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Teaser This review reflects on the protective and deleterious response of Müller cells after
injury and overviews their use as drug targets for novel retinal therapies based on their

neuroprotective and regenerative functions.
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Müller cells are specialized glial cells that span the entire retina from the

vitreous cavity to the subretinal space. Their functional diversity and

unique radial morphology render them particularly interesting targets for

new therapeutic approaches. In this review, we reflect on various

possibilities for selective Müller cell targeting and describe how some of

their cellular mechanisms can be used for retinal neuroprotection.

Intriguingly, cross-species investigation of their properties has revealed

that Müller cells also have an essential role in retinal regeneration.

Although many questions regarding this subject remain, it is clear that

Müller cells have unique characteristics that make them suitable targets for

the prevention and treatment of numerous retinal diseases.

Introduction
In 1851, the German anatomist Heinrich Müller discovered a new cell type in the retina, which he

described as thin fibers vertically extending throughout the vertebrate retina [1]. Named after

their finder, it has now been demonstrated that Müller cells are vital for the proper functioning of

vision through the support of retinal neurons. Indeed, Müller cells are one of the most important

glial cell types of the retina besides astrocytes and microglia. They stand out because of their

unique radial morphology, which spans the entire thickness of the retina, extending from the

inner limiting membrane (ILM) to the outer nuclear layer, which allows interactions with all

retinal neurons. Moreover, Müller glia are in proximity with the vitreous, blood vessels, and

subretinal space and, thus, represent an anatomical and functional connection between these

compartments and the retinal neurons. Each Müller cell is described to be coupled to one cone,

approximately ten rods, and a varying amount of inner retinal neurons [2]. This columnar

structure represents the smallest functional unit needed for the forward transduction of visual

information [3,4]. As the core of this column, Müller cells interact with their associated neurons

in a symbiotic way and are responsible for their functional, metabolic, and structural support [5].
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Therefore, Müller cells are ideally positioned to perform a variety of functions to maintain retinal

homeostasis and initiate a protective response in case of retinal damage (Fig. 1) [2,3].

Given their unique anatomic and physiological features, researchers have shown increasing

interest in the use of Müller cells as a target for novel therapeutic approaches. Indeed, a lot of their

characteristics greatly favor their position as a therapeutic target. First, their close contact with

the vitreous and subretinal space make them easily accessible to both intravitreally and sub-

retinally injected drugs, which benefits various therapeutic applications. Second, Müller glia are

resistant to pathological stimuli, allowing them to survive and remain a relevant target in

advanced stages of retinal degenerative diseases, such as retinitis pigmentosa (RP) and age-related

macular degeneration (AMD) [6,7]. Third, Müller glia are naturally involved in the synthesis and

secretion of neuroprotective cytokines and growth factors, positioning them as an ideal target cell

for the expression of these substances. Given that their many processes ensheath almost every

retinal cell type, they are able to secrete neurotrophic factors towards the inner and outer retina

and, therefore, are perfectly situated for the protection of degenerating neurons in, for example,

glaucoma, diabetic retinopathy, or photoreceptor degenerations. Finally, the discovery that

Müller cells have an evolutionarily conserved stem cell potential has opened the door for a

range of new therapies that aim to induce self-renewal of the mammalian retina [8–10]. In this

case, neurons that were lost through trauma or retinal diseases could be regenerated by the retina

itself.

Here, we provide a short summary of the most established Müller cell functions and reflect on

their unique response to retinal injury. We discuss how some of their natural characteristics can

be used for the benefit of retinal therapy and how to avoid adverse effects by selectively targeting

Müller cells with gene therapy. Finally, we summarize the current application of Müller cells for

retinal neuroprotection and regeneration.

Müller cell functions
Structural, functional, and metabolic support to maintain retinal homeostasis
There is a range of important functions performed by the Müller cells, which nearly all assist in

the functional, metabolic, or structural support of retinal neurons (Fig. 1). In the healthy retina,

Müller cells participate in the establishment of the blood–retinal barrier (BRB), of which the

integrity is essential for the health, functioning, and immune privilege of the retina [11]. The BRB

comprises an inner and an outer barrier, the former represented by the tight junctions (TJs) of the

inner retinal vasculature and the latter by TJs between the retinal pigment epithelium (RPE).

These TJs restrict the movement of fluid and molecules between the blood and the retina and

prevent entry of pathogens and other potentially harmful agents into the retinal tissue [12].

Müller cells were shown to enhance this barrier function because their selective ablation in

transgenic mice resulted in severe BRB breakdown [13,14]. The precise mechanism by which they

reinforce the BRB properties is not completely elucidated but includes the secretion of factors

such as pigment epithelium-derived factor (PEDF) and thrombospondin-1, which increase the

tightness of the endothelial barrier [15,16].

Besides their contribution to the BRB function, Müller cells are directly responsible for the light

conduction in the retina. Given that photoreceptors are found at the outermost layer of the retina

(Fig. 1, No 7 and 8), light has to pass all retinal layers before reaching its target. This retinal

organization appears counter-intuitive because massive loss of light intensity could be expected

because of light scattering by the multiple layers of retinal cells. However, Franze et al. discovered

that the incident light is collected by Müller cells, which act as living optical fibers that guide the

light through the retinal tissue toward the photoreceptors [17]. Thanks to their funnel-shaped

endfeet and increasing refractory index along the different retinal layers, light reflection is

reduced and a high-intensity signal is transported to the photoreceptors. It has been suggested

that Müller cells are also crucially involved in the integrity maintenance of the photoreceptor

outer segments, which are essential for proper light detection and visual function and are

continuously being renewed [18]. Müller cells are reported to phagocytose cone outer segments

[19,20] and contribute to the assembly of new outer segment discs [21,22]. Finally, they also

participate in the recycling of the retinal chromophore, by converting cone-specific all-trans-

retinal to 11-cis-retinol. This chromophore is then returned to the cones to restart the visual cycle

(Fig. 1a) [23].

