnification (Fig. 6). Thick
glial processes, positive for GFAP and vimentin, encircled one
another and created nodule-like structures external to the
ELM (Figs. 6A-C). In the next focal plane, finer vimentin'/
GFAP~ processes were evident inside the band of thick
double-positive processes (Figs. 6D-F). At the ELM focal
plane, a small break was evident anterior to this lesion (Figs.
6G-D). Vimentin™ processes extending from the retina
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Ficure 6.  Nodules of glia and breaks in the ELM were observed adjacent to the membrane. The same retina shown in Figures 3 and 4 from Donor 1
with GA stained for GFAP (red) and vimentin (green) was imaged with the ELM en face. The small projections indicated by the arrowbeads in Figure
3H are shown here at higher magnification. (A-C) Glial cells were observed extending into the subretinal space and encircling their exit point at the
focal plane posterior to the ELM (Z position 1). Glial fibrillary acidic protein was most intense at the border and was punctate within the nodule
while vimentin intensely stained Miiller cell processes. (D-F) Closer to the ELM focal plane (Z position 2), disorganized Miiller cell processes
extended through a break in the ELM. The thick band of vimentint/GFAP" processes was still present surrounding the exiting cells. Glial fibrillary
acidic protein staining (F) was more punctate at this focal plane. (G-I) At the level of the ELM (Z position 3), a break in the ELM was clearly evident.
Miiller cells adjacent to this break extended horizontally away from the break before a normal ELM pattern was observed. Glial fibrillary acidic
protein was limited to a few punctate areas. The ELM had only very weak GFAP staining. Scale bars: 20 pm.

replaced the normal ELM in this area. Glial fibrillary acidic
protein staining was very bulbous within this small lesion
closer to the ELM but was observed in subretinal cell
processes.

Cross sections taken from cryopreserved eyes with GA
were labeled with vimentin, GFAP, and peanut agglutin
(PNA) to verify that the gliotic lesions coincided with RPE
and photoreceptor loss. In the nonatrophic region, where
PNAT™ photoreceptor segments were visible, vimentin

labeled the entire Miiller cell length (Figs. 7A, 7B). Miiller
cell apical processes and photoreceptor inner segments
created a clearly defined ELM. Glial fibrillary acidic protein
was primarily confined to astrocytes in the nonatrophic area
(Figs. 7A, 7C). At the border of the atrophic area,
photoreceptors appeared to have lost their polarity and
segments extended horizontally instead of vertically (Figs.
7A, 7B, 7D, 7E). Miiller cell processes in this area were
GFAP' and had a more horizontal orientation (Figs. 7A-C,
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Ficure 7. Sections confirmed that vimentint/GFAP™ membrane was posterior to areas of photoreceptor atrophy. Cross sections from the eye of
Donor 4 with GA were stained for vimentin (green), GFAP (red), PNA (white), and 4’,6-diamidino-2-phenylindole (DAPD) (blue). (A-C) In the
nonatrophic area, evident by PNA-labeled photoreceptor segments and a near complete ONL, GFAP was confined to the astrocytes within the nerve
fiber layer while vimentin revealed the linear morphology of Miiller cells. At the border of atrophy, the photoreceptor segments appeared bundled
and Miiller cell processes, lightly positive for GFAP, were less linear. A GFAP'/vimentin® membrane (arrow) was observed posterior to the bundled
segments. This membrane occupied the remnant subretinal space and ONL in the atrophic area. Glia were also observed on the vitreoretinal surface
(arrowbead). (D-E) Higher magnification of the border demonstrated glia below the PNA bundles (arrow) as well as the disorganized appearance
of GFAP"/vimentin®™ Miiller cells within the membrane. Numerous nuceli within the membrane appeared to be part of Miiller cells. (F-H) In the
atrophic area, GFAP"/vimentin' processes were still disorganized and occupied the remnant ONL. Some nuclei were observed that were GFAP'/
vimentin—. (I) Hematoxylin and eosin staining of an adjacent section clearly demonstrated the glial processes abut Bruch’s membrane. Arrows
indicate pigmented RPE cells adjacent to the atrophic area. No pigmented cells were noted in the membrane. BrM, Bruch’s membrane; G, glia; IS/
OS, inner segments and outer segments. Scale bars: (A-C) 100 um, (D-H) 20 pm, ) 20 um.
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Ficure 8. Sections confirmed that vimentin™ membrane was anterior to an area with choriocapillaris dropout. (A-C) A cross section from the eye
of Donor 4, adjacent to those used in Figure 7, were stained for vimentin (green), CD34 (red; blood vessels), and PNA (white). In the nonatrophic
area, PNA™ outer segments and linear vimentin™ Miiller cell processes were observed anterior to a continuous CD34" choriocapillaris. In the
atrophic area, however, a vimentin® membrane occupies the subretinal space posterior to the few remnant PNA™ segments. Choriocapillaris was
greatly reduced (C). Arrows indicate the border of atrophy where choriocapillaris vessels return to normal and the glial membrane ends as PNA™
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segments return to normal.

