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Mdller glia of the retina share many features with astroglia located throughout the brain
including maintenance of homeostasis, modulation of neurotransmitter spillover, and
robust response to injury. Here we present the molecular factors and signaling events
that govern Mller glial specification, patterning, and differentiation. Next, we discuss
the various roles of MUller glia in retinal development, which include maintaining retinal
organization and integrity as well as promoting neuronal survival, synaptogenesis, and
phagocytosis of debris. Finally, we review the mechanisms by which Muller glia integrate
into retinal circuits and actively participate in neuronal signaling during development.
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INTRODUCTION

Miiller glia are the predominant synaptic astroglia of the retina. They tile the entire tangential
retinal plane and exhibit a radial morphology which traverses from photoreceptors to inner
limiting membrane. Miiller glia exhibit a strikingly complex morphology, with distinct membrane
specializations that contact photoreceptor outer segments, neuronal somata within nuclear layers,
neurites within synaptic layers, and blood vessels throughout the retina. Their proximity to virtually
every retinal cell type positions Miiller glia ideally to guide the wiring and functioning of retinal
circuits (Reichenbach and Bringmann, 2013).

Since the days of Heinrich Miiller and Santiago Ramon y Cajal, who, respectively, discovered
and later meticulously described the morphology of Miiller glia and other astroglial cells (Miiller,
1851; Ramon y Cajal, 1893), advances in genetic targeting as well as optical imaging have revealed
essential roles for these cells in brain development and function. Miiller glia, like other astroglial
cell types, are born from the same neuroepithelial progenitors as those which produce neurons
(Cepko et al., 1996). Miiller glia are the only glial cell type to be born from progenitors within the
retina. The two other retinal glial populations, astrocytes and microglia, migrate into the developing
retina from other sources and play important developmental roles that are both distinct from and
overlapping with those of Miiller glia, as has been recently reviewed by other authors (Li et al., 2019;
Dixon et al., 2021; Paisley and Kay, 2021).

Shortly following their birth, Miiller glia begin to sculpt and integrate with nascent circuits as
their morphological complexity grows and as they release molecules that are critical for neuronal
survival and synaptogenesis (Reichenbach and Bringmann, 2013). As circuits mature in the retina
and elsewhere in the brain, astroglia dynamically interact with neuronal processes and synapses via
direct physical contact and signaling through an array of neurotransmitter receptors, ion channels,
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transporters, and exchangers expressed by glia (Lavialle et al.,
2011; Rosa et al., 2015; Zhang et al., 2019). This enables Miiller
glia and other synaptic glial cells to integrate and respond
to neuronal signaling across a range of time scales, often
involving intracellular mobilization of second messengers such as
calcium, as well as changes in gene expression and morphology
(Uckermann et al., 2004; Rillich et al., 2009; Hasel et al., 2017).

Much effort has been focused on understanding the
developmental trajectory and functions of astrocytes within
brain circuits (Allen and Lyons, 2018), while less is known
about the role of Miiller glia in retinal circuit development.
Here, we provide an overview of the current understanding of
Miiller glial development. We begin by describing the signaling
events underlying Miiller glial specification, patterning, and
differentiation, and we move on to discuss their known roles in
promoting retinal neuronal survival, synaptogenesis, and synapse
pruning. Finally, we review the mechanisms by which Miiller
glia integrate into developing circuits, enabling them to rapidly
respond to synaptic activity within the first few days after their
exit from the cell cycle. We also note that although many recent
studies have indicated a role for Miiller glia in retinal regeneration
by reprogramming gene expression (Goldman, 2014; Blackshaw
and Sanes, 2021; Too and Simunovic, 2021) this will not be a focus
of the present review.

DEVELOPMENT OF MULLER GLIAL
CELLS

Fate Determination and Differentiation
Before Miiller glial fate is specified among progenitor cells, the
vertebrate retina has already completed much of its anatomical
development; neuronal fate specification is complete, the cellular
and plexiform layers have formed, and synapses are undergoing
active refinement at this time. During vertebrate embryogenesis,
the developing retina consists of a pool of mitotic, multipotent
progenitor cells which arise from the neuroepithelium and
eventually produce all classes of retinal neurons and Miiller
glial cells (Figure 1). These cell classes are specified in an
orderly but overlapping sequence which is generally conserved
across vertebrate species; ganglion cells are born first during
late embryogenesis, followed by amacrine cells, horizontal cells,
and cone photoreceptors. Rod photoreceptors differentiate over
an extended period of time through the first postnatal days in
mice, followed shortly thereafter by bipolar cells and Miiller glia
(Young, 1985; La Vail et al., 1991; Prada et al., 1991; Cepko et al,,
1996; Wong and Rapaport, 2009).

These cell fate determinations are coordinated by
transcriptional regulatory networks which generate distinct
competence states wherein progenitor cells may produce a
subset of postmitotic retinal cells (Figure 2). A long history
of study using lineage tracing and genetic perturbation has
implicated a number of transcription factors required for
the maintenance of various progenitor competence states,
including Pax6 (required for maintenance of multipotency),
Sufu (a negative regulator of hedgehog signaling-induced gene
expression), and Sox2 (downstream of hedgehog signaling

and required for neurogenesis) (Bassett and Wallace, 2012).
Additionally, the conserved transcription factor Ikaros confers
competence among progenitors to produce early-born neuronal
types, and its downregulation is required for transition into
a competence state in which Miiller glia are produced (Elliott
etal., 2008). Conversely, upregulation of the homeobox gene Rax
induces competence among late progenitors to produce Miiller
glia (Furukawa et al., 2000).

