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Abstract

Photoreceptors are highly specialized sensory neurons with unique metabolic and physiological
requirements. These requirements are partially met by Miiller glia and cells of the retinal pigment
epithelium (RPE), which provide essential metabolites, phagocytose waste, and control the
composition of the surrounding microenvironment. A third vital supporting cell type, the retinal
microglia, can provide photoreceptors with neurotrophic support or exacerbate neuroinflammation
and hasten neuronal cell death. Understanding the physiological requirements for photoreceptor
homeostasis and the factors that drive microglia to best promote photoreceptor survival has
important implications for the treatment and prevention of blinding degenerative diseases like
retinitis pigmentosa and age-related macular degeneration.
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1. INTRODUCTION

Retinal cell death is the primary cause of permanent vision loss worldwide. Blinding
diseases like age-related macular degeneration (AMD) and retinitis pigmentosa (RP) involve
the loss of rod and cone photoreceptor cells, which transduce incident photons into electrical
signals that are relayed to and interpreted by the rest of the visual system. Photoreceptors,
by nature of their function and physiological construction, are uniquely susceptible to light-
induced damage and metabolic stress, which exacerbate the senescence, neuroinflammation,
and degenerative conditions that typically plague the central nervous system (CNS).

sjkarlen@ucdavis.edu .
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Photoreceptor stress and degeneration can be broadly categorized as arising from two main
types of insults: (&) disruption of cell-autonomous homeostasis or () loss of function in
critical support cells, like the cells of the retinal pigment epithelium (RPE) and Muller

glia (Figure 1a). In both cases, photoreceptor stress and degeneration trigger a complex,
dynamic response from the innate immune system, namely, the resident microglia and, in
a subset of cases, infiltrating monocytes from peripheral circulation. Both microglia and
monocytes migrate to neurons in distress and are capable of high-capacity, large-scale
phagocytosis. Separating the effect of the neuroimmune response from degeneration itself
is difficult and lies at the heart of the debate about the helpful versus harmful roles

that microglia play in neurodegenerative disease. Fortunately, photoreceptors, by nature

of their abundance, relative homogeneity, and well-defined function, as well as their

place behind the naturally transparent biological window of the cornea and lens, offer a
uniquely accessible experimental system to investigate how the immune system interacts
with and impacts the health and survival of neurons. The goal of this review is to combine
what is known about photoreceptor function and degeneration with what is known about
retinal microglia and neuroinflammation to articulate future directions for understanding the
interdependence of the two.

2. PHOTORECEPTOR FUNCTION IN THE HEALTHY RETINA

All vertebrate photoreceptors are comprised of four main functional subcellular
compartments: an outer segment containing the light transduction machinery, an inner
segment containing metabolic and biosynthetic machinery, a cell body, and the synaptic
terminal (Figure 1b). In the mouse, both the cellular dimensions and the densities of rods
and cones are similar to those in the human retina outside the fovea (Carter-Dawson &
LaVail 1979). Photoreceptors across the vertebrate kingdom also utilize highly similar
physiological properties. In the dark, a standing circulating current (known as the dark
current) keeps the membrane potential of photoreceptors more depolarized than most
neurons (Hagins et al. 1970, Penn & Hagins 1972), at approximately =35 mV in the mouse
(Cangiano et al. 2012). The dark current arises from an influx of sodium (Na*) and calcium
(Ca%*) ions through open cyclic nucleotide gated (CNG) channels in the outer segment
and an efflux of cations, mostly potassium (K*), from the inner segment. The Na*/K*
transporter in the inner segment uses the energy of ATP to maintain the electrochemical
gradients of ions and sustain the membrane potential. Together, the inward and outward
movement of ions results in the standing circulating current and the depolarized steady
state of photoreceptors in the dark, causing them to constantly release glutamate from their
synapses (Figure 1d).

When a photon is absorbed and causes isomerization of rhodopsin’s bound chromophore,
11-cis to all-trans retinaldehyde, rhodopsin changes conformation to a form (metarhodopsin
I1) that initiates a sequence of biochemical events known as the phototransduction cascade
(for review, see Arshavsky & Burns 2014). Each photoexcited rhodopsin activates many
copies of the G-protein transducin (Ga1y1), and each GTP-bound Ga then binds and
activates cGMP phosphodiesterase 6, which hydrolyzes cGMP at a high rate (Figure 1c).
The fall in cGMP allows the CNG channels in the outer segment to close, interrupting the
influx of Na* and Ca2* and allowing the cell to hyperpolarize, reducing glutamate release
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(Figure 1e). The fall in intracellular calcium in the outer segment activates guanylate cyclase
via guanylate cyclase activating proteins (GCAPSs), leading to increased cGMP synthesis and
more rapid restoration of the circulating current. Timely recovery also requires rhodopsin
deactivation, which occurs when the carboxy-terminus is phosphorylated by rhodopsin
kinase (Grk1), allowing high-affinity binding of Arrestin-1 (also known as visual arrestin

or S-antigen/Sag). Mutations in proteins of the phototransduction cascade and its regulation
often lead to the degeneration of photoreceptors (Wright et al. 2010).

All phototransduction occurs in the outer segments, which are packed with membranous
intracellular (rods) or invaginating (cones) discs that contain phototransduction proteins at
high density. Outer segments lack lysosomes, endosomes, endoplasmic reticulum (ER), and
mitochondria, and they are thought to obtain the ATP needed to support phototransduction
by aerobic glycolysis and diffusion of ATP from the inner segment (Hurley et al. 2015,
Léveillard & Sahel 2017).

The inner segment is a less well-understood compartment. It is connected to the outer
segment by the connecting cilium, through which all outer segment components ultimately
must pass (for review, see Baehr et al. 2019). It can be structurally divided into two regions:
the ellipsoid, closest to the connecting cilium, which is densely packed with mitochondria,
and the myoid, which has fewer mitochondria and contains abundant ER, Golgi, and
ribosomes. The ellipsoid region provides ATP to the outer segment and supports the Na*/K*
ATPase located in the inner segment plasma membrane (Narayan et al. 2017).