7D, 7E). A thick band of GFAP'/vimentin' glial processes
with some DAPI" nuclei were observed posterior to these
segments. This band ended abruptly where photoreceptor
segments regain their linear morphology. In the atrophic
area, GFAP'/vimentin® processes occupy the remnant
subretinal space in place of photoreceptor segments (Figs.
7A-H). Miiller cell processes within the retina anterior to
this atrophic area were GFAP" and disorganized. While a few
DAPI" nuclei were observed in the ONL anterior to the glial
membrane, these appeared to be vimentin® cells. DAPI
staining was also observed within the glial membrane. Focal
areas with PNA labeling were observed anterior to the
membrane. Miiller cells anterior to the membrane were not
as linear and appeared disorganized compared with the
nonatrophic area. The subretinal location of the membrane
was confirmed by staining an adjacent section with
hematoxylin and eosin (Fig. 7I). Retinal pigment epithelial
cells are observed adjacent to the atrophy but no pigmented
cells were observed within the subretinal membrane. This
image also demonstrated that glia abut Bruch’s membrane
and, in one area, appeared to merge with Bruch’s
membrane. An adjacent section was stained for vimentin,
CD34 (blood vessel marker), and PNA (Fig. 8). As suggested
by flatmount analysis, choriocapillaris loss was observed in
the atrophic area and coincided with the subretinal
vimentint membrane.

Cryosections from a donor with GA stained for vimentin
and GS confirmed the linear morphology of Miiller cells in the
nonatrophic area (Figs. 9A-E). Peanut agglutin staining
demonstrated the atrophic border. In the atrophic area, GS
appeared to be reduced within the retina but was present
within the subretinal glial membrane (Figs. 9E 9G).

ELM Disruption was Evident in Atrophic Areas of
GA Eyes

In the nonatrophic area, staining with anti-CD44, which labels
Miiller cell apical processes, demonstrated an intense, contin-
uous band at the ELM (Figs. 10A-C). In addition, astrocytes and
Miiller cell processes within retina were lightly CD44". CD44
expression was drastically altered in the atrophic area,
particularly at the ELM (Figs. 10D-D). The band of staining at
the ELM was replaced by punctate CD44 staining observed at
both the level of the ELM and at the edge of processes
extending into the remnant subretinal space. The CD44" ELM
adjacent to glial membranes supports the subretinal location of
membranes (Figs. 10D-F). The rapid disruption of the ELM also
indicates the clear border observed in wholemounts. CD44
was also observed in the glial cells on the vitreoretinal surface
(Figs. 10A, 10C, 10D, 10F).

TEM Confirms Glia in the Subretinal Space of GA
Eyes

Transmission electron microscopy analysis was used to further
verify that glial cells were posterior to the ELM. Miiller cell
processes were observed adjacent to Bruch’s membrane in
areas missing photoreceptors and RPE cells (Fig. 11). In some
areas, Miiller cell processes were observed within Bruch’s
membrane and adjacent to choriocapillaris. As noted above, no
pigmented cells were observed within the membrane.