Extrinsic Factors Affecting Miiller Glial

Development

Within these competence states, cell extrinsic signaling regulates
fate choice via contact-mediated signaling or release of soluble
factors from neighboring cells (Livesey and Cepko, 2001; Bassett
and Wallace, 2012; Cepko, 2014) (Figure 2). In particular, the
Delta-Notch transmembrane signaling pathway is instructive for
cell fate choice throughout development of the retina and the
rest of the brain (Jadhav et al., 2006; Louvi and Artavanis-
Tsakonas, 2006). Several studies across multiple vertebrate
species have shown that activation of Notch in late retinal
progenitors promotes expression of Miiller glial markers, in
some cases at the expense of differentiated neurons (Henrique
et al., 1997; Zheng-Zheng and Cepko, 1997; Furukawa et al,
2000; Scheer et al., 2001). This occurs via interactions between
the Notch pathway and a variety of gene regulatory networks
which include the transcription factors Lhx2, Sox9, and the
basic helix-loop-helix (PHLH) superfamily. First, Lhx2 directly
activates genes in the Notch pathway to induce proliferation
among gliocompetent retinal progenitors. Lhx2 remains highly
expressed in glial precursors and is required for their terminal
differentiation and expression of Miiller glia-specific markers
including p27XP1, glutamine synthetase, and Sox9 (Melo et al.,
2016a,b). Subsequently, Sox9 functions in late progenitors
either to induce a gliocompetent state or to promote terminal
differentiation into Miiller glia (Kohn et al., 2015; Poché et al.,
2008). Finally, a network of bHLH factors including Hesl,
Hes5, and Hesr2 positively regulate Miiller glial fate choice
downstream of Notch activation by dimerizing and binding
to regulatory elements of proglial genes (Furukawa et al,
2000; Hojo et al., 2000; Satow et al., 2001). These function
in concert with non-DNA binding bHLH factors known as
Inhibitor of differentiation 1-3 (Id1-3), which promote cell cycle
progression among Miiller glial progenitors by heterodimerizing
with and sequestering proneuronal bHLH factors, thereby
preventing their binding to DNA (Lasorella et al, 2002;
Uribe and Gross, 2010; Mizeracka et al., 2013). Thus, the
bHLH pathways interact with and modulate each other to
coordinate Miiller glial cell fate determination downstream of
Notch activation.

In addition to contact-mediated signaling through Notch,
several growth factor signaling pathways have been shown to
promote Miiller glial fate (Figure 2). These include ciliary
neurotrophic factor (CNTF) and leukemia inhibitory factor
(LIF), which promote Miiller glial genesis by activating the Janus
kinase (JAK)-signal transducer and activation of transcription
(STAT) and extracellular signal-regulated kinase (ERK) pathways
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FIGURE 1 | Developmental timeline of retinal neuroepithelium-derived cell birth in rodents. Near the end of embryonic development (starting around E12 in rodents),
multipotent progenitor cells become competent to produce all retinal neurons and Muller glia in a conserved, overlapping temporal sequence. Early retinal
progenitors first produce ganglion cells, horizontal cells, cone photoreceptors, and most amacrine cells prior to birth. Postnatally, late retinal progenitors produce
most rod photoreceptors, bipolar cells, and lastly Miller glia. Adapted from Bassett and Wallace (2012).
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FIGURE 2 | Known factors underlying the progression from retinal progenitors to mature Mdller glia. Cell intrinsic molecules including transcription factors and
microRNAs which mediate maintenance of cell identity or differentiation at each step are listed at bottom. Contact-dependent (Delta/Notch) and growth factor
signaling pathways thought to promote Muller glial specification and differentiation are listed above arrows. *Notch-responsive factors include Hes1, Hes5, Hesr2,
Id1-3, Sox9, and Nfia/b/x.

involved in cell growth and proliferation (Goureau et al., 2004;
Todd et al.,, 2016). Transient expression of bone morphogenetic
protein (BMP) near the end of retinal neurogenesis leads to
phosphorylation of Smad1/5/8 in prospective Miiller glial cells,
leading to upregulation of Miiller glia-specific genes (Ueki et al.,
2015). Similarly, epidermal growth factor (EGF) promotes Miiller
glial fate using a mechanism that interacts with BMP signaling,

and progenitor competence to produce Miiller glia in response
to EGF begins around PO in rodents (Lillien, 1995; Lillien and
Wancio, 1998; Close et al., 2006; Ueki and Reh, 2013). On the
other hand, transforming growth factor § (TGFf) secreted from
neurons inhibits proliferation of Miiller glial precursors in a
manner that is antagonistic with EGF signaling (Close et al.,
2005). This occurs via activation of the cyclin-dependent kinase

Frontiers in Neural Circuits | www.frontiersin.org

February 2022 | Volume 15 | Article 815923


https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neural-circuits#articles

Tworig and Feller

Mller Glia in Retinal Development

inhibitor p27X¥!, which is required for cell cycle withdrawal in
Miiller glial precursors (Levine et al., 2000).

Despite the progress made toward defining the regulatory
networks underpinning Miiller glial fate determination, this is
still a poorly understood process. Gain- and loss-of function
studies have identified a variety of pro-glial and pro-neuronal
bHLH transcriptional regulators under the control of Notch.
However, the effects of Notch signaling are highly pleiotropic,
resulting in a range of activities that either repress or
promote progenitor differentiation depending on developmental
timepoint, cell type, and transcriptional cross-talk with other
signaling pathways such as JAK-STAT (Louvi and Artavanis-
Tsakonas, 2006). Although this complicates our understanding of
Miiller glial differentiation, advances in single cell RNA profiling
enable pseudo-tracking of transcriptomes among all neural cell
types across development. This methodology is currently being
used to discover novel regulators of cell fate using differential
expression analysis (Shekhar and Sanes, 2021). For example,
a recent study using single-cell RNA-sequencing revealed that
the Notch-regulated nuclear factor 1 (NF1) transcription factors
Nfia/b/x are enriched in late retinal progenitors and promote the
formation of Miiller glia and bipolar cells (Clark et al., 2019).