The strong connection with their surrounding neurons allows Müller cells to be involved in

synaptic activity. During neurotransmission, Müller cells are responsible for the fast clearance of
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FIGURE 1

Schematic representation of the cellular components of the retina, highlighting some important Müller cell functions. (a) Müller cells have a key role in the cone-
specific visual cycle: After photolysis, all-trans retinal is reduced to all-trans retinol in the cone outer segment (COS). All-trans retinol is transported to the Müller
cells, where it is enzymatically converted to 11-cis retinol, which in turn is released for uptake by the cone inner segment (CIS). In the COS, 11-cis retinol is then
oxidized back to 11-cis retinal for pigment regeneration. (b) Müller cells maintain retinal homeostasis by mediating K+ and water transport: neuron-derived K+ is
taken up by Müller cells in the plexiform layers and redistributed into the blood, the vitreous and the subretinal space to avoid prolonged K+ accumulation.
Osmotically coupled to this K+ transport, water from the inner retinal tissue is removed into the vasculature. (c) Müller cells are crucially involved in
neurotransmitter recycling: during neurotransmission, Müller cells remove excess glutamate in the synaptic spaces via their glutamate aspartate transporter
(GLAST) and enzymatically transform it into the non-neuroactive substance glutamine by means of glutamine synthetase (GS). Glutamine is then transported
back to the neurons for the re-synthesis of glutamate. Abbreviation: ILM, inner limiting membrane. Key: 1, ganglion cell; 2, astrocyte; 3, Muller cell; 4, amacrine
cell; 5, horizontal cell; 6, bipolar cell; 7, rod; 8, cone; 9, retinal pigment epithelium cell.
glutamate in the synaptic spaces, thereby protecting retinal neu-

rons against excitotoxicity (Fig. 1c) [24,25]. Glutamate in Müller

cells is also used for the production of glutathione, a crucial

antioxidant that protects the retina against oxidative stress. When

oxidative stress occurs, Müller cells rapidly release glutathione, a

molecule that prevents neuronal damage by neutralizing reactive

oxygen species (ROS) [25,26]. Moreover, they are the primary site

of glycogen storage in the retina [5] and, in times of need, they

access this storage to provide the neurons with glucose [6,27].

Similar to many other glial cell types, Müller cells mainly rely on

anaerobic glycolysis, even when sufficient oxygen is present. This

metabolic feature allows them to save oxygen for retinal neurons

and renders them less susceptible to anoxia [6]. Furthermore, via

anaerobic degradation of their own glucose, Müller cells produce

large amounts of lactate, which is preferentially taken up by

photoreceptors as an alternative energy source [28,29]. Finally,

Müller cells are enriched with numerous ion channels to regulate

the electrolytic balance. During neuronal activity, neurons release

potassium (K+) ions in the synaptic spaces, which can be taken up

by Müller cells, which in turn redistribute the excess K+ into the
fluid-filled spaces outside the neuroretina (i.e., the blood, vitreous

humor, and subretinal space), thereby buffering the K+ imbalance

[30–32]. Besides ion buffering, Müller cells also contribute to

retinal homeostasis by regulating water clearance via the special-

ized aquaporin-4 (AQP4) water channels in their cell membrane

(Fig. 1b) [33,34].

Importantly, Müller cells further support the survival of photo-

receptors and other retinal neurons by the secretion of neuro-

trophic factors, growth factors, and cytokines [7]. One of the most

studied growth factors released from Müller cells is vascular en-

dothelial growth factor (VEGF). In hypoxic conditions, VEGF can

induce the formation of new blood vessels to restore the retinal

oxygen supply and, hence, prolong the survival time of retinal

cells [7]. However, overexpression of VEGF can have detrimental

effects on the retinal vasculature and can contribute to neurode-

generation [35]. In response to trauma, Müller cells have also been

shown to produce other neuroprotective factors, such as basic

fibroblast growth factor (bFGF) [36], glial cell line-derived neuro-

trophic factor (GDNF) [37], pigment epithelium-derived factor

(PEDF) [16], neurotrophins [38,39], and insulin-like growth factor
www.drugdiscoverytoday.com 1485
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factors to their cognate receptors, in an autocrine or paracrine

manner, activates downstream signaling pathways, which pro-

mote cell proliferation, survival, or regeneration [41,42].

Remarkably, most of the current knowledge about Müller cell

functions was only obtained over the past 20 years and it is likely

that not all the roles of Müller cells have yet been identified. The

many features described here are merely a selection, since an

extensive overview can be found elsewhere [3].

