
Perspective

Müller Glial Cells in the Macula: Their Activation and
Cell-Cell Interactions in Age-Related Macular
Degeneration

Soumya Navneet,1 Kyrie Wilson,1 and Bärbel Rohrer1–3

1Department of Ophthalmology, Medical University of South Carolina, Charleston, South Carolina, United States
2Department of Neuroscience, Medical University of South Carolina, Charleston, South Carolina, United States
3Ralph H. Johnson VA Medical Center, Division of Research, Charleston, South Carolina, United States

Correspondence: Soumya Navneet,
Department of Ophthalmology,
Medical University of South
Carolina, 167 Ashley Avenue,
Charleston, SC 29425, USA;
navneet@musc.edu.
Bärbel Rohrer, Department of
Ophthalmology, Medical University
of South Carolina, 167 Ashley
Avenue, Charleston, SC 29425, USA;
rohrer@musc.edu.

Received: December 14, 2023
Accepted: February 10, 2024
Published: February 28, 2024

Citation: Navneet S, Wilson K,
Rohrer B. Müller glial cells in the
macula: Their activation and cell-cell
interactions in age-related macular
degeneration. Invest Ophthalmol Vis
Sci. 2024;65(2):42.
https://doi.org/10.1167/iovs.65.2.42

Müller glia, the main glial cell of the retina, are critical for neuronal and vascular
homeostasis in the retina. During age-related macular degeneration (AMD) pathogen-
esis, Müller glial activation, remodeling, and migrations are reported in the areas of
retinal pigment epithelial (RPE) degeneration, photoreceptor loss, and choroidal neovas-
cularization (CNV) lesions. Despite this evidence indicating glial activation localized to
the regions of AMD pathogenesis, it is unclear whether these glial responses contribute
to AMD pathology or occur merely as a bystander effect. In this review, we summarize
how Müller glia are affected in AMD retinas and share a prospect on how Müller glial
stress might directly contribute to the pathogenesis of AMD. The goal of this review is to
highlight the need for future studies investigating the Müller cell’s role in AMD. This
may lead to a better understanding of AMD pathology, including the conversion from
dry to wet AMD, which has no effective therapy currently and may shed light on drug
intolerance and resistance to current treatments.
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Age-related macular degeneration (AMD) is a major cause
of irreversible vision loss among the elderly. There are

two types of AMD: dry and wet (see the Fig.). Dry AMD
progresses slowly and is recognized as the most common
type of AMD. It is anatomically characterized by the thicken-
ing of Bruch’s membrane, followed by drusen development,
causing varying levels of vision impairment.1 In advanced
or late stages of pathogenesis, dry AMD can lead to severe
central vision loss, a condition called geographic atrophy
(GA) in which pathological alterations include the loss of
retinal pigment epithelial (RPE) cells and choriocapillaris
dropout followed by photoreceptor degeneration.2 Wet or
neovascular AMD is the leading cause of AMD-related blind-
ness as it is the rapidly progressing form of the disease.
In wet AMD, pathological angiogenesis (choroidal neovas-
cularization, or CNV) and the recruitment of immune cells
into the retina lead to the degeneration of photoreceptors.3

It has also been reported that some patients with dry or
intermediate AMD rapidly develop CNV in the retina, lead-
ing to dry-to-wet AMD conversion. Conversion to wet AMD
can cause rapid disease progression and sudden vision loss
among these patients.4,5 All of these pathological changes in
AMD occur in the central part of the posterior pole of the
eye, consequently leading to central vision loss.

The central vision loss in both forms of AMD is caused
mainly by the dysfunction or degeneration of photorecep-
tors in the macula of the retina.6,7 Photoreceptors are the
specialized retinal neurons that initiate phototransduction
in the retina by converting photons of light into electrical
signals. The two types of photoreceptors are rods and cones
that are used for dim light vision and color vision, respec-
tively. Their distribution, or the retinal mosaic, is highly
specific for the human retina to enable the high-definition
vision. The macula, the area of the retina that is respon-
sible for central detailed vision, is cone-enriched and has
the highest cone-to-rod ratio when compared to the periph-
eral retina.8,9 Within the macula, the cone density is highest
in the centermost fovea and it decreases toward its periph-
ery. The peripheral retina, the area of the retina outside the
macula, is rod dominated.