Roles of Epigenetics and miRNAs in

Miiller Glial Development

Transcriptional regulatory networks function in an environment
in which chromatin varies in its accessibility depending on
covalent modifications to histones or DNA. Recent studies using
epigenomic tools such as ChIP-Seq have pointed toward histone
modification as a mechanism of Miiller glial specification and
differentiation. Polychrome repressive complex 2 (PRC2) acts
as a repressor of gene expression by transferring methyl groups
to lysine 27 on histone 3 (H3K27me2/3) (Hansen et al., 2008).
Inactivation of the histone methyltransferase Ezh2, a component
of PRC2, leads to enhanced and premature specification of Miiller
glia at the expense of late born neuronal types, possibly caused
by downregulation of proneural factors. Ezh2 knockout retinas
display enhanced expression of markers for mature Miiller glia,
along with glial membrane disorganization and upregulation
of GFAP, suggesting that Ezh2 also functions as a regulator of
differentiation in these cells (Iida et al., 2015; Zhang et al., 2015).
RNA-sequencing reveals that the effects of Ezh2 are due in part
to dysregulation of the Miiller glia-promoting gene Hesl, which
is normally targeted for H3K27me3 modification by PRC2/Ezh2,
thereby dampening glial differentiation under normal conditions
(Ueno et al., 2017).

A series of studies has also implicated microRNAs (miRNAs)
in regulating the timing of Miiller glial specification or
differentiation via translational silencing of various progenitor
genes. Initial evidence in support of this hypothesis came from
conditional knockout studies which abolished the function of
the RNA processing enzyme Dicer, halting the maturation of
miRNAs during retinal development. This resulted in agenesis
of Miiller glia associated with perturbed expression of Notch-
responsive genes and loss of the pro-glial transcription factor
Sox9, as well as defects in specification of some neuronal types
(Georgi and Reh, 2010; Davis et al., 2011). RNA expression

studies have identified specific miRNAs that are upregulated
or downregulated during retinal progenitor differentiation.
Microarray expression data across development along with
targeted knock-down of miRNAs were used to identify three
targets of Dicer - let-7, miR-125, and miR-9 - as key factors
in the specification of late progenitors which go on to produce
Miiller glia (La Torre et al., 2013). Another example is the
highly conserved miR-7a, which directly binds Notch3 mRNA
and suppresses its expression. This prevents differentiation
of retinal progenitors into Miiller glia, as evidenced by
perturbed expression of the glial markers glutamine synthetase
and cyclin D3 following miR-7a misexpression. This occurs
without interfering with specification or proliferation of other
cell types, suggesting that in the retina, the miR-7a/Notch3
system functions primarily in Miiller glia differentiation (Baba
et al, 2015). For a comprehensive review of the known
miRNAs affecting Miiller glial specification or differentiation,
see Quintero and Lamas (2018).

Further study aimed at wunraveling the interactions
between Miiller glial epigenome and transcriptome during
differentiation, along with expanded access to new sequencing
methods and the data they produce will provide necessary
detail in our understanding of Miiller glial specification and
differentiation.

Miiller Glial Patterning and

Morphogenesis

By the time of Miiller glial differentiation, around postnatal
day 5 (P5) in mice, anatomical development of the retina
is nearly complete, with most neuronal types already present
across three nuclear layers and two nascent synaptic layers
(Hoon et al., 2014). Components of the Notch signaling pathway
remain highly expressed in Miiller glia for an extended period
following cell cycle exit, and are required for maintenance of
Miiller glial identity during this time (Nelson et al, 2011).
Initially, Miller glia closely resemble retinal progenitor cells,
with simple apical and basal processes projecting from the cell
body, which is located near the middle of the inner nuclear
layer (INL) following interkinetic nuclear migration from the
apical region (MacDonald et al., 2015) (Figure 2). Miiller glia
are uniformly distributed across the retina (Figure 3A), and
the spatial organization of their cell bodies within the INL is
random, seemingly only constrained by physical restrictions from
nearby cells (Figures 3B,C) (Wang et al., 2017). This stands
in contrast to some retinal neurons like horizontal cells and
starburst amacrine cells, which form mosaics of regularly spaced
cell bodies (Reese and Keeley, 2015; Keeley et al., 2020).

Despite the random arrangement of Miiller glial cell bodies
within the INL, their apical and basal processes, which project
through the outer and inner plexiform layers (OPL/IPL), outer
nuclear layer (ONL), and outer/inner limiting membranes
(OLM/ILM), are arranged in a semi-regular array within the
tangential retinal plane (Franze et al, 2007). Miller glia are
generally regarded as a homogeneous cell type in mice and
primates based on gene expression analysis (Shekhar et al., 2016;
Wangetal., 2017; Peng et al., 2019; Yan et al., 2020). In developing
chicken retina, however, Miiller glia comprise multiple clusters
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FIGURE 3 | Muller glial (MG) cell bodies are uniformly distributed across the mouse retina and randomly arranged in the tangential plane, while processes in synaptic
layers tile the retina with minimal overlap. (A) In contrast to retinal ganglion cells, MG are uniformly distributed across all retinal eccentricities. (B) Staining for the glial
marker Sox9 in the inner nuclear layer (INL) reveals tight packing of cell bodies separated by small gaps. (C) Density recovery profile (DRP) for MG cell bodies (black)
reveals an exclusion zone which matches the average cell body size. DRP for simulated random arrays (gray) matched in cell size and density to MG corresponds
well with the true MG DRP, suggesting random assortment of cell bodies in the INL. (D) Combinatorial expression of multiple fluorescent markers via the Brainbow
system followed by contiguous spatial segmentation delineates the territories of individual cells within the inner and outer plexiform layers (IPL/OPL). (E) Arbor
overlap between neighboring pairs of MG was calculated before and after flipping each image about its horizontal axis. (F) Arbor overlap is significantly greater when
territories are flipped, suggesting non-random arrangement. Scale bars (in um): 50 (B), 5 (D). Adapted from Wang et al. (2017).
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defined by retinal position-dependent expression of various
markers, some of which follow a progressive developmental
restriction to either central or peripheral retina (Yamagata et al,,
2021). The regular spacing of Miiller glial stalks seems to be
governed by homotypic interactions between their processes
which begin extending laterally into synaptic layers around P6
in the mouse. Using the ‘Brainbow’ approach to stochastically
label neighboring Miiller glia with different colored fluorescent
reporters, it was found that Miiller glial lateral processes tile
across the OPL and IPL, with minimal overlap between arbors
of neighboring cells (Wang et al., 2017) (Figures 3D-F). The
hypothesis that homotypic repulsive interactions between Miiller
glial processes enable regular tiling is supported by laser ablation
experiments in which individual Miiller glial cells were removed
from the embryonic zebrafish retina, resulting in a region of
OPL devoid of glial processes. This region was subsequently
filled in by neighboring intact Miiller glial processes, suggesting
a temporary relief of glia-glia interactions that normally prevent
process overlap between neighbors (Williams et al., 2010).
Molecules mediating homotypic interactions between Miiller
glia have not yet been identified. Among astrocytes of the