In addition to the metabolic need required to sustain the pumps that maintain the
electrochemical equilibrium for the circulating current, photoreceptors must also synthesize,
transport, and assemble one-tenth of the outer segment daily (Young 1967). The birth of
new discs at the base of the outer segment is accompanied by the shedding of an equal
number at the tips, which are then phagocytosed by the RPE. Thus, outer segment function
(phototransduction and the circulating current) and structural renewal (disc biosynthesis and
shedding) require a tremendous amount of energy for normal homeostasis. It is therefore not
surprising that physiological stressors that further increase metabolic demand for a sustained
period readily lead to degeneration. Still, precisely how physiological and cell biological
stressors feed into cell death pathways is poorly understood.

Intrinsic and Cell-Autonomous Causes of Photoreceptor Death

Photoreceptor stress ultimately arises from a breakdown in cellular homeostasis. Common
causes of stress in photoreceptors include protein misfolding or mistrafficking, prolonged
signaling, and oxidative damage. Sustained periods of stress can converge on a handful of
molecular pathways to trigger photoreceptor degeneration (for review, see Power et al. 2019,
Wright et al. 2010). To better understand the degeneration process, we begin with examples
of animal models of human diseases that lead to photoreceptor dysfunction and death.

Many congenital photoreceptor degenerations are caused by protein misfolding and
mistrafficking. One common example is the P23H mutation in the rhodopsin gene, which
is one of the most prevalent causes of human autosomal-dominant RP. In mice, the
P23H rhodopsin mutation recapitulates the human disease, causing rhodopsin misfolding,
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structural disorganization of the outer segment, thinning of the outer nuclear layer (ONL),
and progressive loss of rod function as measured by electroretinography (ERG) (Sakami
et al. 2011). The abundant, misfolded P23H rhodopsin protein ultimately stimulates

the unfolded protein response (UPR), leading to proapoptotic signaling that results in
photoreceptor degeneration (Power et al. 2019, Wright et al. 2010). Similarly, loss of

the transducin subunit Gy4 leads to accumulation of large amounts of GB; protein that
overwhelm the ubiquitin-proteasomal system and cause slow photoreceptor degeneration
(Lobanova et al. 2013). Increasing the proteasomal capacity in both P23H rhodopsin
mutation and G-y, knockout mice alleviates ER-associated stress and slows the rate of
degeneration (Lobanova et al. 2013, 2018; Qiu et al. 2019), and it is likely to be an effective
treatment for many misfolding and mistrafficking diseases.

Photoreceptor degeneration can also be caused by signaling deficits. For example, loss-of-
function mutations in proteins that deactivate rhodopsin signaling, such as rhodopsin kinase
and Arrestin-1, cause Oguchi disease and RP (Zahid et al. 2018). In mice, the degeneration
phenotype can be rescued by preventing the need for signal deactivation, either by dark-
rearing the mice or concurrently knocking out the G-protein transducin, presumably because
these perturbations prevent sustained rhodopsin signaling (Chen et al. 1999, Hao et al.
2002). Conversely, several lack-of-function mutations (e.g., 7dZ and rdZ0in mice) in the
genes that encode the a.- and B-subunits of the cGMP phosphodiesterase (PDEG) render the
photoreceptors incapable of cGMP hydrolysis (for review, see Power et al. 2019, Tolone

et al. 2019), leading to exceedingly high levels of cGMP (Farber & Lolley 1974, Farber

et al. 1994). High levels of cGMP activate protein kinase G (PKG), which phosphorylates
several downstream targets that perturb calcium homeostasis, depleting the cell of energy
and inducing apoptotic factors, ultimately leading to photoreceptor death (Paquet-Durand et
al. 2009, Power et al. 2019, Wang et al. 2017). In humans, mutations in PDE subunits are
the most common cause of RP (Dryja et al. 1999, Huang et al. 1995, Tsang et al. 2008). In
animal models with PDE mutations, photoreceptor loss can be prevented by AAV-mediated
delivery of a functional PDE gene, and a similar viral gene replacement therapy for PDE6
is currently in clinical trials (Jiang et al. 2018).

Finally, oxidative damage arises when free-radical, singlet-reactive oxygen species steal
electrons from other sources, including proteins and lipids, leading to a loss of cellular
function. The high density of mitochondria in the ellipsoid region of the inner segment
produces reactive oxygen species during oxidative phosphorylation, which can then attack
the abundant polyunsaturated fatty acids (Brennan & Kantorow 2009). Oxidative stress can
also trigger ER stress, leading to a reduction in functional proteins, resulting in cell death
(Power et al. 2019). Several studies in animal models have focused on the administration
of antioxidants to mitigate or delay photoreceptor degeneration, e.g., lutein and zeaxanthin
(Sahin et al. 2019), edaravone (Imai et al. 2010), HM-10/10 (Su et al. 2019), and systemic
taurine treatment (Tao et al. 2019). However, the data from several large-scale studies on
antioxidant dietary compounds and supplements in humans have not been clear cut (Chew
2017). In individuals with intermediate AMD, lutein and zeaxanthin may reduce the risk
of progression to late AMD by 10-25%, but there is currently no general agreement on
antioxidant dietary recommendations to prevent the development of AMD (AREDS2 Res.
Group et al. 2014).
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Understanding the causes of cell-autonomous photoreceptor degeneration and the common
downstream pathways reveals several overlapping therapeutic target points, some of which
are highlighted above. Furthermore, given the eye’s accessibility, immune privilege, and
compartmentalization, targeted recovery or replacement of mutated or deleted genes,
especially with viral vectors, is now a reality. Since a number of comprehensive reviews
on this topic have recently been published (e.g., Hori et al. 2019, Ludwig et al. 2019),

we instead turn our attention to what happens when stress and degeneration affect nearby
support cells, including the RPE, Miiller glia cells, and, ultimately, retinal microglia.