The macula contains a milieu of different cell types
normally working in cooperation to support photorecep-
tor survival and function, including RPE and choriocapil-
laris. Understanding how this supporting milieu contributes
to photoreceptor degeneration during AMD pathogenesis
is critical as it can improve our current knowledge of
this disease mechanism. The RPE is required, among other
functions, for the diurnal phagocytosis of photoreceptor
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FIGURE. Schematic representation of the Müller glial response in the healthy, dry, and late-stage or wet AMD retinas. (I) In healthy
retinas, Müller glia span the entire thickness of the retina, forming the inner and outer limiting membranes. (II) In dry AMD retinas, activated
Müller glia migrate to the outer retina, forming subretinal glial membranes; these GFAP and vimentin-positive glial membranes are explicitly
found in the areas of RPE atrophy and choroidal vessel dropout. (III) In retinas with CNV or late-stage AMD, increased epiretinal glial
membranes are reported in addition to lesion-specific activated subretinal Müller glial scars. These areas are also rich in recruited immune
cells and microglia. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; RPE, retinal pigment epithelium.

outer segments, regeneration of 11-cis retinal, and providing
nutritional support to photoreceptors.10 The choriocapillaris
supplies nutritional and vascular support to the photorecep-
tors via the RPE. Impairment of each of these components
and their respective functions have been reported in AMD.

Another major supporting cell type within the retinal
cellular milieu are the Müller glia, which are the focus of
this review. Müller cells, the major macroglia of the retina,
provide support to all retinal neurons, including photorecep-
tors. They occupy the entire neural retina from the central
fovea to the far periphery. They are oriented radially and
are thus in contact with all the cell types of the neural retina.
Müller glial endfeet form the retina’s inner and outer limiting
membranes, providing structural and anatomic integrity to
its cellular network. Müller glia are integral to the retina’s
homeostatic and metabolic support; they regulate ions,
water, and bicarbonate transport,11 fuel exchange in the
outer retina,12 contribute to retinoid metabolism,13 produce
neurotrophic factors,14 and contribute to other functions.
During development, Müller glial cells guide migrating
cells, followed by their role in maintaining the layered
retina throughout life.15 Finally, Müller glial cells have been
reported to participate in phagocytosis during both develop-

ment15 and retinal degenerative disease.16 Although little is
known about the role of Müller cells and their contributions
to AMD progression, current evidence indicates that AMD
pathogenesis involves Müller cell activation and changes in
signaling, followed by significant cell remodeling and migra-
tion.17–20 This suggests that Müller glial stress may be critical
in contributing to AMD pathogenesis.

In this review, we have summarized the known facts
about the critical roles of Müller glia in the healthy macula
and changes observed in the retinas of patients with AMD
and animal models of AMD-like pathology. As central vision
loss in AMD mainly occurs due to photoreceptor degen-
eration and pathological CNV at the macula, we collected
information on the significance of Müller glia in photore-
ceptor survival, and we finally have discussed prospects
on how the pro-angiogenic and pro-inflammatory response
from stressed Müller glia may impact AMD pathogenesis.
This perspective review suggests that studies investigating
the direct contribution of Müller glia to the development
and progression of AMD are critical to better understanding
the disease mechanism and improving therapeutic interven-
tions. Müller glia in a healthy retina and disease are summa-
rized in the Figure.
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The key take-home messages from this review are based
on the following premises, findings, and hypotheses:

(1) Müller glia, the major macroglia of the retina, are radi-
ally oriented, span the entire width of the retina, and
provide support to all retinal neurons.

(2) In the macula, a cone photoreceptor-enriched area
of the retina that is responsible for central detailed
vision, Müller glia exhibit structural and metabolic
adaptations different from peripherally located cells.

(3) In AMD retinas, Müller glial activation, remodeling,
and migrations are reported specific to the areas of
RPE atrophy, CNV lesions, and photoreceptor loss.

(4) Besides RPE cells, Müller glial cells preferentially
express a subset of AMD-associated genes.

(5) Based on their specialization, it is predicted that
dysfunctional Müller glia contribute to AMD patho-
genesis.

(6) Identification of pathways and cell-cell interactions in
which Müller glia are involved during AMD pathogen-
esis will improve the current understanding of disease
mechanisms and may reveal novel therapeutic inter-
ventions for AMD.