Drosophila ventral nerve cord, tiling, infiltration of neuropil, and
domain size are controlled by fibroblast growth factor (FGF)
secretion from neurons and subsequent signaling through the
astrocytic FGF receptor Heartless (Htl) (Stork et al., 2014). The
cell adhesion molecule Lapsyn acts downstream of or in parallel
with FGF signaling to control astrocytic branch morphogenesis
(Richier et al, 2017). In mouse cortical astrocytes, the cell
adhesion molecule hepaCAM plays a similar role in branch
outgrowth, in part by stabilizing connexin 43 (Cx43) to promote
astrocytic coupling (Baldwin et al., 2021). Whether these factors
influence Miiller glial tiling is not known but represent interesting
avenues of future research.

As Miiller glia mature, they undergo dramatic morphological
change across the retina: basal processes form branching endfeet
which ensheathe neuronal somata in the ganglion cell layer
(GCL); fine lateral processes ramify throughout the synaptic
layers; apical processes wrap around photoreceptor cell bodies
in the ONL and project finger-like microvilli through the OLM
to contact photoreceptor outer segments; and processes extend
throughout the retina to specifically contact blood vessels and
mediate neurovascular coupling (Figures 4A,B). Within the
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tdTomato

FIGURE 4 | Morphological compartments of mature Miller glia. (A) Orthogonal projection of a 2-photon volumetric image from mature GLAST/mTmG mouse retina.
This mouse line expresses membrane-bound tdTomato ubiquitously, and sparse activation of Cre recombinase induces expression of membrane-bound GFP in a
subset of Mdller glia. Numbered arrowheads correspond to focal planes shown in (B) to highlight different morphological compartments. (B) (1) Mdiller glial endfeet in
the inner limiting membrane (ILM) and ganglion cell layer (GCL). (2) Lateral processes in the inner plexiform laer (IPL). (3) Lateral processes and long-ranging blood
vessel-contacting processes in the IPL. (4) Lateral processes and blood vessel-contacting processes in the outer plexiform layer (OPL). (5) Photoreceptor
terminal-ensheathing processes at the OPL-outer nuclear layer border. (6) Mller glial microvilli extending between photoreceptor inner segments. PRL:

photoreceptor layer. Scale bars 10 wm. From Tworig, unpublished images.

IPL, lateral processes exhibit sublaminar-specific outgrowth, with
denser ramification in sublayers S1, S3, and S5 than in the
choline acetyltransferase-positive (ChAT+) sublayers S2 and S4
(Reichenbach and Reichelt, 1986; Metea and Newman, 2006;
Wang et al., 2017; Tworig et al., 2021).

The signaling mechanisms underlying outgrowth and spacing
of Miiller glial processes remain unknown, although hedgehog
signaling originating from retinal ganglion cells may play a role
in setting up their orientation (Wang et al., 2002). In addition to
its previously mentioned role in glial specification, the hedgehog-
responsive transcription factor Sox2 is required in Miiller glia for
maturation of their basal endfeet and lateral processes in synaptic
layers (Bachleda et al., 2016). A possible mechanism for Sox2-
mediated morphogenesis which has yet to be explored implicates
EGF receptor (EGFR) activity, which is directly upregulated
by Sox2 (Hu et al, 2010) and overlaps with the period of
Miiller glial process outgrowth in rodents (Close et al., 2006;
Wang et al, 2017). Chronic manipulations of EGF signaling
have revealed its role in glial fate determination as previously
described (Lillien, 1995; Lillien and Wancio, 1998; Ueki and
Reh, 2013; Sardar Pasha et al., 2017), but EGFR activation also
induces cytoskeletal rearrangements and membrane protrusions
independent of transcriptional modulation (Xie et al., 1998).
Exogenous EGF promotes migratory behavior of cultured Miiller
glial cells (Pena et al., 2018) and slightly enhances motility of
Miiller glial processes during development (Tworig et al., 2021),
but further study is needed to determine whether endogenous
EGEFR signaling is instructive for glial process outgrowth during
normal retinal development.