2.2. Photoreceptor Death Due to Functional Loss of Critical Support Cells

Photoreceptors and their immediate microenvironment are maintained by three cell types:
RPE, Muiller glia cells, and microglia. Each cell type contributes to supplying photoreceptors
with nutrients, processing photoreceptor waste, and ensuring that photoreceptors can
effectively signal to downstream bipolar cells. Loss or disruption of any of these functions
can result in photoreceptor malfunction or death.

2.2.1. Retinal pigment epithelium.—The RPE lies between one of the densest
capillary beds in the body, the choriocapillaris, and the highly metabolically active
photoreceptors, contributing to the outer blood-retinal barrier and playing several roles

in maintaining the health of the outer retinal environment (Figure 1a). First, the RPE

apical microvilli extend into the interphotoreceptor matrix and ensheath the photoreceptor
outer segments, delivering glucose, retinoids, and other nutrients from the bloodstream,
while blood cells and other substances are prevented from entering the retina by Bruch’s
membrane and the intercellular tight junctions that lie between neighboring RPE cells.
Second, the RPE phagocytoses the distal tips of the outer segments daily, consuming

old discs that are continually replaced by newly formed ones at the outer segment base.
Because there are no endocytotic or lysosomal pathways in the outer segment, the constant
shedding and synthesis is the only way for the cell to rid itself of misfolded or damaged
proteins and lipids, thereby preventing the build-up of toxic byproducts from light exposure.
Finally, the RPE is essential for the retinoid cycle, supplying the 11-cis retinoid back to the
outer segments, where it recombines with apo-opsin to regenerate the light-sensitive visual
pigments.

Photoreceptor degeneration can occur secondarily following the loss of the RPE and any
of the vital functions listed above. One common genetic form of secondary photoreceptor
degeneration is caused by loss-of-function mutations in RPEG5, the retinoid isomerase
expressed by RPE cells (Wright et al. 2015). Loss of the 11-cis chromophore causes
degeneration through loss of its stabilizing influence on opsin folding, through the
constitutive signaling of the resulting apo-opsins, or both (Insinna et al. 2012, Kiser

& Palczewski 2016, Sato et al. 2019). In both humans and canine models, virally

mediated RPE65 gene restoration improves vision in the short term but does not prevent
degeneration (Cideciyan et al. 2013; for review, see Pierce & Bennett 2015). Presumably, the
exogenous gene successfully synthesizes enough retinoid that the surviving photoreceptors
become light sensitive, but not enough to prevent their progressive demise, likely due to
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cumulative stress arising from defects in opsin folding and trafficking or continued low-level
constitutive signaling.

Finally, photomechanical damage can result from very brief, high-energy light irradiation
that generates heat when absorbed by the RPE melanosomes (Youssef et al. 2011).
Absorption of high photothermal energy over very short time intervals can create
thermoelastic expansion, directly damaging both the RPE and the photoreceptor outer
segments by photomechanical forces. Increased temperature also causes protein denaturation
and the fluidization of cell membranes. Irreversible damage to a cell occurs when the
temperature of the retina is increased by at least 10°C; larger increases lead first to apoptosis
and then to immediate necrosis (Glickman 2002, Yarmolenko et al. 2011, Youssef et al.
2011).

2.2.2. Muller glia cells.—On the other side of the subretinal space is the barrier created
by the Muller glia cells, which are the radial glia of the retina (Figure 1a). The close
apposition of Miiller glia to photoreceptors, as well as their sensitivity to ion gradients and
metabolites, makes them perfectly poised to detect physiological changes accompanying
photoreceptor stress (Sarthy & Ripps 2001, Sparrow et al. 2010, Strauss 2005).

Muiller cells form adherens junctions between their apical processes and photoreceptors,
contributing to the barrier qualities of the matrix that forms the external limiting membrane
(ELM) (Figure 1a). Miller cells play several critical roles that are essential for photoreceptor
survival: They control the concentration of ions in the extracellular space to maintain
osmolarity and electrochemical gradients, sense mechanical distortions of the tissue to
provide structural support, contribute to the blood—retinal barrier at the retinal surface
through their interactions with retinal vessels and the secretion of the inner limiting
membrane, prevent the extrasynaptic diffusion of glutamate to preserve visual resolution,
and provide a source of 11-cis retinal chromophore to cones in the noncanonical visual cycle
(Reichenbach & Bringmann 2013, Wang & Kefalov 2011).

When photoreceptors become stressed, Muller glia are among the first cells to respond,
entering a state of gliosis and undergoing a series of changes aimed at protecting the

retina from further damage and restoring homeostasis (Bringmann & Wiedemann 2012).
Mdiller glia release antioxidants, as well as an assortment of angiogenic and neurotrophic
factors, such as vascular endothelial growth factor (VEGF) and basic fibroblast growth
factor (bFGF) (Graca et al. 2018). This reactive gliosis can be detected by the upregulation
of glial fibrillary acidic protein (GFAP), nestin, and vimentin (Bringmann & Wiedemann
2012). However, if the reactive state persists too long, or if the blood-retinal barrier is
damaged, then Miiller cells release cytokines and inflammatory factors like tumor necrosis
factor-alpha (TNF-a), monocyte chemoattractant protein-1 (CCL2), and interleukins (ILs),
triggering neuroinflammation (Bringmann & Wiedemann 2012, Graca et al. 2018, Karlen
et al. 2018). Gliotic Muller cells work with astrocytes, microglia, and vascular cells to
induce fibrovascular scarring, a response similar to the wound healing found in other parts
of the body but devastating to vision when it occurs inside the eye (Friedlander 2007).
Such scarring is associated with neovascularization, retinal thickening, and edema. Both the
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formation of fibrotic scars and neovascularization can ultimately lead to photoreceptor death
(for review, see Saika et al. 2008).

During degeneration, Miller cells are phagocytic and help to clear dead or dying
photoreceptors in both cold-blooded vertebrates (Bejarano-Escobar et al. 2017) and
mammals (Sakami et al. 2019). Because phagocytosis of dying photoreceptors can stimulate
Muiller cell proliferation (Bejarano-Escobar et al. 2017), and under some conditions,
proliferating Miiller cells can be coaxed to differentiate into photoreceptors (Ueki et al.
2015), much current effort is focused on the regenerative potential of Miller glia for future
therapeutic use.