Müller cell gliosis as a response to retinal imbalance
Besides their physiological roles, Müller cells have the unique

capacity to respond to many types of retinal injury and disease

in a process often referred to as gliosis [7,43]. Reactive gliosis is a

complex response to any pathological alteration, including retinal

detachment, photic damage, glaucoma, diabetic retinopathy, and

retinal degeneration, considered to protect the retinal tissue from

further damage and stimulate its repair. During this process,

Müller cells undergo changes on a morphological, biochemical

and physiological level, which are determined by the nature and

intensity of the insult [43]. Müller cell gliosis is typically charac-

terized by changes in gene and protein expression, and cellular

hypertrophy. In particular, upregulation of the intermediate fila-

ments (glial fibrillary acidic protein (GFAP), vimentin, and nestin)

is a key feature in the gliotic response. This increase in intermedi-

ate filaments results in an increase in Müller cell stiffness, which is

likely to prevent mechanical lesions in the retina [44]. Rapid

upregulation of GFAP was found in response to retinal detachment

[45], hypoxia [46], ischemia [47], and experimental glaucoma

[48,49], and was shown to be highly variable and disease depen-

dent [50]. Another prominent gliotic manifestation is the altered

expression of glutamine synthetase (GS), a Müller cell-specific

enzyme involved in neurotransmitter recycling (Fig. 1c). Although

the expression of GS is reduced following the loss of photorecep-

tors, which normally produce lots of glutamate, GS levels are

increased during hepatic retinopathy which requires GS for am-

monia detoxification [2]. By contrast, in diabetic retinopathy and

optic nerve crush, no difference is observed in the amount of GS

[51]. In addition, individual Müller cells can respond to a harmful

stimulus in different ways. Fischer et al. demonstrated such a

heterogeneity between adjacent Müller cells in the chick retina,

where �65% of Müller cells started to proliferate following NMDA-

induced damage, whereas �35% did not [52]. Differences in Müller

cell response are also observed between species. Whereas mam-

malian Müller cells mostly respond to retinal injury by increased

GFAP expression, hypertrophy, and proliferation [2], Müller cells

of teleost fish (such as zebrafish) undergo a reprogramming event

that allows them to regenerate all major retinal cell types and

repair retinal damage [53] (see later). Taken together, it is clear that

the type of pathological injury and species strongly influence the

glial response.

As a rapid response to injury, gliosis is a beneficial process

activating different protective mechanisms aiming to buffer extra

K+ levels, take up excess glutamate, and release a variety of factors

that protect neurons from degeneration [7]. Furthermore, in re-

sponse to harmful stimuli, Müller cells are capable of dedifferen-

tiating to cells reminiscent of stem cells and, in some species,

redifferentiate to new retinal neurons (see later) [54]. This Müller
1486 www.drugdiscoverytoday.com
cell dedifferentiation can be seen as an endeavor to regenerate the

injured retina.

Unfortunately, in some severe cases and/or longer periods after

injury, this Müller cell response can be excessive and long-lasting,

thereby disturbing regular Müller cell functions, including their

homeostatic mechanisms and their ability to support retinal neu-

rons. Hence, a status of persistent Müller cell gliosis can be

detrimental for neuronal function and survival, and often results

in neuronal cell death [7]. For example, long-lasting hypoxia

results in the persistent induction of GFAP and reduced levels

of GS, thereby impairing glutamate detoxification and contribut-

ing to neovascularization (NV) and neuronal degeneration [55].

Chronic retinal ischemia, inflammation, and diabetic retinopathy

lead to the downregulation of specialized K+ channels in Müller

cells, which normally release K+ in the blood, without changes in

the K+ uptake. This increases the osmotic pressure within the

Müller cell, causing Müller cell swelling and contributing to retinal

edema [56,57].

Finally, persistent gliosis can lead to massive Müller cell prolifer-

ation throughout the entire retinal tissue, forming glial scars that fill

the spaces left by degenerated neurons, RPE, and blood vessels [58].

This scar-like tissue prevents the renewing of photoreceptor outer

segments, inhibits tissue repair, increases retinal stiffness, and exerts

tractional forces, all of which can impede normal retinal function

[2,59]. The formation of glial scars is thought to be one of the reasons

for the limited degree of regeneration in the mammalian retina and

can impede the integration ofdonorcells inthehost retinafollowing

transplantation [2,60]. Thus, it is clear that gliosis is a complex

process that can influence the therapeutic outcome of many retinal

treatments, including the strategies discussed in this review. For a

more detailed overview of the gliotic response in the diseased retina,

readers are referred to Ref. [2].

Taken together, it is evident that Müller cells are an elemental

part of the healthy retina and that any imbalance sensed by these

cells can influence proper retinal functioning. The existing body of

research on the involvement of Müller cells in the healthy and

diseased retina illustrates that Müller cells are vital for retinal

homeostasis and integrity on the one hand, yet can also accelerate

the progress of neuronal degeneration on the other. This plethora

of functions makes them an ideal target for therapeutic approaches

to slow down, prevent, or even cure various retinal diseases. More

specifically, if one could stimulate the neuron-supportive Müller

cell functions and avert the destructive mechanisms of gliosis, it

might be possible to use Müller cells in the development of new

therapeutic strategies, such as neuroprotection or retinal regener-

ation.

In this review, we mainly address diseases accompanied by

photoreceptor degeneration and, therefore, impaired light detec-

tion, such as RP [61] and AMD [62]; diseases with retinal ganglion

cell (RGC) loss, in which photoreceptors might be able to detect

light, but visual information is not transmitted to the brain, such

as glaucoma [63] and optic nerve damage [64]; and diabetic

retinopathy, in which abnormalities occur in both photoreceptor

and RGCs as well as in amacrine cells and bipolar cells [59].