ANATOMY AND FUNCTIONS OF MÜLLER GLIA IN THE

MACULA

AMD pathology begins in the peripheral macula and spreads
toward its center. Specifically, photoreceptor degeneration
is reported to start in the parafovea, the macular region
that surrounds the centermost fovea, and contains both
rods and cones. Then, the degeneration spreads toward the
foveal center or foveola, which contains cones only and
is responsible for the highest visual acuity.6,21 The human
retina includes two types of glial cells: macroglia, which
include astrocytes and Müller glial cells, and microglia. Of
these, Müller cells were reported as the only glia of the
fovea, although a recent report suggests the presence of
some astroglia in the human foveal pit.22 Müller cells in
the macula are structurally adapted and morphologically
distinct from Müller glia in other parts of the retina, allow-
ing them to provide structural support to the parafovea
and foveal cones. In the foveola, the ultrastructure of the
Müller glia is described as an inverted cone-like structure,
whereas they exhibit a z-shaped structure in the foveolar
walls and parafovea region.23,24 These structural adaptations
of Müller glia in the fovea and macula may also contribute
to specialized optical functions facilitating light transmis-
sion through the cone-rich photoreceptors, enabling detailed
central vision.22,24,25 It is thought that Müller glia function as
optic fibers, guiding light to the photoreceptors through the
inner retina without scattering.26 However, the optic guid-
ance property of Müller cells in primate retina was disputed
by a recent study.27

Müller cell density in the parafovea is five times higher
than in the far peripheral non-macular retina28 (peak density
of >30,000 cells/mm2 in the parafovea and approximately
6000 cells/mm2 in the far peripheral retina). Densely packed
Müller glia and their structural adaptations could be critical
to maintaining the avascular zone of the fovea29,30 and thus
enabling an area of high visual acuity. In the monkey fovea,
equal numbers of Müller glial trunks and cone photore-
ceptor terminals have been reported, with each Müller cell
partially ensheathing two to three cone terminals. This 1:1
ratio of cone terminals to Müller glia emphasizes the impor-

tance of Müller glia and suggests that Müller cell pathology
may detrimentally affect macular functions by disrupting the
necessary ratio.31

Indeed, Müller glial pathology has been reported in
multiple macular diseases. Müller cell degeneration and
associated mitochondrial pathology in all retinal cell types
within and near the areas of lesions are reported in macu-
lar telangiectasia,32 a rare form of macular degeneration
culminating in central vision loss, which is typically char-
acterized by RPE hyperplasia, subretinal neovasculariza-
tion, photoreceptor loss, and central vision loss.33–35 In
tractional macular disorders, disruption of the Müller glial
cone structure in the foveola leads to the formation of
epiretinal membranes (fibro-cellular semi-translucent avas-
cular membrane made up of glial cells that appear at
the inner limiting membrane or inner retinal surface,36

also referred to as epimacular membrane, surface-wrinkling
retinopathy, cellophane maculopathy, and preretinal macu-
lar fibrosis) and macular holes.37 Additionally, Müller glial
cell swelling, elevated inflammatory responses, and necrosis
are reported in diabetic macular edema,38 a disease asso-
ciated with hyperglycemia involving intraretinal fluid accu-
mulation in the macular retina. As the Müller cell density is
the highest in the parafovea, this may suggest a mechanism
whereby Müller cell impairment at the macula can disrupt
water homeostasis, contributing to macular edema.38

Metabolic Adaptations of Macular Müller Cells

The macula requires an efficient system of cooperating cells,
including RPE, Müller glial cells, and photoreceptors, to
facilitate metabolic energy flow and enable central vision.
Glucose from the choroidal blood supply is transported via
the RPE to photoreceptors, which rely on glycolysis as their
primary source for ATP production due to the rapid drop in
oxygen tension with increasing distance from the choroid.39

Photoreceptors deliver the byproduct of glycolysis, lactate,
to Müller cells and RPE cells, both of which can effec-
tively use lactate for mitochondrial oxidative phosphoryla-
tion to produce their ATP.40 This interdependent nature of
the metabolic ecosystem can rapidly deteriorate due to insult
and disease,41 and damage or pathology to one cell type in
this ecosystem may lead to the dysregulation of the entire
system. Relevant to this concept, recent studies have iden-
tified different Müller cell clusters with distinct metabolic
signatures,42,43 suggesting that their metabolism across the
retina may vary. These metabolic adaptations may be crit-
ical in protecting the retina from oxidative stress, a signif-
icant risk factor in the pathogenesis of AMD.44,45 Müller
cells are the primary retinal source of antioxidants, such
as glutathione and Nrf2, a major transcription factor that
controls both basal and induced expression of genes depen-
dent on antioxidant response elements in the retina.46–48 It
has been reported that de novo serine synthesis is critical
for Müller glia to balance oxidative stress in the retina.49 For
example, when phosphoglycerate dehydrogenase (a rate-
limiting enzyme in de novo serine metabolism) was inhibited
by CBR-5884, cultured Müller cells exhibited increased cellu-
lar damage when exposed to oxidative stress. A comparison
study performed with human primary Müller cells isolated
from macular and peripheral retina indicated that macu-
lar Müller glia expresses more phosphoglycerate dehydro-
genase than peripheral Müller glia.50 Macular Müller cells
also exhibited increased reactive oxygen species (ROS) and
glutathione levels compared to the peripheral Müller cells.
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They were found to be more susceptible to oxidative stress
when phosphoglycerate dehydrogenase was inhibited. It has
been reported that Nrf2 is an upstream regulator of serine
biosynthesis; it controls the expression of key serine biosyn-
thesis enzymes, including phosphoglycerate dehydrogenase,
and supports the production of glutathione.51 This suggests
that increased serine synthesis and glutathione levels in
macular Müller glia could be driven by Müller glial Nrf2.