Due to the stereotyped nature of Miiller glial morphogenesis
across retinal layers, as well as the genetic and experimental
tractability of the retina, the cellular and molecular events
underlying process outgrowth are investigable using genetic
screening and imaging approaches. This was recently done using
a CRISPR-based reverse genetic screen, which identified 41 genes
implicated in various aspects of Miiller glia morphogenesis in
zebrafish (Charlton-Perkins et al.,, 2019). These genes affected
distinct morphological features of Miiller glia, including cell
body position (examples: Navlb, Lamb4, and Timp2b), tiling
across the tangential plane (Navlb, F8, Icn2, and Cdhrl), and
lateral outgrowth of processes within the IPL and OPL (Navlb,
Mapalb, Fatlb, Egrl, Slitrk2, and Dcaf8). In general, genes
that are upregulated early during Miller glial differentiation
affect broad aspects of morphogenesis, while genes upregulated
later have more restricted effects on individual aspects of
morphology. Many of these genes are conserved among glia
in other species. One example is Pax2a, which is expressed by
many glial cell types and is known to modulate cell morphology,
adhesion, and differentiation (Charlton-Perkins et al., 2011).
In zebrafish retina, Pax2a-mutant Miiller glia display aberrant
morphological characteristics in every retinal layer, including
defects in tiling and outgrowth of processes into synaptic layers
(Charlton-Perkins et al., 2019).

These studies of Miiller glial morphogenesis in mouse and
zebrafish were carried out by examining glial morphology in
fixed samples. A better understanding of the factors involved in
Miiller glial process outgrowth and distribution will be achieved
by carrying out live imaging of labeled Miiller glia during
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retinal development. To this end, several studies have revealed
that vertebrate Miiller glia exhibit dynamic branching as they
mature, with processes in synaptic layers undergoing extensions,
retractions, sprouting, and elimination on the timescale of
minutes as they sample space across the OPL and IPL (Williams
et al., 2010; MacDonald et al., 2015; Tworig et al., 2021). This
motility halts shortly after the onset of vision, suggesting that it is
developmentally regulated or suppressed by synaptic activity. The
potential roles for synaptic activity in Miiller glial development
are discussed in greater detail below.

ROLES OF MULLER GLIA IN RETINAL
DEVELOPMENT

Throughout the developing central nervous system, astroglia
broadly influence key events including neuronal growth and
maturation, synapse formation and pruning, and critical period
timing (Allen and Lyons, 2018; Ackerman et al., 2021; Ribot
et al,, 2021). Similarly, Miiller glia affect many aspects of retinal
development ranging from its overall cytological organization to
the formation of specific visual circuits.

Maintenance of Retinal Organization

Miiller glia are essential for the guidance and maintenance
of cellular organization across the retina. This is evidenced
by knockout studies in which retinas with perturbed Miiller
glial development exhibit lamination defects and form ectopic
neural rosettes (Wang et al., 2002; Bachleda et al., 2016; Wohl
et al, 2017). Disruption of Miller glial function with the
glia-specific toxin a-aminoadipic acid prior to photoreceptor
maturation abolishes contacts between Miiller glial microvilli and
photoreceptors and leads to aberrant migration of photoreceptors
toward the subretinal space (Rich et al., 1995). Absence of
Miiller glia during zebrafish development results in retinal
disorganization characterized by a propensity for tearing and
aberrant photoreceptor spacing, possibly due to a reduction in
tensile strength normally provided by Miiller glia during retinal
maturation via expression of various ECM-interacting proteins
such as integrins (Guidry et al.,, 2003; MacDonald et al., 2015;
Nagashima et al., 2017) (Figures 5A,B). Strikingly, however,
Randlett et al. (2013) found that gross laminar organization and
synaptic structures are maintained in zebrafish retinas devoid
of Miiller glia following pharmacological interference of Notch
signaling, suggesting that neurons are able to form a rudimentary
neuropil and layered structure autonomously.

Secretion of Neurotrophins

As the retina matures, Miiller glia secrete a variety of trophic
factors that affect neuronal survival, promote neuritogenesis, or
protect against excitotoxicity. This was initially determined by
observing enhanced neuronal growth and neurite elongation
among retinal neurons when cultured with Miiller glia or
Miiller glia-conditioned media (Raju and Bennett, 1986; Garcia
et al, 2002). Subsequent study implementing Miiller glia-
neuron co-culture has identified a panel of Miiller glia-derived
growth factors or cytokines that mediate survival (examples:

pigment-epithelium derived factor/PEDE, vascular endothelial
growth factor/VEGF) (Saint-Geniez et al., 2008; Bai et al., 2009;
Unterlauft et al., 2014) or neurite outgrowth (CNTE, interleukin-
6/1L-6) (Yoshida et al., 2001) among retinal neurons. Co-culture
experiments have also implicated glial ATP release as a promoter
of neuritogenesis among RGCs via activation of P2Y receptors
(Taguchi et al., 2016). Some of these signaling pathways work
in concert with Wnt/B-catenin signaling in Miiller glia, which
modulates secretion of known neurotrophins including CNTF
and brain-derived neurotrophic factor (BDNF) (Patel et al., 2015;
Musada et al., 2020).

Under certain experimental conditions, neuronal signaling
has been shown to modulate Miiller glial secretion of trophic
factors. For instance, extracellular ATP can cause release of
FGF from Miiller glia downstream of glial P2Y receptors
(Reichenbach and Bringmann, 2016), while glutamate enhances
glial synthesis of a panel of neurotrophins including BDNF,
glial-cell line derived neurotrophic factor (GDNF), and nerve
growth factor (NGF) (Taylor et al., 2003). This is consistent with
known roles of glial cells in preventing glutamate excitotoxicity.
Furthermore, hypoxic regulation of VEGF release from Miiller
glia and astrocytes following neuronal activity is thought to
promote retinal vascularization during development (Stone
et al, 1995; Lange et al, 2012). Through another pathway
independent of VEGE, Miiller glia secrete the pro-angiogenic
compound Norrin, which binds to Frizzled-4 receptors and
Lrp5 co-receptors on endothelial cells within microvasculature to
activate Wnt/B-catenin signaling, thereby promoting growth of
intraretinal capillaries (Xu et al., 2004; Ye et al., 2009). Norrin also
exhibits neuroprotective effects in the retina following excitotoxic
damage and promotes dendritic development in cortical neurons
following secretion from astrocytes (Seitz et al., 2010; Miller
et al, 2019). Although Norrin is constitutively expressed in
Miiller glia, whether its secretion is modulated by neuronal
activity is unknown. Interestingly, release of neurotrophins from
Miiller glia can be modulated by trophic factors released from
activated microglia, but whether this is also a feature during
development remains to be determined (Harada et al., 2002;
Wang et al., 2011).