Although neuroprotective and regenerative strategies can be ap-

plied for a range of retinal diseases, it is the nature of the disease

that will define which cell type requires protection or regeneration

and which is the preferred therapeutic strategy.
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Selective Müller cell targeting
Although Müller cell type-specific targeting is not a necessity for

strategies such as retinal neuroprotection or regeneration, it can

increase the success of a therapy and minimize unnecessary uptake

of drugs and/or their carriers by other retinal cells. In this way,

lower doses could be applied and adverse effects could be pre-

vented. To restrict transgene expression to a specific retinal cell

type, gene therapy is an attractive and promising approach. Espe-

cially for neuroprotective interventions, Müller cell-specific tar-

geting has an advantage because Müller cells naturally participate

in this process by the synthesis and release of neurotrophic factors

to their surrounding neurons. Moreover, as ultimate survivors,

they can continue to supply neurotrophic factors until the latest

phases of the disease, when retinal neurons are lost to degenera-

tion. Restricting expression to Müller cells allows the use of fewer

viral particles and reduces the possibility of ectopic transfection

and immune responses. In case of regenerative strategies, factors

affecting Müller cell reprogramming can be delivered as such to

the entire retina. However, targeting Müller cells directly elimi-

nates the risk of adverse effects potentially caused by reaching

untargeted cells. An overview of possible Müller cell target strate-

gies is given in Table 1.

Over the past 20 years, myriad therapeutic vectors have been

developed with recombinant viruses as leading players for retinal

gene delivery [65]. The specificity of viral gene delivery greatly

depends on four factors: the injection route; the virus type; the

promoter; and the viral envelope or capsid. As such, reports

indicate that subretinal injection of viral vectors mainly trans-

duces cells that border the subretinal space, whereas intravitreal

injections are preferable for transduction of the inner retina [66].

Nevertheless, because Müller cells span the entire retina, they can

be targeted via both injection routes. Another factor influencing

the cellular tropism is the choice of the virus type. Whereas the

most widely used adenoviral vector, Ad-5, has been shown to

transduce Müller cells after both subretinal [67] and intravitreal

[68–71] injection, lentiviral vectors show more tendency toward

transfection of photoreceptors and RPE rather than of glia [72].

Similarly, most natural adeno-associated viruses (AAVs) have a

strong tropism for neurons with minimal transduction of glial cells

[73,74]. Regardless, efficient Müller cell transgene expression can

be driven by the use of glia-specific promoters, such as the cluster

of differentiation 44 (CD44), GFAP, and vimentin promoter. For

example, Greenberg et al. demonstrated that lentiviral vectors

containing one of these three promotors yielded strong eGFP

expression in Müller cells after subretinal injection in adult

rodents, whereas the use of strong ubiquitous promoters [e.g.,

the human cytomegalovirus (CMV), human ubiquitin-C and hy-

brid chicken b-actin promoter] drove transgene expression mainly

in the RPE [75]. However, intravitreal injection of lentiviral vectors

commonly fails in transducing retinal cells, because these vectors

are largely neutralized in the vitreous humor, are relatively insta-

ble, and are particularly large [76]. This is one of the reasons why

AAVs have emerged as a favored tool for gene delivery to the

retina. AAVs have been shown to lack pathogenicity, elicit a mild

immune response, and mediate long-term transgene expression in

retinal cells [77]. In addition, their small size (25 nm) is expected to

facilitate diffusion across retinal barriers and, therefore, enhance

delivery of genes into the inner retina following intravitreal injec-
tion [78]. For these vectors as well, it is possible to restrict trans-

gene expression to Müller cells using Müller glia-specific

promoters [79,80]. For instance, it was shown by Dorrell et al. that

a GFAP promotor-driven AAV strictly transduced activated Müller

glia after intravitreal injection in mice, whereas a ubiquitously

CMV enhancer/chicken b-actin (CAG) promoter-driven AAV

demonstrated nonspecific expression of GFP, mainly localized

to ganglion cells [79]. However, the use of a CAG promoter still

evoked stronger GFP expression compared with the use of the

GFAP Müller cell-specific promoter. In addition, the research

group of Flannery also reported possible cytotoxicity associated

with the use of the GFAP promoter, because they noticed strong

autofluorescence in fundus images when comparing subretinal

injection of an AAV9 carrying a GFAP with that carrying a chicken

b-actin (CBA) promoter [81]. Therefore, substantial research has

been conducted to develop strategies that modify the viral enve-

lope or capsid for improved targeting. For AAVs, for instance,

engineering the capsid based on rational insertion of defined

amino acid sequences has shown some success in increasing

cell-specific targeting [82]. Nevertheless, this method of rational

design requires prior knowledge of which capsid modifications to

use for improved targeting, which is often unavailable. Therefore,

the development of a technique called ‘directed evolution’, using

mutant AAV capsid libraries in combination with high-through-

put screening methods, drastically improved vector design, with-

out the need for mechanistic knowledge of capsid properties. In

principle, this approach involves the synthesis of AAVs with

random capsid mutations, which are tested in vitro or in vivo

followed by positive selection of their ability to transduce the

desired cell type [83]. Using this strategy, Klimczak et al. identified

a new AAV variant (ShH10) with enhanced and specific intravitreal

Müller cell transduction in vivo [84]. Specific Müller cell targeting

with this vector diminished the loss of vector genomes to neigh-

boring cells unable to express the transgene, while maintaining

the use of a strong promoter and, therefore, high transgene

expression [81,85,86]. However, the ShH10 vector is substantially

more selective in transducing Müller glia in rat retinas compared

with mice retinas [87]. A potential explanation for this observation

might be the difference in barrier function of the ILM. In mice, a

thinner ILM could facilitate penetration and nonspecific transduc-

tion of the retina, whereas the thicker ILM in rats favors transduc-

tion of Müller cells. Nevertheless, the specificity of the ShH10

vector using a strong ubiquitous promoter remains controversial

because other groups found that a Müller glia-specific promoter (e.

g., GFAP) is necessary to bring about ShH10-mediated Müller glia

specificity [88].