Overall, cultured primary human macular Müller cells
have increased glycolysis, glycolytic, and glycolytic reserve
capacity compared to peripheral Müller glia, suggesting a
glycolytic adaptation to meet increased energy needs at the
macula. In contrast, the oxygen consumption rate, assessing
mitochondrial ATP production, varied minimally between
macular and peripheral Müller cells. Although basal mito-
chondrial respiration was elevated in macular Müller cells,
no difference in spare respiratory capacity or ATP produc-
tion was observed in macular compared to the periph-
eral Müller cells.50 Given these results, glycolytic adap-
tations and increased serine synthesis in macular Müller
glia might be a compensatory mechanism to buffer the
increased neuronal activity and thus oxidative stress in the
macula.

ROLE OF MÜLLER GLIA IN PHOTORECEPTOR

SURVIVAL

Interaction with Müller glial cells is critical for photore-
ceptor survival. Müller glia facilitate photoreceptor synapse
formation with secondary neurons in the inner nuclear
layer during development (reviewed in Ref. 15). Müller
cell-derived pigment epithelium-derived factor and permis-
sive glycans (presumably localized on Müller membranes)
promote photoreceptor outer segment (OS) assembly.52

Consistently, in a mouse model of retinitis pigmentosa, a
retinal disease which is characterized primarily by early rod
followed by cone photoreceptor degeneration, upregulation
of genes responsible for photoreceptor OS maintenance was
reported in the Müller glia/astroglia cell clusters,53 suggest-
ing a compensatory glial response during disease driven
photoreceptor degeneration. Müller glia express specialized
glutamate transporters (glutamate/L-aspartate transporter)
and contribute to the termination of retinal photorecep-
tor synaptic activity by uptake and clearance of glutamate.
In addition, Müller glia supply neurotransmitter precur-
sors such as glutamine for glutamate synthesis to photore-
ceptors (reviewed in Ref. 54). As indicated above, Müller
cells regulate glucose metabolism and protect photore-
ceptors from excess oxidative stress by providing antioxi-
dants (glutathione and Nrf2). Müller glia also regulate reti-
nal blood flow, extracellular pH, and water homeostasis,
and they release neurotrophic factors, growth factors, and
chemokines to provide a pro-survival microenvironment in
the retina. Specifically, Müller cells maintain the K+, gluta-
mate, and water balance in the retina utilizing the K+ chan-
nel Kir4.1, the glutamate/L-aspartate transporter (GLAST),
and aquaporin 4 (AQP4), respectively.55,56 Functional inacti-
vation of Kir4.1 or aquaporin 4 disrupts potassium and water
balance within the retinal tissue, leading to neurodegenera-
tion and edema,56 and reduction in GLAST compromises reti-
nal function.57 Finally, we refer the readers to a review arti-
cle examining the metabolic relationship among RPE, Müller
cells, and photoreceptors, with a focus on lactate shuttling,
which we will not discuss in detail here.58

In addition to providing metabolic support for the
photoreceptors, Müller glia offer structural support. In the
fovea, which contains mainly Müller glia and cone photore-
ceptors, specialized Müller processes ensheath the unmyeli-
nated axons of photoreceptors to form the Henle fiber
layer. Elastic Müller glia provide a softer embedding for the
comparatively harder photoreceptors, protecting them from
mechanical stress.11,59