3. FUNCTIONS OF RETINAL MICROGLIA

3.1.

Microglia are the resident immune cells of the CNS. Evolutionarily, microglia are present
in the CNS throughout the vertebrate lineage, with mammalian gene expression patterns
that are particularly well conserved, suggesting that microglia in different species share
similar functions (Geirsdottir et al. 2019). Unlike neurons and neuroglia, microglia are not
ectodermally derived, but rather are myeloid cells derived from early mesodermal tissue
(Ginhoux & Garel 2018) that take up permanent residence in the CNS around the time that
the vasculature forms. Lineage tracing studies have shown that, once established, microglia
make up a stable, long-lived population that undergoes apoptosis and proliferation at low
rates (Askew et al. 2017, O’Koren et al. 2016, Sheng et al. 2015, Tay et al. 2017). Survival
of microglia is dependent on colony stimulating factor 1, a receptor present on myeloid
cells that, when genetically ablated or pharmacologically blocked, leads to loss of nearly all
microglia (Elmore et al. 2014, Hickman et al. 2018). While the basal turnover of microglia
is stochastic and slow, pathology can initiate clonal expansion (Askew et al. 2017, Kierdorf
& Prinz 2017). Generally, it is thought that microglia numbers do not receive reinforcement
from the peripheral monocyte population except under circumstances that elicit breakdown
of the blood-retinal or blood-brain barrier (Ginhoux & Garel 2018).

Under normal conditions, microglia are confined to the synaptic and ganglion cell layers of
the retina (Figure 1a). From this location, they survey the surrounding tissue with dynamic
processes, playing an essential role in synaptic homeostasis and plasticity. Furthermore, they
actively communicate with photoreceptors and other support cells to maintain retinal health.

Microglia Surveillance of the Healthy Retina

Microglia are typically ramified in healthy tissue, with small cell bodies and several

thin, branching processes that actively participate in synapse formation and pruning

during development and in synaptic maintenance throughout life (Kettenmann et al. 2013,
Silverman & Wong 2018). The baseline dynamics of microglial processes appear to differ
between CNS regions (Davalos et al. 2005, Miller et al. 2019, Nimmerjahn et al. 2005, Park
et al. 2017). In the brain, in vivo two-photon imaging of the neocortex through thin-skull
transcranial windows has shown microglia processes to be active and highly motile without
any accompanying movement of the soma (Nimmerjahn et al. 2005, Park et al. 2017,

Wake et al. 2009). In the retina, recent real-time in vivo scanning laser ophthalmoscopy
(SLO) has found both highly motile subsets of ameboid cells (Miller et al. 2019) and rapid
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extensions and retractions of tertiary processes of highly branched cells (Wahl et al. 2019)
in the healthy retina. The surveillance dynamics may depend on neuronal activity, as shown
recently for cortical microglia (Liu et al. 2019).

Microglia are essential for photoreceptor synaptic function. Sustained depletion of microglia
in the retina causes a significant decrease in the ERG b-wave amplitude (Wang et al. 2016),
a measure of synaptic strength between photoreceptors and ON-bipolar cells. Furthermore,
electron microscopy has shown that microglia depletion causes cone presynaptic terminals
to develop a dystrophic morphology with indistinct vesicles and abnormal synaptic ribbons,
reminiscent of models of synaptic degeneration (Wang et al. 2016).

The mechanisms that mediate microglia—synapse interactions are not yet clear. Microglia
are capable of expressing many types of neurotransmitter receptors, including ionotropic
and metabotropic glutamate receptors, GABAg receptors, and cholinergic receptors, as
well as receptors for cannabinoids, dopamine, neuropeptides, and purines (Pocock &
Kettenmann 2007). Retinal microglia can directly respond to ATP through metabotropic
P2Y 12 purinoceptors, and they detect local application of glutamatergic or GABA agonists
indirectly, altering their morphology and dynamic behavior accordingly (Fontainhas et al.
2011, Wong et al. 2011).

Microglia also directly monitor the extracellular concentrations of ions, especially K*
(Izquierdo et al. 2019), which is very high in the subretinal space and critical for
photoreceptor physiology (Figure 1d,e). During homeostatic surveillance, microglia have

a negative membrane potential (—20 to -60 mV), with tonic activity of the two-pore domain
K* channel THIK-1, allowing for K* efflux. Changes in channel activity or K* concentration
can drive decreases in ramification and surveillance activity (Bernier et al. 2019; Madry

et al. 2018a,b). Since light stimulation can drive large changes in the concentration of
extracellular potassium in the outer retina and subretinal space (Newman 1996), electrical
activity of photoreceptors might directly impact the surveillance state of microglia, creating
the possibility for differential interaction and regulation of synapses. Furthermore, disease
conditions where potassium becomes dysregulated can lead to inflammasome activation and
the release of IL-1p by microglia (Madry et al. 2018b).

Overall, microglia have a myriad of ways of monitoring the health and function of their
environment to ensure that photoreceptors are working properly. However, microglia are not
simply passive observers that react to insult; there is important bidirectional communication
among microglia, photoreceptors, RPE, and Muller cells that maintains the health of the
retina.

3.2. Microglia Communication with Photoreceptors, Retinal Pigment Epithelium, and

Miiller Glia

Under normal conditions, photoreceptors express several factors that help to keep microglia
in their basal surveillance state. The surface of photoreceptors is ensheathed with a
specialized glycocalyx that includes the surface glycoprotein CD200, for which microglia
express the receptor CD200R. CD200-CD200R signaling inhibits Ras (Walker & Lue 2013)
and appears to regulate the permeability of the blood-brain barrier (Denieffe et al. 2013). In
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addition, CD200 knockout mice have stronger inflammatory responses in a model of AMD
(Horie et al. 2013, Rashid et al. 2019). The glycocalyx of photoreceptors also contains sialic
acids that microglia can detect through several sialic acid binding immunoglobulin-like
lectins (Siglec), including Siglec-11, Siglec-5, and Siglec-E. These Siglecs signal through
immunoreceptor tyrosine-based inhibition matifs, resulting in suppression of microglial
activation and phagocytosis (Linnartz-Gerlach et al. 2014, Rashid et al. 2019).