In recent years, studies aimed at identifying glia-derived
trophic factors important during retinal development have
shifted toward high-throughput approaches to screen the glial
secretome for candidate molecules using liquid chromatography
and/or mass-spectrometry, with subsequent testing of candidates
for neurotrophic activity in cell culture or retinal explant. These
studies have identified molecules including osteopontin, LIF,
transferrin, basigin, clusterin, and C-X-C motif chemokine 10
(CXCL10) as neurotrophic factors that are secreted by Miiller glia
and exhibit neuroprotective effects on retinal neurons (Toerne
et al., 2014; Ruzafa et al., 2018). Interpretation of these results is
limited, however, due to loss of three-dimensional organization
and known alterations in gene expression profiles of Miiller glia
upon dissociation and growth under culture conditions (Hauck
etal., 2003; Wohl et al., 2016). Future experiments using ex vivo or
intact retina in combination with targeted genetic manipulation
of pathways of interest may confirm a role for these glia-derived
candidate molecules in regulating retinal development.
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(2015).

FIGURE 5 | MUller glia act as springs to maintain strength and integrity of the retina. (A) Laser ablation was used to sever the basal processes of GFAP:GFP Muller
glia from zebrafish in vivo. After ablation at t = O (red line), the basal process retracts and the cell body (arrow) is displaced apically, suggesting that Mdller glia are
under tension during development. (B) Retinal development in the absence of MUller glia following treatment with the Notch pathway inhibitor DAPT leads to
expansion of the ganglion cell layer (GCL) without an increase in cell number, suggesting that tension along Muller glia promotes integrity of the GCL. Retinal neurons
are labeled with membrane RFP using ath5:9apRFP, and bipolar cells are labeled with GFP using vsx7:GFP. Scale bars 15 pm. Adapted from MacDonald et al.

Promotion of Synapse Turnover
Miiller glia maturation occurs during a period of robust
synaptogenesis, positioning them to influence the formation or
stability of new synapses via secretion of various molecules.
Thrombospondins (TSPs) are synaptogenic factors that are
secreted by astroglia and interact with gabapentin receptors (a23-
1) on neurons (Eroglu et al., 2009). Miiller glia express TSP1
and TSP2 with enrichment in the OPL and in specific sublayers
of the IPL, and impaired secretion of TSPs during development
disrupts synapse formation in both plexiform layers (Koh et al.,
2018). Recent evidence indicates that TSP1 acts specifically on
direction-selective ganglion cells (DSGCs) to promote excitatory
synapse formation with their presynaptic partners, starburst
amacrine cells (SACs), requiring both 023-1 receptor and p1-
integrin expression in DSGCs for this activity. The same study
revealed that TSP1 knockout also reduces inhibitory synapse
formation throughout the IPL, although perhaps compensatory
and subsequent to loss of excitation (Koh et al,, 2019). This
is reminiscent of the mouse striatum, where signaling through
astrocytic GABAp receptors during synaptic activity leads to
activation of the G; pathway and subsequent TSP1 secretion from
astrocytes to promote synaptogenesis between corticostriatal
axon terminals and medium spiny neuron dendritic spines
(Nagai et al, 2019). Neuronal activity-evoked expression of
glial TSPs and other synaptogenic cues possibly depends on
glial calcium mobilization downstream of receptor activation
(Tran and Neary, 2006; Farhy-Tselnicker et al., 2021). It will be
interesting to find out whether a similar mechanism is at play
in Miiller glia, which undergo robust activity-evoked responses
during retinal development as described further below (Rosa
etal., 2015; Zhang et al., 2019).

There are likely other synaptogenic factors secreted by Miiller
glia that have yet to be characterized, given the large and growing

list of astrocyte-secreted factors elsewhere in the brain (Tan
et al, 2021). A number of these are expressed by Miiller glia
throughout development but have not been tested for a role
in synaptogenesis. D-serine is a co-agonist of NMDA receptors,
exhibits synaptogenic properties when released from astrocytes,
and has been detected in developing and mature Miiller glia along
with serine racemase, the enzyme that produces D-serine (Schell
etal,, 1997; Williams et al., 2006; Diaz et al., 2007; Dun et al., 2008;
Diniz et al., 2012). D-serine has also been reported to enhance
expression of immediate early genes in Miiller glia downstream
of NMDA receptor activation and phosphorylation of cAMP
response element binding protein (CREB) transcription factors,
which are responsive to calcium and cAMP signaling (Lamas
etal., 2007; Hasel et al., 2017). Modulation of glial gene expression
following D-serine-enhanced NMDAR activation occurs in part
via cytosolic translocation of the calcium-binding transcriptional
modulator DREAM (downstream regulatory element antagonist
modulator) and a reduction in its DNA-binding ability (Chavira-
Sudrez et al., 2008). Further study is necessary to determine
whether Miiller glial D-serine release also acts as a direct
synaptogenic cue during retinal development in vivo.

It is possible that Miiller glia also secrete anti-synaptogenic
compounds to facilitate synapse turnover. SPARC/osteonectin
secreted from astrocytes inhibits excitatory synapse formation
in neuron-glia co-culture and in superior colliculus between
RGCs and their targets (Kucukdereli et al., 2011; Albrecht
et al, 2012). SPARC is also expressed by Miiller glia throughout
their development and into adulthood, suggesting a role in
modulating synaptic development (Vincent et al., 2008). This
story is perhaps complicated by the recent detection in the
Miiller glial secretome of the pro-synaptogenic SPARC-like
protein 1 (SPARCL1/Hevin), whose synaptogenic activity is
antagonized by SPARC. For a more complete list of neurotrophic
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and synaptogenic molecules potentially secreted by Miiller glia,
see Musada et al. (2020).