A transgenic mouse model with conditional Müller cell
ablation exhibited impaired rod and cone b-waves and
photoreceptor degeneration along with blood-retina-barrier
breakdown and intraretinal neovascularization,60 suggesting
that Müller glia are critical for proper structure and func-
tion of the photoreceptors. Similarly, in eyes with macu-
lar telangiectasia, the loss of Müller glia at the macula has
been associated with photoreceptor outer segment loss,32

emphasizing the necessity of Müller glia for photoreceptor
maintenance. Additionally, in a diabetic mouse model, it has
been shown that disruption of VEGFR2 signaling, specifi-
cally in the Müller glia, causes Müller glial degeneration,
leading to photoreceptor and inner retinal neuron degen-
eration, suggesting that Müller glia VEGFR2 is needed for
photoreceptor and neuronal survival.61 Müller glia’s interac-
tion with other glial cells may also lead to damaging effects
on photoreceptors. For instance, microglia and Müller glial
interaction has been reported as a mediator in light-induced
photoreceptor degeneration, and their interaction has been
shown to regulate growth factors in degenerating retinas.
Specifically, microglia-derived NGF, BDNF, and CNTF can
indirectly regulate photoreceptor cell apoptosis by modu-
lating GDNF and bFGF production and release from Müller
glia, both of which are neuroprotective for photorecep-
tors.14 Collectively, these reports highlight the critical roles
Müller glial cells play in photoreceptor maintenance and
survival and suggest that Müller glial damage/dysfunction
can be an upstream insult signal in photoreceptor
degeneration.

ROLE OF MÜLLER GLIA IN THE PATHOGENESIS OF

AMD

In addition to the RPE, Müller glia cells have been iden-
tified as a predictive cell type for AMD based on their
expression of AMD-related genes. Single-cell RNA sequenc-
ing of human retinas demonstrated that retinal glial cells
(Müller cells and astrocytes) express increased levels of
AMD-associated genes, such as VEGFA, COL4A3, TIMP3,
and HTRA1 compared to other retinal cell types.43 More-
over, in situ hybridization results indicated colocalization of
the AMD susceptibility genes CFI and TIMP3 with APOE in
human Müller glia.43 In support of this, another single-cell
RNA seq study reported a significant presence of AMD risk
genesHTRA1,APOE, and CFI in primate Müller cells.62 These
results challenge the existing dogma that the expression of
AMD risk genes is associated only with RPE and photorecep-
tors as they reveal an association of Müller glia with AMD
genetic risk. Additionally, a single-cell transcriptome analy-
sis from human macular samples indicates the prevalence
of a subcluster of Müller cells with reduced mitochondrial
(mt) DNA42 in samples from patients with early AMD. These
changes in mtDNA in Müller cells are similar to those in the
RPE, where reduced mt DNA copy number and increased
mt DNA mutational load have been strongly associated with
AMD.63
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Overall, the presence of AMD-associated markers in
Müller cells and the Müller cells’ critical roles in maintain-
ing the macula and photoreceptors highlight that Müller glial
dysfunction, in addition to RPE dysfunction (which is a well-
reported hallmark of AMD pathogenesis), may have roles
in driving AMD progression. Likewise, these observations
suggest that therapies targeting Müller glia may be benefi-
cial in preventing or mitigating AMD. In the following parts
of this review, we have included the current understanding
of Müller glial response during dry and wet AMD, as well
as added a perspective on how stressed Müller glia might
contribute to AMD pathogenesis, overall highlighting the
need for future studies in this area.

Müller Glial Activation and Remodeling in AMD

Activation of Müller glia or “gliosis” has been reported in
many retinal diseases. Whereas low-grade glial cell activa-
tion may contribute to the survival of stressed neurons,
massive activation of Müller glia can be detrimental.64 In the
degenerating retina, either impairment of Müller glia or their
overactivation can contribute to increased tissue stiffness,
impaired antioxidant supply, upregulated intermediate fila-
ments, increased complement activation, monocyte recruit-
ment, and edema, as well as glial scar formation (reviewed
in Ref. 65). Briefly, Müller glial scars are based on cellular
hypertrophy, proliferation, and migration of the Müller glia
that encapsulate degenerating photoreceptors and neurons
to separate them from the healthy retinal areas. However,
increased tissue stiffness resulting from the upregulation of
intermediate filaments in Müller glia can lead to neuronal
damage, and glial scars can lead to epiretinal membranes,
as has been shown in retinal detachment, diabetic retinopa-
thy, and AMD (reviewed in Ref. 65).