All neurons, including photoreceptors, express the chemokine fractalkine (Cx3CL1), which,
when bound to the Cx3CRL1 receptor expressed by microglia (and monocytes), can reduce
the propensity for microglia to become activated (for review, see Rashid et al. 2019).

In many models of neurodegeneration, disruption of Cx3CL1-Cx3CR1 signaling causes
increased microglial activation. For example, in a mouse model of RP (rd10), loss of
Cx3CRL1 expression exacerbated the rate of photoreceptor degeneration and increased
microglial phagocytosis, while injection of Cx3CL1 had the opposite, calming effect (Zabel
et al. 2016). More recently, loss of Cx3CL1-Cx3CR1 signaling between microglia and
photoreceptors led to defects in outer segment elongation and cone photoreceptor cell death
during development (Jobling et al. 2018). In a local laser injury model, chronic loss of
Cx3CR1 had no effect on the time course of microglia activation or photoreceptor clearance
but did change the number and spatial distribution of microglia in the healthy retina (Miller
et al. 2019).

In addition to photoreceptors, microglia also communicate with Muller cells and RPE. For
example, microglia produce neurotrophic factors such as brain derived neurotrophic factor
(BDNF) that act upon Mdiller cells, altering the release of other factors such as bFGF, glia-
derived neurotrophic factor (GDNF), and leukemia inhibitory factor (LIF) that can impinge
directly on photoreceptors, promoting prosurvival signaling cascades (Rashid et al. 2019).
Conversely, activated microglia release TNF-a that decreases OTX2 expression in RPE cells
in a strong, dose-dependent manner, leading to the downregulation of RPE genes like 77R
and RDHS5, which are critical for the visual cycle (Mathis et al. 2017). Not surprisingly,
healthy RPE release several factors, such as Fas ligand (FasL), transforming growth factor-p
(TGF-B), thrombospondin-1, and somatostatin, that prevent microglia and monocytes from
taking up residence in the subretinal space (Mathis et al. 2017, Rashid et al. 2019). In AMD,
this regulation appears to be broken, leading to chronic inflammation and accumulation of
subretinal microglia and/or macrophages (e.g., Calippe et al. 2017, Combadiére et al. 2007,
McMenamin et al. 2009, Zhang et al. 2015).

4. MICROGLIA ACTIVATION AND THE NEUROINFLAMMATORY
RESPONSE

After photoreceptor degeneration is triggered, the immune system is recruited to clean up
dying cells and restrict the spread of damage to neighboring cells. During photoreceptor
stress and degeneration, microglia lose their branched morphology and migrate to the
afflicted region (Figure 2a). Once on the scene, they can be cytoprotective, decreasing the
stress of surrounding cells, or cytotoxic, ramping up the destructive cytokine signaling.

Annu Rev Vis Sci. Author manuscript; available in PMC 2023 April 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karlen et al.

Page 10

4.1. Two Sides of Microglia Activation: Helpful and Harmful

Microglia constantly monitor the extracellular microenvironment with a diverse armament
of physiological sensors. In addition to the specialized neurotransmitter and potassium
channels mentioned above for surveillance, microglia also express receptors specialized for
damage. Microglia produce pattern recognition receptors that detect pathogen- and damage-
associated molecular patterns (i.e., PAMPs and DAMPSs) and a host of cytokine receptors,
notably those for TNFa and ILs (Canton et al. 2013, Hickman et al. 2018). These receptors
activate many intracellular pathways, commonly converging on nuclear factor-kappa B
(NF-xB) and interferon regulatory factor 3 (IRF3), which can activate the expression of
inflammatory signals. Likewise, scavenger receptors like CD68, which can bind oxidized
lipids, cause the production of cytokines and play a role in phagocytosis (Canton et al.
2013).

Signaling through such receptors leads to functional and morphological changes,
transforming microglia into an activated phenotype that can be pro- or anti-inflammatory
(Town et al. 2005). One receptor from the immunoglobulin (1g) superfamily, triggering
receptor expressed on myeloid cells-2 (TREM2), binds to anionic ligands like DNA and
phospholipids and signals through adaptor proteins DNAX-activation protein-10 and -12
(DAP10 and DAP12). This signaling utilizes the immunoreceptor tyrosine-based activation
motif (ITAM), which drives cytoskeletal rearrangement, integrin activation, and calcium
mobilization that promote an ameboid morphology with increased motility and phagocytic
capacity (Ulland & Colonna 2018). Ec receptors, also of the Ig superfamily, are widely
expressed by microglia and provide another avenue for ITAM signaling regulation (EIAl &
Rivest 2016).

Changes in gene expression accompanying microglial activation can be highly diverse,
leading to the release of factors that can provide neurotrophic support or that can hasten
neuronal cell death (Colonna & Butovsky 2017). In photoreceptor degeneration, activated
microglia migrate to the outer retina and can release inflammatory factors like CCL2, CCL3,
TNFa, and IL1B (Appelbaum et al. 2017, Kohno et al. 2013, Zeng et al. 2005). This type

of response is considered proinflammatory; it leads to a cytokine cascade that promotes
neural damage and recruits additional inflammatory cells from the periphery, creating a
positive feedback loop leading to runaway neuroinflammation and phagocytosis of stressed-
but-viable neurons (Brown & Neher 2014, Silverman & Wong 2018).