Although viral vectors are currently dominating ocular gene

therapy trials, concerns regarding their immune response and high

production cost have encouraged the development of nonviral

alternatives. Especially lipid- [89,90], polymer- [91,92] and/or

protein- [93,94] based nanoparticles (NPs) have been widely in-

vestigated for their ability to deliver drugs and genes to the retina.

However, their lower transduction efficacy and short-lived gene

expression are considered major drawbacks of the nonviral ap-

proach [66]. Nevertheless, their use might be beneficial in situa-

tions where short-term transgene expression is favorable, for

example to boost neuronal survival. As for their viral counterparts,

cell type-specific delivery of nonviral vectors can also be influ-
www.drugdiscoverytoday.com 1487
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TABLE 1

Targeting expression to Müller cells in vivoa

Vector
type

Promoter Injection
route

Gene Specificity Suggested
mechanism

Animal model Suggested application Refs

Adenovirus
Ad-5 CMV IVT BDNF Selective transgene

expression in MG
Basal end-feet of MG
provide large surface
for adsorption of viral
particles from the
vitreous chamber

WT rats NP of RGCs; NP of PRs
(for macular
degeneration and RP)

[68,70]

Lentivirus
HIV CD44, GFAP,

VIM
SR eGFP MG transduced with

high efficiency, leaky
expression in adjacent
RPE cells

Proteins localized in
MG, of which promoter
could therefore confer
specific glial expression

Rat model of RP Retinal NP (for AMD,
glaucoma and RP)

[75]

CMV,
ubiquitin

SR eGFP Expression restricted to
RPE

Promoters strongly
active in a range of cells

CD44 IVT eGFP No eGFP expression Proteins at vitreal
surface that bind and
inactivate LV vectors;
vectors too large for
ILM penetration;
polarized receptor
profile on MG

AAV-2 CAG IVT eGFP Nonspecific expression
in inner retina

Promoter strongly
active in range of cells

Mouse model of
subretinal NV; WT
rats

NP; LCA and severe
forms of RP

[79,84]

GFAP IVT eGFP,
NT-4

Expression in MG
surrounding retinal
blood vessels

Glial-specific promoter
upregulated in MG
located adjacent to
subretinal NV

Mouse model of
subretinal NV; Crb1
cKO mice

[79,186]

CD44 IVT eGFP Subset of eGFP-positive
RGCs

Natural tropism of AAV2
for RGCs

Rat model of RP NP [75]

HRE-GFAP
hybrid

IVT eGFP eGFP expression
predominantly localized
in MG

Combination of MG-
specific promoter and
several hypoxia-
responsive and
aerobically silenced
elements

Mouse model of
OIR

Diabetic retinopathy
and AMD (retinal
hypoxia)

[80]

Adeno-associated virus
ShH10 CAG IVT eGFP;

GDNF
Highly specific MG
transduction; subset of
RGCs and amacrine cells
as well

Directed evolution for
selection of IVT
transduction of MG;
suggested to better
bind and transverse ILM
and improved binding
to EGFR on MG

WT rats; rat model
of RP; mouse model
with permeable
BRB; WT mice

NP; gene therapy; retinal
regeneration

[81,84–
86,88,187]

GFAP IVT eGFP, b-catenin, Lin28; Otx2,
Crx, Nrl

Highly specific MG
expression

Vector selected by
directed evolution
+ MG specific
promoter

WT mice, cKO mice;
mouse model of
congenital blindness

Retinal

regeneration [88,171]
CD44 IVT eGFP Weak eGFP expression

primarily in MG, but not
specific

Crb1 cKO mice CRB1 inherited retinal
dystrophies

[87]

SR eGFP Weak eGFP expression in
MG, RPE, and PRs

RLBP1 IVT eGFP eGFP expression
restricted to MG

Vector selected by
directed evolution
+ MG specific promoter

SR eGFP eGFP expression
restricted to RPE and MG

CMV IVT eGFP;
CRB2

Expression only at
subapical region of MG

Crb1 cKO mice;
Crb2 cKO mice

RP [87,183]

a Abbreviations: CD44, cluster of differentiation 44; cKO, conditional knockout; Crb, Crumbs homolog; Crx, conr-rod homeobox; EGFR, epidermal growth factor receptor; HRE, hypoxia-
responsive element; IVT, intravitreal; LCA, Leber’s congenital amaurosis; MG; Müller glia; NP, neuroprotection; Nrl, neural retina leucine zipper; NT-4, neutrophin-4; NV, neovascularization;
OIR, oxygen-induced retinopathy; Otx2, orthodenticle homeobox2; PR, photoreceptor; RLBP, retinaldehyde-binding protein; SR; subretinal; VIM, vimentin; WT, wild-type.
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enced by the delivery method and the use of cell type-specific

promoters [95]. In addition, specificity could be increased by

rationally modifying the surface of the particle to target receptors

on the cell membrane [96]. Although it has been suggested that

some NPs, such as human serum albumin particles, are spontane-

ously taken up by Müller cells after intravitreal injection in rats

[97], active Müller cell targeting of nonviral vectors has yet to be

investigated.