During AMD pathogenesis, which typically begins as
early or dry AMD and then progresses to severe dry
AMD (GA) or wet (neovascular) AMD, Müller glial acti-
vation, remodeling, and migration occurs explicitly in
the areas of RPE atrophy, photoreceptor loss, and CNV
lesions (see the Fig.).17,18,66 However, it remains unclear
whether Müller glial stress/activation occurs in response
to pathology or directly contributes to it.67 In healthy
retinas, bases of photoreceptors and Müller cells form
adherens junctions to create the external limiting membrane
(ELM). This structure provides stability and integrity for
the retina’s cellular organization and anatomy. However,
in the eyes of patients with GA, Müller cells form
dense subretinal membranes posterior to the external
limiting membrane (see the Fig.).17,66 These GFAP and
vimentin-positive (markers of Müller glial activation or
gliosis) glial membranes are observed directly above the
areas of RPE degeneration, suggesting a strong associ-
ation between activated Müller glial migration and RPE
pathology during AMD. Gliotic Müller cells are also
reported above soft drusens.68 Corroborating these obser-
vations in human retinas, similar findings are reported
in a light-induced rat model of photoreceptor degenera-
tion, which demonstrates rod photoreceptor degeneration
followed by cone degeneration.6,69 In this model, the reti-
nal areas of photoreceptor loss were occupied with acti-
vated GFAP positive Müller glia70 confirming the occur-
rence of glial stress during photoreceptor degeneration.
Thus, across multiple species, there is a strong correlation
between Müller cell stress/activation localization and areas
of RPE/photoreceptor stress.

In contrast to subretinal glial membranes observed in GA,
increased presence of epiretinal glial membranes found on
the vitreal side of the inner limiting membrane are reported
in patients with neovascular AMD (see the Fig.).20 These
epiretinal glial membranes are common in aged human
retinas, and increased presence of age-related preretinal
membranes has been associated with the severity of neovas-
cular AMD. These glial membranes found between the
inner limiting membrane and vitreous in AMD retinas are
formed by Müller cells and astroglia components.71 This glial
migration toward the vitreous could be triggered by reti-
nal ischemia in AMD,71 causing the Müller glia to migrate
to receive nutritional supply from the vitreous. Epireti-
nal glial membranes could lead to complications such as
retinal tractions and may even interfere with access of
currently existing intravitreal therapies of AMD to the target
tissues.

Additionally, an association has been identified between
microglia and epiretinal glial membranes in the retinas of
patients with neovascular AMD. Numerous Iba1-positive
microglial cells have been found in the glial membranes’
areas, suggesting Müller glial-microglia interaction in AMD
pathogenesis.20 The specific Müller glia-microglia interac-
tion has been investigated in a light-induced photoreceptor
degeneration rat model,70 and the resulting data suggests
that Müller cell activation can coordinate microglial migra-
tion to the damaged photoreceptors. Similarly, suppres-
sion of the cytokine Ccl2 in the Müller glia reduced both
microglial recruitment to the areas of injury and photore-
ceptor loss during photoreceptor degeneration.72 Further-
more, it has been shown that microglia secreted IL-1β can
upregulate chemokine expressions in Müller cells during
photo-oxidative retinal damage.73 This bidirectional commu-
nication between Müller cells and microglia is critical in
shaping overall injury responses in the retina.74 It may
suggest a crucial role of Müller glia-microglia interaction
in AMD.

A recent study examining human GA retinas further
confirmed19 the presence of subretinal glial membranes
in the regions of choroidal and RPE atrophies. Similarly,
the outgrowth of Müller cell processes toward the choroid
and migration of retinal neurons alongside these remodeled
Müller cell processes was reported in Wistar rats, which
exhibit age-related photoreceptor and RPE degeneration75

as well as in patients with non-neovascular AMD. Displaced
neurons were reported to form ectopic synapses as part of
the remodeling process.76 These results suggest that Müller
glial migration is associated with the survival of displaced
neurons and might contribute to ectopic synapse formation
in the outer retina during degeneration. This is in line with
observations indicating the outgrowth of Müller glia toward
the subretinal space in experimental retinal detachment.77

In summary, Müller cell activation and remodeling, which
has been demonstrated to occur during AMD, may affect
cells in direct contact with Müller cells, such as photorecep-
tors, or may affect the cells in the vicinity of Müller cells, such
as the RPE and choroid, indirectly, via the uptake/release
of factors. We hypothesize that activated Müller glia that
migrate to the subretinal space may contribute to RPE cell
death in GA via recruiting microglia or by secreting pro-
inflammatory factors locally. In addition, activated Müller
glia may also increase the availability of pro-angiogenic
factors, such as VEGF locally in the subretinal space, causing
a disruption in RPE barrier function and triggering patholog-
ical CNV (see the Fig.).
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Secretory Role of Müller Glia in Health and
Disease