The influence of Miller glia on synapse formation or
maturation likely varies by retinal circuit, neuronal type, and
developmental context. In the developing chick retina, as-
yet unidentified factors secreted by glia promote expression
of M; muscarinic acetylcholine receptors (mAChRs) on
neurons, with minimal effect on expression of other mAChRs
(Belmonte et al., 2000). In developing zebrafish OPL, although
Miiller glial lateral process elaboration and ensheathment
of photoreceptor terminals overlap with the period of
synaptogenesis, photoreceptor synapses develop normally
and remain stable following laser ablation of Miiller glial
apical processes, suggesting that glial contact is dispensable
for synaptogenesis in the outer retina (Williams et al,
2010). However, photoreceptor synapses were assessed
in the context of localized ablation of a few Miiller glial
cells, and although this rules out a glial contact-dependent
mechanism, a paracrine function for Miiller glia in promoting
synaptogenesis within the OPL is plausible. Consistent with this
idea, Miiller glial expression of the molecular scaffold harmonin
during development is necessary for photoreceptor synaptic
organization and function in zebrafish (Phillips et al., 2011). It is
not yet known whether contact-dependent signaling from Miiller
glia contributes to synapse formation in the IPL.

Miiller glia may also regulate neuronal development via
phagocytosis of cellular debris including apoptotic cells and
synapses. This has been shown using electron microscopy in
developing chick retina which revealed electron-dense debris
derived from degenerating cells (Hughes and Lavelle, 1975),
as well as TUNEL staining in developing turtle and rat
retina which revealed pyknotic bodies and cytoplasmic DNA
within vimentin-positive glial processes (Egensperger et al,
1996; Francisco-Morcillo et al., 2004). This seems to occur
in parallel with phagocytosis of cellular debris in developing
retina by microglia (Marin-Teva et al., 1999). The mechanisms
underlying recognition and phagocytosis of cellular debris
by Miiller glia during development are unknown, but in
mature retina phagocytosis of photoreceptor debris after injury
requires the phagocytic pathway components Racl GTPase and
phosphatidylserine (Nomura-Komoike et al., 2020). Phagocytic
activity among Miiller glia during development may be mediated
by the receptor tyrosine kinase Mertk, the loss of which leads
to cell-autonomous morphological alterations in Miiller glia and
reduced synapse density in postnatal retina, as well as reduced
synaptogenic potential among cultured Miiller glia (Scott et al,,
2001; Koh et al., 2018).

For a summary of the impacts of Miiller glia on retinal
development described above, see Figure 6A.

INTEGRATION INTO CIRCUITS
Participation in Patterned Activity

Miiller glia are born and mature in an environment in which
neural circuits are spontaneously active despite the absence of
visual input. In many vertebrates, this activity is characterized

by propagating waves of depolarization, termed retinal waves,
which are critical for key aspects of visual system development
such as eye-specific segregation and retinotopic refinement of
retinogeniculate synapses (Blankenship and Feller, 2010; Arroyo
and Feller, 2016; Kerschensteiner, 2016; Choi et al., 2021).
Patterned spontaneous activity in the retina undergoes three
distinct phases in mammals: stage 1 waves occur embryonically
and are mediated by gap junctions and cholinergic signaling
(Bansal et al., 2000), stage 2 waves are mediated by volume
ACh release from SACs (Ford et al, 2012; Xu et al., 2016),
and stage 3 waves are mediated by glutamate spillover from
bipolar cells (Blankenship et al., 2009). In the days following
their birth in mouse retina, Miller glia begin responding to
cholinergic waves by undergoing calcium transients localized to
their stalks within the IPL and mediated by glial M; mAChRs
(Rosa et al.,, 2015; Tworig et al., 2021). As waves shift from
cholinergic to glutamatergic circuits, Miller glial lateral processes
and stalks continue to undergo wave-evoked calcium transients
via activation of ionotropic glutamate receptors (iGluRs) and
M; mAChRs (Figure 6B). This is associated with electrogenic
glutamate uptake during each glutamatergic wave which slightly
depolarizes Miiller glia (Akrouh and Kerschensteiner, 2013).

Glial participation in developing visual circuits is a feature
conserved across several species. In zebrafish retina, wave-evoked
Miiller glial calcium transients are thought to occur via a
combination of glia-specific glutamate transporters and calcium-
permeable AMPA receptors (Zhang et al., 2019). In Xenopus optic
tectum, where correlated neural activity during development is
driven by vision rather than spontaneous activity (Demas et al.,
2012), radial astrocytes undergo calcium transients mediated by
reversal of sodium-calcium exchangers (NCX) following light-
evoked glutamate release from neurons and uptake by glia
(Benfey et al., 2021). Glial participation in patterned activity
within developing visual areas is not exclusive to vertebrates;
in the developing Drosophila optic lobe, columnar astrocytes
undergo phasic changes in intracellular calcium levels which are
negatively correlated with nearby bursts of spontaneous neuronal
activity (Akin et al., 2019).