Müller cells for neuroprotection
Müller cells are endowed with the ability to synthesize and secrete

a wealth of neurotrophic factors and, hence, represent a natural

target for expression of these proteins. Neurotrophic factors are a

family of growth factors that promote the growth, survival, and

differentiation of neurons. In many retinal diseases, deprivation of

these factors contributes to neuronal cell death, promoting exten-

sive research of neurotrophic factor supplementation therapy.

Indeed, administration of neurotrophic factors could halt or slow

down neuronal degeneration and help to maintain visual func-

tion. Most neurotrophic factors belong to one of three classic

families: (i) neurotrophins, including the nerve growth factor

(NGF), the brain-derived growth factor (BDNF), neurotrophin 3

(NT-3) and neurotrophin 4 (NT-4) [98]; (2) GDNF family ligands,

including GDNF, neurturin, artemin, and persephin; and (3) in-

terleukin-6 (IL-6) family of cytokines, including ciliary neuro-

trophic factor (CNTF), leukemia inhibitory factor (LIF), and IL-6

[99]. Other proteins that have been identified as neurotrophic

factors include bFGF, IGF-1, VEGF, transforming growth factor-b
(TGF-b), and PEDF [100].

Of all neurotrophic factors, CNTF is the most extensively stud-

ied for therapeutic neuroprotection of the retina. Extensive re-

search has shown that CNTF supports the survival of rod

photoreceptors in almost all animal models of retinal degenera-

tion [101]. In addition, CNTF has also been shown to significantly

protect RGCs and inner retinal neurons from death in several

disease models [102–104] as well as to promote axonal regenera-

tion [105]. Despite these promising results, concerns have been

raised in using CNTF as a retinal neuroprotective agent. This

ambiguity is caused by the reported dose-dependent suppression

of retinal function and decreased electroretinogram (ERG) ampli-

tudes in response to delivery of the CNTF protein or transgene

[106–109]. In addition to CNTF, the neurotrophin BDNF stands

out owing to its powerful neuroprotective effect, particularly on

RGCs [110]. Exogenous BDNF protein delivery as well as vector-

mediated upregulation of BDNF expression promotes RGC surviv-

al after optic nerve axotomy, as described earlier [68,111,112].

Nevertheless, in most studies, neuroprotection of RCGs was only

short-term and did not permanently rescue RCGs from cell death

[68,113]. This transient survival effect of BDNF was attributed to a

downregulation of the BDNF receptor (TrkB) on the RGC cell

surface, triggered by prolonged BDNF exposure or the axotomy

itself. In response to this observation, Cheng et al. successfully

tested a combination approach of BDNF protein delivery and

virus-mediated TrkB gene therapy, which greatly increased the

extent and level of RGC survival [114]. Furthermore, molecules

that selectively activate TrkB agonists were reported to enhance

RGC survival following acute and chronic models of glaucoma

[115,116]. Besides RGCs, BDNF delivery also results in photore-
ceptor survival [70], which is surprising considering their poor

expression of the TrkB receptor. Research suggests that BDNF

induces photoreceptor survival indirectly by activating Müller

cells in an autocrine or paracrine fashion to secrete other neuro-

trophic factors, such as CNTF and bFGF, which in turn stimulate

photoreceptors [70,117].

Other factors of interest include PEDF and GDNF. Increased

expression of the latter has been reported to protect the retina

from oxidative stress without altering normal retinal function

[118] and to protect photoreceptors and RGCs from death in

animal models of retinal degeneration [119–121]. A study investi-

gating the long-term safety of AAV-mediated GDNF expression

demonstrated no abnormalities in morphology or function of the

retina after 1 year [122]. The neurotrophic factor PEDF was initially

discovered to be secreted by RPE cells and was shown to exhibit

antiapoptotic, antioxidative, and anti-inflammatory effects [123].

Intraocular injection of PEDF delayed photoreceptor cell degener-

ation and apoptosis in genetic and light-induced damage retinal

models [124–126] and protected RGCs from ischemia-induced cell

death [127]. Moreover, human clinical trials have been initiated

with PEDF for the treatment of neovascular AMD, because it has

proven activity against VEGF [128].