Current reports indicate that Müller glia are critical for
the structural and functional properties of the macula,
suggesting that stressed Müller glia in the areas of CNV
lesions and RPE atrophy may contribute to the pathogen-
esis of AMD. As a major secretory cell type in the retina,
Müller cells secrete several trophic factors and inflammatory
cytokines, such as PEDF, TSP-1, VEGF, GDNF, MMP-2, and -9,
IL-1β, Tnf-α, and IL-6, which can contribute to or mitigate
neovascularization and other retinal pathologies.78 Normal
levels of TSP1 and VEGF secreted by Müller glia are criti-
cal for maintaining the endothelial cell tight junctions and
blood-retina barrier (BRB) functions in a healthy retina.
However, under pathological conditions, Müller glia reduce
PEDF and increase VEGF expression and secretion, caus-
ing barrier function disruption and neovascularization.79 In
addition, Müller glia also express proteases, such as MMP-9
and HTRA1,43 which are major contributing factors in extra-
cellular matrix turnover and the pathogenesis of AMD.80–82

Increased plasma levels of MMP-9 have been associated with
neovascular AMD,83 and genetic polymorphisms near MMP-
9 were explicitly linked to CNV in a large genomewide asso-
ciation study (GWAS).84 These findings suggest that Müller
cells may also play a critical role in extracellular matrix
remodeling in AMD, a hypothesis that warrants further stud-
ies.

During bright light exposure, microglial activation trig-
gers Müller glia to secrete neurotrophic factors such as
GDNF, facilitating photoreceptor survival. In addition to
directly influencing neuronal survival, Müller glial-derived
factors may affect other retinal cell types, such as microglia
(as discussed above). In cocultures of retinal microglia and
Müller glia, interactions increased secretion of proinflamma-
tory factors from Müller glia, leading to microglial activation
with a positive feedback loop system. Suppressing Ccl2, a
potent chemokine for monocytes, in Müller glia, reduced
microglial recruitment and photoreceptor death in the reti-
nas of light-induced rat model of photoreceptor degenera-
tion.72 Activated microglia cocultured with Müller glia also
increase IL-1β and IL-6 secretion from Müller glia.85

Another study reported that Müller glia-derived Tnf-α
can induce mitophagy and apoptosis in the RPE via the
EGFR/p38/NF-κB/p62 pathway under high glucose condi-
tions.86 Further, increased Müller glial MCP1 expression has
been reported in retinal detachment, leading to macrophage
and microglial recruitment and photoreceptor cell death.87

This represents a possible mechanism that may also be
involved in AMD, although these studies have not yet been
performed. Together, these reports suggest that stressed
Müller glia may contribute to AMD pathogenesis through
overactive pro-angiogenic and inflammatory responses.

Müller Glial Remodeling in CNV and Conversion
to Wet AMD

The pro-angiogenic role of Müller glia under pathologic
conditions and their ability to interact with other cells as
a major secretory cell in the retina (as mentioned above)
suggest that stressed Müller glia may contribute to the induc-
tion of CNV. The reports from animal models and patients
with AMD discussed below emphasize this hypothesis.

In a rat model of AMD-like pathology, induced with
subretinal injections of human lipid hydroperoxide, a

component found in the submacular region in patients
with AMD, early RPE atrophy was reported, followed by
photoreceptor and inner retinal degeneration, and finally
CNV. In this model, Müller gliosis based on GFAP expres-
sion occurred 5 days after injection and increased in sever-
ity with time, peaking 20 days post-subretinal injection.88

By 12 to 20 days post-injection, activated Müller glia formed
subretinal glial membranes posterior to the atrophic RPE and
photoreceptors. Similarly, the senescence-accelerated OXYS
rat model of AMD exhibited increased GFAP expression in
Müller glia as the RPE atrophy progressed.89 Together, these
studies suggest that RPE pathology begins as an early event
before significant gliosis, and that massive gliosis is asso-
ciated with severe or neovascular AMD. In these models,
Müller gliosis occurred before detectable neovascularization
but worsened as the CNV lesions grew, suggesting that acti-
vated Müller cells may contribute to neovascular AMD or
conversion to wet AMD pathogenesis.