Conversely, the microglia response can be neuroprotective, reducing cytokines and
inhibiting the inflammatory response. Activated microglia can, in some instances, inhibit
neuronal apoptosis and promote survival through the release of trophic factors like

TGF-B, BDNF, and GDNF (Colonna & Butovsky 2017). Microglia can also indirectly
limit the spread of damage through controlled phagocytosis, preventing necrosis of the
surrounding tissue. Ablating microglia in the retina during excitotoxic damage exacerbates
the upregulation of inflammatory cytokines and increases the number of dying cells, further
supporting the conclusion that microglia can be neuroprotective (Todd et al. 2019). Clearly,
describing microglia with a binary helpful/harmful classification schema is insufficient for
describing the spectrum of functional states and their transcriptomic profiles (Colonna

& Butovsky 2017, Ransohoff 2016). Understanding the mechanisms and signals that
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direct microglia to resolve neurodegeneration in an anti-inflammatory, proneuronal survival
manner is an active and important area of study (for more details, see Jin et al. 2019, L.
Zhang et al. 2018).

4.2. Monocyte Recruitment

When microglia activation is widespread and/or the blood-tissue barrier is compromised,
bone marrow—derived monocytes can infiltrate the CNS from the bloodstream (Han et al.
2017, Jin et al. 2017, Waisman et al. 2015) (Figure 2a). These infiltrating cells can graft
themselves into the CNS (Ajami et al. 2011,Mildner et al. 2007, Paschalis et al. 2018) and
show differences in transcriptomic expression from the native, yolk sac—derived microglia
(O’Koren et al. 2016, Prinz et al. 2017, Ronning et al. 2019). Because infiltrating monocytes
rapidly differentiate into macrophages that become difficult to distinguish from resident
immune cells (Figure 2a), determining the roles of these populations in the progression

of degeneration has been difficult. Specifically, monocytes and microglia express many of
the same markers, including CD11b and CD45, but at different levels that likely fluctuate
during degeneration (Baufeld et al. 2017; O’Koren et al. 2016, 2019; Ronning et al. 2019;
Saban 2018). Recently, some markers have been proposed to be microglia specific, including
TREM2, Tmem119, and P2RY 12, though expression can change depending on disease state,
limiting the use of markers for identification (Hickman et al. 2018).

In the retina, as elsewhere, increased local expression of CCL2 is a particularly potent
signal for recruiting CCR2* inflammatory monocytes to the region (Karlen et al. 2018;
Rutar et al. 2011, 2012; Sennlaub et al. 2013). Blocking monocyte infiltration can, in

some instances, slow degeneration, suggesting that monocytes contribute to overzealous
phagocytosis or escalation of neurotoxic cytokine expression (Guo et al. 2012). In other
cases, monocytes play a reparative function (London et al. 2011, 2013) or have no effect at
all on the time course of degeneration (Karlen et al. 2018). Thus, like microglia, the role

of monocytes is likely to be context dependent, underscoring the importance of knowing
the time course of infiltration; the time course of monocyte differentiation to macrophages;
and the true, etiological identities of microglia, monocytes, and macrophages over time as
degeneration progresses. Single-cell approaches like scRNAseq and high-resolution in vivo
retinal imaging will undoubtedly make a vital contribution to that understanding, allowing us
to monitor when and where monocytes enter the CNS, what they do, and when and where
they leave.

4.3. Variations in Microglia and Monocyte Response During Photoreceptor Degeneration

In the retina, the breadth of photoreceptor degeneration etiologies is echoed in the apparent
diversity of types of immune responses to these insults. For example, loss of three separate
outer segment proteins leads to photoreceptor degeneration that elicits microglial responses
with differing features. In the Arrestin-1 knockout mouse, light onset induces a rapid
photoreceptor degeneration over the course of about a week, and both microglia and
monocytes migrate to the ONL, where they aggressively phagocytose photoreceptor cells
bodies, rather than first targeting the outer segments themselves (Karlen et al. 2018, Levine
et al. 2014) (Figure 2b). Indeed, microglia and monocytes do not appear distal to the

ELM until later times, when the ONL is substantially depleted. Conversely, when another
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small outer segment protein, progressive rod—cone degeneration (PRCD), is knocked out,
the degeneration is slower, and microglia primarily target the inner segment—outer segment
junction, with their processes extending towards the cilium (Spencer et al. 2019) (Figure 2c).
In yet another example, the P23H rhodopsin mouse, microglia migrate to the ONL and later
into the subretinal space, whereas infiltrating monocytes remain in the retina and appear to
avoid the subretinal space altogether (O’Koren et al. 2019), a distribution that the authors
noted was similar to their light damage model (Figure 2d). In a comparable P23H rhodopsin
model in rats, microglia populated the subretinal space throughout adulthood, maintaining a
level of chronic retinal neuroinflammation that persisted even after photoreceptor depletion
was complete (Noailles et al. 2016) (Figure 2e).

Normal aging may also lead to an accumulation of subretinal macrophages (e.g., Chinnery
et al. 2012; but see also Aredo et al. 2015). This is exacerbated in aged Cx3CR1 knockout
mice, in which normal 12 h on/off light levels cause slow photoreceptor degeneration

with a large accumulation of microglia in the subretinal space (Combadiére et al. 2007)
(Figure 2f). The Cx3CR1 knockout mice also develop drusen-like deposits of lipid-rich
microglia and macrophages in the subretinal space that are similar to lipid accumulations

in AMD patients (Sennlaub et al. 2013). Indeed, some patients with AMD have Cx3CR1
polymorphisms (e.g., Zhang et al. 2015), suggesting that Cx3CR1 signaling in microglia
may play a causative role in AMD and that subretinal deposits may be directly related to the
accumulation of subretinal macrophages. The differences in the localization and appearance
of microglia and monocytes in these different models of photoreceptor degeneration are, as
yet, unexplained.