Although it is possible to achieve neurotrophic factor supple-

mentation by delivering recombinant proteins, their short in vivo

half-lives necessitate frequent ocular injections, which would

hamper patient compliance [129–132]. By contrast, local and

sustained delivery of neurotrophic factors within the retina by

transfection of retinal cells with neurotrophic factor-encoding

genes could avoid some of these limitations. Given that, in con-

trast to neurons, Müller cells are able to survive until the latest

stages of retinal degeneration, they serve as ideal candidates for

this strategy. In addition, because they have contact with all

classes of retinal neuron, Müller cells can be directed to express

the desired neurotrophic factors throughout the entire retina. The

use of Müller cells as a secretion platform for neurotrophic factors

was first investigated two decades ago, when Di Polo et al. demon-

strated that the delivery of viral vectors containing a BDNF trans-

gene resulted in the secretion of the BDNF protein and subsequent

survival of injured RGCs in axotomized rats. More importantly, via

intravitreal injection of Ad-5, it was possible to preferentially

transduce Müller cells [68]. Using the same strategy, the research

group of Di Polo demonstrated that Müller cell-mediated BDNF

secretion also markedly increased the survival of photoreceptors

following 10 days of light-induced photoreceptor degeneration

[70]. However, the use of an adenoviral vector in both studies

necessitated co-treatment with an immunosuppressant to prevent

Ad-5-mediated inflammation and allow for sustained neuro-

trophic factor expression [68,70]. In 2001, Liang et al. successfully

tested intravitreal injection of AAVs encoding CNTF for the pro-

tection of photoreceptors in animal models of RP [106]. However,

the use of a CMV promotor did not restrict CNTF expression to

Müller cells, because RGCs were also transduced [106]. By contrast,

intravitreal injection of an AAV vector containing transgenes

driven by a GFAP promotor more specifically transduced Müller

glia, as demonstrated by Dorrell et al. Their GFAP-driven gene

delivery of NT-4 resulted in NT-4 production in activated Müller

cells and protected photoreceptors from oxidative stress in a

mouse model of neovascularization [79]. To further enhance
www.drugdiscoverytoday.com 1489
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ShH10 AAV vector to overexpress GDNF, which resulted in strong,

selective transduction of Müller cells after intravitreal injection.

Moreover, the authors showed that Müller cell-mediated GDNF

expression significantly slowed the rate of retinal degeneration in a

rat model of RP. By targeting Müller glia, retinal degeneration was

postponed for a longer period compared with previous reports

using GDNF delivery without Müller cell targeting [81].

Taken together, the use of growth factors is an emerging strategy

for retinal neuroprotection. Given the enormous variation in

underlying genetic causes of retinal diseases, a mutation-indepen-

dent strategy such as neuroprotection, can serve as a universal

approach to halt or slow down the loss of retinal cells. This

approach is based on secreted proteins and, therefore, neuro-

trophic gene therapy does not require cell type-specific delivery.

Yet, targeting the ultimately surviving Müller cells, rather than

losing transgenes to dying retinal neurons, can markedly increase

retinal survival. Interestingly, supplementing a combination of

different neurotrophic factors could provide even more benefit, as

demonstrated by Koeberle et al. for the survival of RGCs [133]. In

addition, in diseases where the underlying genetic cause is identi-

fied, neurotrophic factor delivery could have an added value to

gene replacement strategies. An example of this combination is

given by Buch et al., who observed enhanced photoreceptor

survival when AAV-mediated GDNF expression was coupled to

Prph2 gene replacement in Prph2Rd2/Rd2 animal models of inher-

ited retinal degeneration [107]. This strategy, where two viral

vectors are simultaneously applied, one for gene replacement in

the photoreceptors and one for neurotrophic factor secretion in

Müller cells, underscores the value of selective Müller cell targeting

for neurotrophic factor secretion. Indeed, by transferring the

GDNF-secretion task to the Müller cells, neither photoreceptor

machinery nor energy would be wasted on neurotrophic factor

secretion, thus facilitating photoreceptor regeneration [81].

However, there are challenges to be overcome before vector-

mediated neuroprotection can be translated into the clinic. First,

each distinct factor should be optimally dosed to achieve optimal

protection from degeneration. In this regard, it remains unknown

whether data related to the duration of rescue from rodent models

can be extrapolated to human diseases. Another important issue

relates to the timing of the therapy because it is unclear at what

time point during the progression of retinal disease neuroprotec-

tion would be the most beneficial. Finally, possible (adverse)

effects of sustained, high-level neurotrophic factor expression in

the eye should be taken into account, because some factors have

shown to cause long-term detrimental effects. The use of viral

vectors containing inducible promoters or the use of nonviral

poly-(p)DNA or mRNA strategies to induce protein expression

during a limited time frame, might however resolve some of these

issues.

Müller cells for regeneration
One of the most intriguing Müller cell functions, revealed over the

past decade, is their essential role in retinal regeneration. The

observation that Müller cells have stem cell properties has posi-

tioned them as a primary target for endogenous retinal repair [134].

Unlike most cell types of the human body, differentiated retinal

neurons do not have the ability to re-enter the cell cycle and
1490 www.drugdiscoverytoday.com
divide. When traumatic injuries and diseases result in retinal cell

death, lost neurons in the damaged area are not spontaneously

replaced and apoptosis ultimately leads to vision loss. However,

this is not the case for all species. Teleost fish, such as zebrafish,

have the remarkable innate ability to regenerate retinal tissue and

restore impaired sight [135–137]. The source of this regeneration

was discovered in early studies, using goldfish, as a group of

proliferating cells migrating from the inner (INL) to the outer

nuclear layer (ONL), where they continue to divide and generate

new rod photoreceptors [138,139]. Initially these clusters were

assumed to originate from rod precursors [140,141], but the ob-

servation that INL cell proliferation preceded regeneration and

that Müller nuclei, which reside in the INL, also proliferated and

migrated into the empty spaces of lost photoreceptors following

injury, suggested that Müller glia were an alternative source of

regenerative neuronal progenitors [142]. Finally, several studies

using transgenic zebrafish in which the fate of GFP-tagged Müller

cells was followed shortly after retinal injury, were able to confirm

Müller glia as the source of these progenitors [143–145]. Using a

conditional expression system that allowed permanent labeling of

Müller glia-derived progenitors, Ramachandran et al. demonstrat-

ed that these progenitors are responsible for regenerating all

retinal cell types and that these cells are stably integrated into

the retinal structure [146].