DISCUSSION

Glial cells, positive for vimentin and/or GFAP, extended beyond
the ELM and created dense gliotic membranes in areas of RPE
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Ficure 9. Miiller cells within subretinal membranes expressed glutamine synthetase. Cross sections taken from the eye of Donor 3 with GA were
stained for vimentin (green), GS (red), PNA (white), and DAPI (blue). (A, B) In the nonatrophic area, both vimentin and GS were observed the entire
width of Miiller cells. Peanut agglutin-labeled segments were reduced in length closer to the atrophic area and end at the atrophic border (arrow).
(D, E) Higher magnification of the non-atrophic area better demonstrates the linear morphology of Miiller cells. (F, G) In the atrophic region
evidenced by only tained remnants (arrowbead) and a largely absent ONL, GS staining appears to be reduced. Some staining was observed
within the glial membrane, which colabeled with that of vimentin (arrow). Scale bars: 50 pm.
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Figure 10. CD44 in the ELM was disrupted in atrophic areas. The posterior pole of an eye with GA (Donor 3) was stained for vimentin (green) and
CD44 (red). (A-C) In a nonatrophic area, CD44 was most prominent in the Miiller cell microvilli, creating a line at the ELM. CD44 was also detected
within astrocytes within the nerve fiber layer. (D-F) CD44 labeling (arrow) dropped off abruptly as the glial membrane forms. Within the glial
membrane, CD44 was punctate and expression by Miiller cells within the retina was more intense than in the nonatrophic region. Vimentin™ Miiller
cells were not as linear as those within the nonatrophic area and create a dense membrane. (G-I A higher magnification of the glial membrane
further demonstrates its thickness and the punctate CD44 staining in this area. Miller cells within the membrane were disorganized. Scale bars:

20 um.

and photoreceptor atrophy in eyes with GA. These membranes
were present in all GA eyes investigated and were confined to
the atrophic area. The ELM of GA eyes had a normal
cobblestone appearance surrounding the atrophic area. No
subretinal glia were observed in the posterior pole of normal
aged retinas.

Glial membranes in all GA retinas had succinct borders that
were almost identical to those of RPE loss and choriocapillaris
dropout. Similar glial membranes, often termed “seals,” have
been reported in human and rodent retinas with retinitis
pigmentosa as well as retinal detachment.'7-19:20-24 Miiller cell
processes also extend through the ELM following laser injury
in rats.?> It has been suggested that Miiller cells respond to

photoreceptor death by proliferating to fill in gaps left by dying
cells. Miiller cell-Miiller cell junctions may replace Miiller cell-
photoreceptor junctions in these cases.?! It seems plausible to
hypothesize, therefore, that Miiller cells in eyes with GA
created a membrane in response to losing their ELM binding
partner, photoreceptors. A recent study, however, observed
that Miiller cells only occupied the subretinal space in one of
four mouse models with photoreceptor loss.?! Therefore,
photoreceptor loss alone is not enough to disrupt the ELM and
other factors, perhaps from RPE, must stimulate Miiller cell
migration out of retina.

Glial “seals” as reported in retinitis pigmentosa eyes as well
as animal models of retinal detachment and degeneration
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Ficure 11.

Transition electron microscopy confirms subretinal localization of glia. An eye with GA (Donor 5) was analyzed with TEM. (A) Miiller

cell processes (MC) were adjacent to Bruch’s membrane (BrM) where the RPE cells are missing. (A) Miiller cell processes (MC) were adjacent to BrtM
where the RPE cells are missing. Choroidal vessels (CC) were observed below. (B) A closer look at Miiller cells above BrM. (C) Miiller cell processes
(arrows) were also observed within BrtM. Scale bars: (A) 2 pm, (B, C) 500 nm.

appear to be layers of overlapped Miiller cell process-
€s.20-22.26.27 It seems plausible that a similar, single-layered
glial seal would also form in the atrophic area of GA eyes if
photoreceptor loss was the primary stimulant for Miiller cell
process migration. The glial membranes reported herein,
however, are dense, multilayered structures. DAPI/vimentin*
glia within the subretinal space and the remnants of ONL
suggest that some Miiller cell bodies are migrating and/or
proliferating rather than simply extending processes. More-
over, focal PNA staining was observed anterior to glial
membranes in the present study, indicating that membranes
are present even in areas with surviving photoreceptors. The
remnant PNA staining is reminiscent of outer retinal tubula-
tions that have been reported in GA eyes.?®2° These
observations suggest that additional stimuli must contribute
to the dense glial membranes formed in atrophic areas.

The smaller glial nodules observed beyond the ELM
adjacent to the larger atrophic region (Fig. 6) may provide
clues to other stimuli. In some cases, these nodules appeared
to correspond with drusen observed on gross photographs. As
many drusen were removed during EDTA treatment, the
association between subretinal glia and drusen could not be
confirmed. Drusen accumulation in eyes with GA could
provide additional stimulation for Miiller cell and astrocyte
migration. This hypothesis is supported by a recent observa-
tion of multiple, small glial projections that corresponded to
hard drusen (which remained attached to choroid) in an eye
with intermediate AMD (Edwards MM, unpublished data). Glial
projections beyond the ELM in areas of drusen have also been
previously reported.3 Glial fibrillary acidic protein™ glial cells
have also been observed accumulating in the ONL above
drusen.® Perhaps this accumulation occurs before glia extend
processes into the subretinal space.