5. THE NEW NORMAL: REESTABLISHING HOMEOSTASIS AFTER
DEGENERATION

Following degeneration, it is critical for neuroinflammation to resolve and for the tissue

to reestablish homeostasis, yet how this resolution occurs is still poorly understood. To
investigate the return to homeostasis, two general approaches have emerged: (&) perturbing
the function of specific proteins and () utilizing ablation and repopulation techniques. The
first approach focuses on the role of individual proteins in neuroinflammatory resolution.
For example, translocator protein (TSPO) is expressed by activated microglia (Wang et al.
2014) and binds a polypeptide called diazepam-binding inhibitor (DBI), expressed by gliotic
Muiller cells that reduce inflammation and other features associated with microglia activation
(Choi et al. 2011). During degeneration, DBI and TSPO are concurrently upregulated in
gliotic Miller cells and activated microglia, decreasing microglia activation, which suggests
a coordinated Muiller cell-microglia signaling mechanism that contributes to the resolution
of retinal inflammation (Wang et al. 2014). Interestingly, other TSPO receptor ligands,

such as XBD173, have been linked to reduced mRNA levels of the cytokines CCL2 and

IL6, increased phagocytic capacity, reduced microglia migration, and decreased proliferation
(Karlstetter et al. 2014), indicating that the interaction of specific ligands with the TSPO
protein may culminate in different downstream effects (Klee et al. 2019).
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Another molecule implicated in chronic inflammation is complement factor H (CFH),
which is the most widely studied genetic risk factor for AMD. CFH is a soluble plasma
factor secreted by microglia and macrophages that binds to CD11b, increasing myeloid
cell adhesion (Kopp et al. 2012) and disrupting the CD11b—CDA47 interaction that leads

to macrophage elimination (Copland et al. 2018). Thus, when CFH binds to CD11b

in inflamed tissue, microglia and macrophages are retained, preventing the retina from
returning to homeostasis (Calippe et al. 2017). Conversely, in CFH knockout mice, there
is no accumulation of extraneous immune cells in the subretinal space. Interestingly,

CFH targets the rate of extraneous immune cell elimination, independent of the number
of immune cells recruited (Calippe et al. 2017). The clinical relevance of this has been
observed in patients with CFH(Y402H), a high-AMD-risk variant of CFH; CFH(Y402H)
binds more efficiently to CD11b, thereby decreasing the elimination of macrophages from
the subretinal space and preventing the reestablishment of homeostasis (for more details, see
Copland et al. 2018).

A second approach to studying recovery is to use microglia ablation and repopulation.
CSF1R inhibitors, such as PLX5622, can deplete >99% of microglia for sustained periods
of time. Upon treatment removal, microglia will repopulate the CNS in a Cx3CL1-Cx3CR1-
signaling-dependent manner (Spangenberg et al. 2019, Y. Zhang et al. 2018). In the brain,
small local Nestin-positive microglia subpopulations are responsible for the proliferation
required to repopulate the neuronal tissue (Huang et al. 2018b). However, in the retina, there
are two regions that contain residual microglial populations from which new microglia are
born: the optic nerve and the iris and ciliary body (Huang et al. 2018a). Repopulated retinal
microglia recapitulate the morphology and distribution observed in the original population
and have similar baseline motility dynamics and responses to neuronal injury (Y. Zhang

et al. 2018). Prolonged microglia depletion can result in impairments in retinal signaling,

as ERG amplitudes diminish over time in the absence of microglia and can only return

to predepletion levels after short depletion periods (Y. Zhang et al. 2018). Despite these
challenges, microglia depletion is still a valuable tool for investigating potential roles of
microglia at distinct moments during degeneration.

Finally, there is some evidence that local removal and repopulation of microglia occur
naturally in the CNS. A recent study investigating myelin restoration in the brain found

that the naturally occurring death of inflammatory microglia by necroptosis was necessary
for remyelination (Lloyd et al. 2019). When necrostatin-1, a small molecule that prevents
necroptosome activity, was delivered preferentially to macrophages, it prevented the loss

of CD68™ microglia and hindered remyelination. Furthermore, when necroptosis was not
blocked, a population of Nestin® Ibal* microglia appeared between 3-7 days postlesion,
indicating that microglia repopulation can occur naturally following focal damage. This
suggests that, in the brain, targeted loss or removal of inflammatory microglia can induce the
remaining population to fill in and promote a healing, proregenerative state.

In the retina, less is known about how the resident population transitions from an activated,
inflammatory state back into a basal surveillance mode. Variations in the outcomes between
degeneration models suggest that there are multiple paths to a new normal: de-escalating

or reversing proinflammatory microglia in some scenarios and using cell death and
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proliferation to repopulate the population in others. The relative ease with which the new
resident population can again become activated and whether such reactivation produces a
different balance of pro- or anti-inflammatory responses remain important areas of future
work. Understanding resolution is critical for avoiding chronic inflammation and ensuring
a healthy microglia population capable of working in concert with other support cells to
maintain a healthy microenvironment where photoreceptors and other neuronal cell types
can thrive.
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SUMMARY POINTS

Photoreceptors and their unique niche in the posterior eye offer a highly
accessible experimental system to investigate how the immune system
interacts with and impacts the health and survival of neurons.

Photoreceptor stress and degeneration can be broadly categorized as arising
from either (&) the disruption of cell-autonomous homeostasis (e.g., protein
misfolding or mistrafficking, prolonged signaling, oxidative damage) or ()
loss of function in critical support cells, such as RPE and Miiller glia.

Under normal conditions, microglia are confined to the synaptic and ganglion
cell layers of the retina, playing an essential role in synaptic homeostasis and
plasticity and actively communicating with photoreceptors and other support
cells to maintain retinal health.

During periods of photoreceptor stress and degeneration, microglia transform
and migrate to the outer retina, where they phagocytose debris and dying
cells. In some instances, monocytes infiltrate from retinal blood vessels and
contribute to the inflammatory response.

The functions of microglia and monocytes in the degenerating retina likely
vary during disease progression and may be as diverse as the photoreceptor
degeneration etiologies themselves. Separating the effect of the inflammatory
response from degeneration is difficult and lies at the heart of the debate about
the helpful versus harmful roles that microglia play in neurodegenerative
disease.

Following degeneration, it is critical for the resident population to return to a
basal surveillance mode and for the tissue to reestablish homeostasis. Failure
to do so results in chronic inflammation that often leads to permanent vision
loss.
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FUTURE ISSUES

Microglia communicate with photoreceptors, RPE, and Miiller glia cells.
Understanding the molecular signals that underlie this communication is the
key to understanding normal homeostatic interactions and preventing chronic
inflammation.