Activity-Dependent Glial Responses

The downstream effects of activity-evoked calcium signaling in
Miiller glia and other visual system astroglia have not been
defined. One might infer based on studies in other systems that
these responses could regulate glial morphology (Tremblay et al.,
2009; Molotkov et al., 2013; Bernardinelli et al., 2014), gene
expression (Farhy-Tselnicker et al., 2021), or release of synaptic or
vascular modulators to guide circuit development and maintain
homeostasis. A recent study from our lab explored the potential
for activity-evoked Miiller glial calcium transients to affect lateral
process morphology and found that both intracellular calcium
transients and neuronal activity are dispensable for motility of
processes in the IPL, and that lateral process distribution is
normal when retinal waves are perturbed (Tworig et al., 2021).
These findings suggest that other undetermined functions of
activity-evoked calcium signaling in Miiller glia are at play during
retinal waves. This contrasts with studies of perisynaptic brain
astrocytes and Xenopus radial glia, which exhibit branch motility
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Neuronal survival &
neuritogenesis*
Secretion of PEDF, VEGF,
CNTF, BDNF, FGF, GDNF,
NGF, Norrin, IL-6, ATP

Phagocytosis of debris
Clearance of apoptotic bodies

and pruning of synapses
(in parallel with microglia)

Retinal integrity
Promotion of tensile strength

Maintenance of photoreceptor spacing

Synapse formation & pruning
Secretion of thrombospondin-1/2;
possibly D-serine, SPARC,
SPARCL1/Hevin

Neovascularization
Secretion of VEGF, Norrin

Cholinergic waves

Glutamatergic waves

W m, machR

@ Miiller glial cell

W icuR

Amacrine cell @ Bipolar cell

FIGURE 6 | Summary of the roles of Muiller glia in retinal development. (A) Muiller glia engage in broad aspects of retinal development through the release of
neurotrophins, synaptogenic proteins, and other trophic factors, while also clearing cellular debris and maintaining retinal integrity. Examples listed are
non-exhaustive. *Muller glia-derived trophic factors promoting neuronal survival or neuritogenesis were primarily identified in neuron-glia coculture experiments.
(B) Summary of Mdller glial responses to cholinergic and glutamatergic retinal waves. Left, schematic diagram of basic inner retinal circuits showing bipolar cells

(blue), Mdller glia (green), amacrine cells (orange), and ganglion cells (gray) intermingling within the inner plexiform layer (IPL). Middle, during cholinergic retinal waves,
starburst amacrine cells spontaneously release acetylcholine (ACh), which activates Mdller glial M1 muscarinic acetylcholine receptors (MAChRs) following spillover
from synapses. This induces calcium transients in Muller glia primarily localized to their stalks within the inner plexiform layer. Right, during glutamatergic retinal
waves, bipolar cells spontaneously release glutamate (Glu), which activates Mller glial ionotropic glutamate receptors (iGIuRs) following synaptic spillover, inducing

calcium transients primarily localized to glial lateral processes within the IPL.

in response to neuronal activity (Tremblay et al., 2009; Molotkov
et al., 2013; Bernardinelli et al., 2014).

Studies across brain regions have shown that neuronal
activity can upregulate glial neurotransmitter transport, thereby
tuning the fidelity of synaptic transmission via spatial buffering
and preventing excitotoxic injury. This has been shown using
cultured Miiller glia, in which glutamate stimulation leads to
upregulated expression of the glutamate transporter GLAST
concomitantly with downregulation of glial NMDA receptors
(Taylor et al., 2003; Lopez-Colomé et al, 2016). It has been
reported that NMDAR activation in Miiller glia co-cultured with
RGCs promotes RGC survival via upregulation of glial glutamate

transport, thereby preventing excitotoxicity (Furuya et al., 2012).
In rodent retina, GLAST is upregulated by Miiller glia within the
first two postnatal weeks (Pow and Barnett, 1999), suggesting a
possible link between retinal wave-evoked Miiller glial calcium
transients and transporter expression.

Reflective of the bidirectional nature of neuron-glia signaling,
Miiller glial glutamate transport has been shown to tune the
duration and frequency of retinal waves in zebrafish, and
their blockade abolishes retinal waves completely, likely due
to elevated extracellular glutamate concentration (Zhang et al.,
2019). Similarly in developing Xenopus, blocking NCX-driven
glial calcium transients during light-evoked activity leads to
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enhancement of neuronal responses, possibly resulting from
impaired insertion of glutamate transporters into the glial
membrane (Ibdfiez et al., 2019; Benfey et al., 2021). In mouse
retina, glutamate uptake in part by Miiller glia seems to
promote sequential activation of ON and then OFF RGCs during
retinal waves (Akrouh and Kerschensteiner, 2013). Blockade of
glutamate transport removes this sequential activation, inducing
ON and OFF RGCs to fire synchronously during waves. This
change in the spatiotemporal pattern of RGC activation has
implications for development of independent downstream ON
and OFF pathways, as observed in the ferret visual system
(Lee et al., 2002).

In addition to upregulated glutamate transport, Miiller glia
undergo developmental changes in other membrane proteins
capable of modulating neurotransmission or maintaining
homeostasis. In rabbit retina, postnatal upregulation of the
inward rectifier potassium channel Kir4.1 and aquaporin-
4 accompany developmental changes in glial membrane
properties including gradual hyperpolarization, reduced
membrane resistance, increased capacitance, enhanced
potassium conductance, and resistance to swelling under osmotic
stress (Pannicke et al., 2002; Bosco et al., 2005; Wurm et al., 2006).
Expression and subcellular localization of Kir4.1 and aquaporin-
4 in Miiller glia are governed in part by the extracellular
cell adhesion molecule laminin (Hirrlinger et al., 2011). It is
enticing to consider whether retinal waves play a role in this
developmental increase of Kir4.1 and aquaporin-4 expression.

Along with possible modulation of membrane protein
expression in Miiller glia, retinal wave-evoked glial calcium
transients may induce release of synaptic modulators. One
fascinating example is the vision-dependent release from Miiller
glia of Acyl-CoA-binding protein (ACBP), which desensitizes
GABA4 receptors (Barmack et al.,, 2004). Long-term horizontal
optokinetic stimulation in rabbits enhances ACBP expression
and phosphorylation, which increases its affinity for GABA4
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