The photoreceptor outer segments normally separate
Miiller cells and RPE cells. As photoreceptors die, however,
these cells can interact with each other. The RPE, particularly if
stressed or dying, may produce growth factors, such as TNF-a,
TGF-B, and VEGE stimulating the migration of glia into the
subretinal space. Retinal pigment epithelial cells may also
stimulate the proliferation and migration of Miiller cells,
increasing the density of glial membranes. Studies are
underway in our laboratory to investigate interactions between
Miiller cells and RPE cells.

A final explanation for glial migration beyond the ELM is
that Miiller cell activation disrupts their binding to photore-
ceptors and stimulates migration. DAPI™ nuclei within glial
membranes suggest that proliferation may also be stimulated.

These membranes appear to be primarily glial processes.
Miiller cells anterior to the atrophic area expressed GFAP and
appeared to have reduced GS expression, two hallmarks of
activation.3132 Reduced GS levels, and other alterations to
Miiller cell metabolism, were recently reported in AMD
retinas.'® The activation of glia would also explain the
formation of glial blooms and membranes on the vitreoretinal
surface.!° In eyes with GA, there was no correlation between
the size of the atrophic area and the amount of preretinal glia.
Therefore, the pathways involved in pre- and subretinal glial
membranes may not be identical.

Subretinal membranes resemble glial scars described
elsewhere in the central nervous system. While glial scars are
common in many nervous system diseases, it is not yet
understood whether they are beneficial or detrimental. In the
acute response to injury, activated glial cells release cytokines
and neuroprotective agents that may assist in neuronal
recovery and regeneration.33-3> They also phagocytose cell
debris and dangerous serum proteins.333%37 Chronic activation
of glial cells can also trigger the inflammatory cascade, increase
vascular permeability, and disrupt the blood retinal/brain
barrier.33-38-40 Activation also alters water and ion buffering
capabilities of Miiller cells.3341-43 Subretinal glial membranes
may create an unhealthy environment for surviving photore-
ceptor cells and RPE cells. Miiller cell activation and membrane
formation may also affect neighboring neuronal elements such
as neurites of Henle’s fiber layer.

The glial membranes in GA eyes reported herein have
implications for future clinical practice. These membranes
likely provide a barrier, in place of the ELM, that prevents the
flow of unwanted materials into or out of the retina. If this
membrane is in fact a glial scar as observed elsewhere in the
central nervous system, it may impede axon regeneration. %
This barrier could also make the therapeutic transplantation of
photoreceptor cells into the retina very difficult. The loss of
linear morphology in Miiller cells further complicates the
possibility of transplanting cells into the retina. It is important
that researchers investigate whether Miiller cells regain their
linear morphology and metabolic integrity after photoreceptor
cell transplantation. Miiller cells also produce VEGF and this
production is increased upon activation.*>-%8 This production
of VEGF could further stress photoreceptors and RPE cells at
the atrophic border. This VEGF may also explain how some
choroidal vessels survive in areas without RPE cells.!>%
Vascular endothelial growth factor in subretinal glia could also
stimulate peripheral choroidal neovascularization as is often
observed in donors with GA.>°
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The extension of Miiller cell processes from their normal
position within the retina indicates their remodeling in disease.
Such remodeling likely disrupts the integrity of the ELM,
altering the milieu of both the subretinal space and retina.
Miiller cell remodeling in GA has been suggested by reports of
preretinal glial membranes®!%125! and also metabolic changes
in Miiller cells.!® These Miiller cell changes could lead to
further RPE and photoreceptor loss.

In conclusion, glial cells, primarily Miiller cells, create
dense membranes posterior to the ELM in the atrophic areas
of eyes with GA. These membranes are unlikely to be detected
clinically as they lie very close to the retina. To our knowl-
edge, this is the first characterization and visualization in the
flat perspective of subretinal glial membranes in GA. This
view clearly demonstrates the membrane’s density, which is
not appreciated in cross section. While these glial membranes
may represent a beneficial Miiller cell-Miiller cell ELM to
compensate for the loss of photoreceptors, they may also
prevent the transplant of cells as a therapy for GA. These glial
membranes also demonstrate the potential remodeling of
Miiller cells in GA, which may contribute to further photo-
receptor and RPE loss. These membranes require further
investigation as they may affect VEGF therapy and cell trans-
plantation studies.
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