Pathological neovascularization in AMD is mainly medi-
ated via excess VEGF; angiogenesis is initiated by VEGF
binding to VEGFR2 receptors on endothelial cells, activating
downstream angiogenic signaling pathways, and leading to
capillary angiogenesis. Whereas RPE-derived VEGF is critical
for maintaining the choroid vasculature,90 excess production
and secretion of RPE-derived VEGF can lead to pathologi-
cal angiogenesis under disease conditions.91,92 Müller cells
represent another major source of VEGF in the retina,93,94

and they also express VEGFR2, which is critical for photore-
ceptor survival.61 Excess VEGF secretion from the Müller
glia has been reported to cause RPE barrier dysfunction and
neovascularization.95 Notably, VEGF provided by the scar-
forming Müller glia and the physical scar itself may interfere
with the availability and efficacy of anti-VEGF therapies in
AMD. In addition, disrupted photoreceptor synaptic func-
tion mediated by Müller cell activation overlying the CNV
has been proposed as another possible cause of incomplete
response to anti-VEGF therapy or suboptimal vision recov-
ery in some patients.96 Specifically, local Müller glia activa-
tion may cause disrupted expression of two critical compo-
nents of synaptic transmission, synaptic vesicle protein 2
and vesicular glutamate transporter 1, in the outer plexiform
layer overlying the CNV.96 This hypothesis is supported by
data obtained from the laser-induced CNV mouse model,
in which photoreceptor synaptic dysfunction and reduc-
tion of ERG b-waves occur quickly after the laser lesion,
suggesting the contribution of Müller glial disruption as an
early event in the CNV model contributing to photoreceptor
death.96,97

Additional support that Müller glia-derived VEGF likely
contributes to retinal neovascularization98,99 comes from
data in diabetic retinopathy. Conditions of increased oxida-
tive stress and ischemia can increase the levels of Müller
glial VEGF.100 As oxidative stress and ischemia are major
contributing factors in AMD, upregulated Müller glial VEGF
may also contribute to pathological neovascularization in
AMD. Macular Müller cells are more susceptible to oxida-
tive stress than those derived from the periphery, and
the presence of AMD may further exacerbate their stress
response.

Several other factors indicate a role for Müller glia in
neovascular AMD. First, in addition to the typical increase
in GFAP expression observed in AMD progression, hyper-
citrullination of GFAP in Müller glial endfeet has been asso-
ciated with CNV lesions in mouse models and in maculas
of patients with exudative AMD.18 The enzyme responsi-
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ble for citrullination, peptidyl arginine deiminase-4 (PAD4),
localizes to the Müller glial endfeet in the areas of injury in
a lesion-specific manner. Glial cell-specific PAD4 deficiency
mitigated citrullinated GFAP increase after injury, suggesting
that glial PAD4 is critical for the citrullination of GFAP. The
study offers two additional possible mechanisms for pathol-
ogy: (1) citrullination might alter GFAP filament dynamics
and stability, thereby affecting Müller glial function; and (2)
the formation of anti-citrullinated GFAP antibodies, which
trigger complement activation, may contribute to inflamma-
tion during AMD pathogenesis. Finally, in selected patients
with late-stage GA, subretinal Müller glial membranes were
observed above the areas of atrophic RPE and choroidal
atrophy, together with the formation of either non-exudative
or exudative CNV,19 suggesting that these subretinal Müller
glial membranes may have a role in the conversion from
dry to wet AMD, perhaps by the excess secretion of VEGF.
We hypothesize that Müller glia-derived VEGF may exert a
paracrine response initiating pathological CNV, leading to
dry-to-wet AMD conversion (see the Fig.).

SUMMARY AND PERSPECTIVE

Structurally and metabolically adapted Müller glia at the
macula are critical for preserving high visual acuity and
central vision in humans. During AMD pathogenesis, Müller
glia undergo significant remodeling, which includes glial
activation and migration followed by glial membrane forma-
tions in the subretinal and inner retinal areas (see the Fig.).
In AMD retinas, these glial stress responses are reported
specific to the areas of pathology, such as RPE atrophy, CNV
lesions, and photoreceptor loss, suggesting an association
between Müller glial stress and AMD pathology. However,
little is understood about the role of Müller glial stress in
AMD pathogenesis. The evidence presented in this review
indicates that stressed Müller glia may directly contribute
to the pathogenesis of AMD or exacerbate the severity of
the disease. Müller cells express several AMD-associated
genes, including HTRA1, MMP-9, and CFI, and they are
reported as a predictive cell type for AMD pathogenesis,
suggesting that altered expression of these genes in the
Müller glia may contribute to AMD. Thus, studying cellu-
lar responses in genetically characterized Müller cells carry-
ing these gene polymorphisms may provide critical infor-
mation about the genetic aspects of AMD. Pro-inflammatory
and pro-angiogenic responses reported in Müller glia under
pathological conditions may also be involved in AMD. Iden-
tifying Müller-glia-involved pathways in AMD will improve
the current understanding of AMD disease mechanisms and
may lead to better therapeutic interventions. We hope this
perspective review emphasizes the critical need to investi-
gate the role of Müller glia in AMD pathogenesis.
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