Characterizing microglia with a binary helpful/harmful classification schema
is insufficient for describing the spectrum of their morphological and
transcriptomic profiles; the integrated signals that tip microglia toward
cytotoxic or cytoprotective functions need to be better understood.

Reliably differentiating resident and infiltrating cells in real time in vivo will
be fundamental to determining the roles that these populations play in the
progression of photoreceptor degeneration.

Variations in the localization and molecular hallmarks of microglia and
monocytes in different models of photoreceptor degeneration underscore the
importance of understanding the spatial and temporal signals driving cell
position and morphology.

Little is known about how the resident population transitions from

an activated, inflammatory state back into a basal surveillance mode;
nevertheless, this transformation is critical to avoiding chronic inflammation
and ensuring a healthy microglia population.
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Figure 1.
Retinal morphology and basic photoreceptor physiology. (&) Schematic of the retina from

the outer (Zop) to inner (botfom) in cross section. The retinal pigment epithelium (RPE)
(brown) lies between the vascular choriocapillaris and photoreceptor outer segments (OS).
Muiller cells (yellow) span the retina from the nerve fiber layer (NFL) to the photoreceptor
inner segments (IS) and form the external limiting membrane (ELM) that helps to establish
the subretinal space as a distinct microenvironment. Normally, microglia (green) reside in
the outer plexiform layer (OPL), inner plexiform layer (IPL), retinal ganglion cell layer
(RGC), and NFL. (5) Rod photoreceptor compartment. From top to bottom: OS containing
stacks of discs, 1S with metabolic and biosynthetic machinery, cell body, and synaptic
terminal. (¢) A photon causes rhodopsin to change conformation, activating transducin
(GaP1y1)- Each GTP-bound Ga then binds and activates cGMP phosphodiesterase 6
(PDE), allowing it to hydrolyze cGMP, decreasing intracellular cGMP levels. (d) In the
dark, cGMP opens a cyclic nucleotide gated (CNG) channel in the OS plasma membrane,
allowing cationic influx (Na*, Ca2*) that is balanced by an efflux of cations, mostly
potassium (K*), from the IS. The IS Na*/K* transporter uses ATP to maintain the
electrochemical gradient and depolarized membrane potential, leading to the continual
release of glutamate. (¢) In light, cGMP levels fall, and the CNG channels close, reducing
the influx of Na* and Ca2* and causing the cell to hyperpolarize and reduce glutamate
release. Additional abbreviations: INL, inner nuclear layer; ONL, outer nuclear layer.
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Figure2.
Variations in the response of microglia and infiltrating monocytes during photoreceptor

degeneration. (a) Microglia are typically ramified in healthy tissue, with small cell

bodies and numerous thin processes (green). Activated microglia lose their branched
morphology and migrate (yellow) to the afflicted region of damage, often transitioning

into a macrophage phenotype (fangerine). Infiltrating bone marrow—derived monocytes (red)
rapidly differentiate into macrophages (pink), becoming difficult to distinguish from resident
immune cells. (b) In Arrestin-1 knockout mice, light onset causes microglia and monocytes
(green, green+ red) to migrate to the ONL and phagocytose photoreceptor cells bodies (96
h), eliminating the ONL within a week and leaving a handful of subretinal macrophages
between the RPE and the ELM (240 h). Ibal (green) labels microglia and macrophages;
CD11b (red) labels microglia and leukocytes (e.g., monocytes); and nuclei are stained with
DAPI (blue). Panel adapted from Karlen et al. (2018) (CC BY-SA 4.0). (¢) In PRCD
knockout mice, microglia (red) primarily target the inner (unfabeled)—outer (green) segment
junction, with their processes extending toward the cilium (green). P2YR12 (red) labels
microglia; CD68 (purple) labels lysosomes; WGA (green) labels the OS; and nuclei are
stained with Hoescht (b/ug). Panel adapted with permission from Spencer et al. (2019).

(d) In P23H rhodopsin mice (zop) and LD mice (bottom), microglia with upregulated Gal3
(green+ red) accumulate in the subretinal space, whereas infiltrating monocytes (green)
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remain in the retina. Ibal (fop, green) labels microglia and macrophages; YFP (Cx3CR1)
(bottom, green) labels Cx3CR1* cells (e.g., microglia, macrophages); GAL3 (red) labels
subretinal macrophages; and nuclei are stained with DAPI (b/ue). Panel adapted with
permission from O’Koren et al. (2019). (&) In P23H rhodopsin rats, microglia (green,
green + red) remain in the subretinal space throughout adulthood, indicating chronic
neuroinflammation after photoreceptor degeneration has been completed; compare 4 months
(/ef?) to 12 months (right) in controls (SD, fop) and P23H rhodopsin mutants (bottom).

Ibal (green) labels microglia and macrophages; MHC-11 RT1B (red) label macrophages;
and nuclei are stained with TO-PRO-3 iodide (b/ue). Panel adapted from Noailles et al.
(2016) (CC BY-SA 4.0). (#) In aged, 18-month Cx3CR1 knockout mice exposed to normal
12 h on/off light levels, microglia (green) appear in the inner retina (both conditions), and
additional microglia accumulate in the subretinal space of the knockout (Cx3CR1GFP/GFP)
(arrows). GFP (green) indicates Cx3CR1-positive cells; Griffonia simplicifolia-positive (red)
labels vascular endothelial cells; and nuclei are stained with DAPI (b/ug). Panel adapted
with permission from Combadiére et al. (2007). Abbreviations: ELM, external limiting
membrane; GFP, green fluorescent protein; INL, inner nuclear layer; IPL, inner plexiform
layer; IS, inner segment; LD, light damage; ONL, outer nuclear layer; OPL, outer plexiform
layer; OS, outer segment; PRCD, progressive rod—cone degeneration; RGC, reginal ganglion
cell; RPE, retinal pigment epithelium; SD, Sprague-Dawley control rats; WGA, wheat germ
agglutinin.
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