Despite considerable similarity between the mammal and the

zebrafish retina, mammalian Müller glia do not respond to injury

by means of dedifferentiation. Instead, they experience reactive

gliosis, which is often associated with cell proliferation and scar

formation (see earlier), failing to initiate regeneration [7]. Never-

theless, this response to injury together with their capacity to

upregulate genes associated with retinal stem cells indicate that

mammalian Müller cells might be stimulated to adopt a stem cell-

like state and generate retinal neurons under appropriate circum-

stances. Rodent as well as human Müller cells have both been

shown to generate both glial cells and neurons in vitro [147–150].

How mammalian Müller cells lost the capability to use this neu-

rogenic potential after injury in vivo remains a pressing question.

However, if one could unlock this restricted regenerative potential

of mammalian Müller glia and mimic the self-healing capacity of

their zebrafish counterparts, it might be possible to restore human

retina after injury and regain vision in retinal degeneration dis-

eases. In addition, the use of endogenous Müller cells to promote

neuronal regeneration circumvents many risks associated with

exogenous cell transplantation and prosthetic devices, such as

immune rejection, potential ethical objections, and tumor forma-

tion [151]. To this end, several research groups have used the

zebrafish as a model to gain a better understanding of the factors

that control retinal regeneration.

In zebrafish, Müller glia reprogramming has been shown to be

responsible for the regeneration of the retina in various cases of

retinal damage, such as light exposure [145], chemicals [152] and

mechanical injury [143]. Following retinal injury, Müller glia

dedifferentiate, migrate towards the ONL, and undergo a single,

asymmetric self-renewing division that preserves the Müller glia

cell on the one hand and produces a multipotent progenitor cell

on the other hand [153]. This progenitor cell proliferates to form a

cluster of neural progenitors, which migrate along the radial

process of the daughter Müller cell to the damaged retinal layer,
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FIGURE 2

Retinal regeneration in zebrafish. Adult Müller glia (purple) respond to retinal injury with a gliotic response, accompanied by a reprogramming event in which
they adopt retinal stem cell properties (yellow). The nuclei of the reprogrammed Müller glia migrate from the inner nuclear layer (INL) to the outer nuclear layer
(ONL), where they divide asymmetrically and subsequently return to the INL, a process called interkinetic nuclear migration. This asymmetric division results in
the formation of a multipotent progenitor, which amplifies to create a small population of progenitors capable of the regeneration of all major retinal neuron
types. Key: 1, ganglion cell; 2, rod; 3, cone; 4, amacrine cell; 5, horizontal cell; 6, bipolar cell. Modified from [53,54].
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where they withdraw from the cell cycle and can differentiate into

all major retinal cell types [54,134] (Fig. 2).

Although further work is needed to shed more light on the

molecular mechanisms driving Müller glia reprogramming in

zebrafish, several proteins and signaling pathways involved in this

process have been identified (for an excellent overview of the

factors affecting Müller glial cell reprogramming and proliferation,

readers are referred to Ref. [54]). Further studies now focus on how

these proteins can be used to enable the mammalian retina to

regenerate in vivo (Table 2). However, the first studies tried to

stimulate the proliferative and neurogenic properties of mamma-

lian Müller cells by simply inducing retinal damage. In 2004, Ooto

and colleagues demonstrated that NMDA neurotoxicity of RGCs in

the adult rat retina induced a small amount of Müller glia to

proliferate and produce new cells with markers of early bipolar

and rod photoreceptor cell differentiation [154]. Similarly, N-
methyl-N-nitrosourea (MNU)-induced photoreceptor degenera-

tion was reported to initiate Müller glia proliferation in rodents,

associated with rare events of rhodopsin expression, indicating

photoreceptor regeneration [155]. However, this concept was

recently challenged by Kugler et al., who demonstrated that

NMDA-induced excitotoxic damage of the rodent retina did not

induce Müller cell dedifferentiation [156]. Similar observations

were reported by another research group using light exposure to

induce neuronal damage without noticeable Müller cell prolifera-

tion [157]. These authors found that bromodeoxyuridine (BrdU)

was colocalized with DNA Ligase IV, a marker for DNA repair. This

suggests that BrdU, a nucleoside commonly used for the detection

of proliferation, is incorporated in cells because of ongoing DNA

repair, without the occurrence of cellular proliferation. Neverthe-

less, NMDA- or MNU-induced damage combined with the in-

creased levels of key signaling factors, such as sonic hedgehog
www.drugdiscoverytoday.com 1491
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TABLE 2

Müller cell regeneration in the mammalian retina in vivoa

Animal Procedure Effective factor
(s)

Effect? Newly generated cells Refs

With injury
Adult WT rats IVT injection of NMDA

followed by three
injections of growth
factors every other day,
2 days after injury

RA NMDA caused cell death of RGCs and
reduced thickness of IPL; MG
proliferation 2 days post injury;
dedifferentiation of a few MG; RA
treatment promoted number of
regenerated bipolar cells

Bipolar cells: marker: PKC,
NSE.
Rod PRs: marker:
rhodopsin, recoverin

[154]

Wnt/b-catenin reporter
mice

IVT injection of NMDA
and Wnta3

Wnta3 (Wnt
agonist)

Cell death observed in INL and GCL; Wnt3
treatment markedly increased MG
proliferation; inhibition of Wnt signaling
by Dkk1 prevented neuronal
regeneration after injury

Treatment with RA
promoted differentiation
into rhodopsin-positive
PRs (ex vivo)

[159]

Adult WT rat I.p. injection of MNU
followed by daily IVT
injection of Shh (7
consecutive days)

Shh MNU induced PR degeneration;
treatment with Shh markedly increased
proliferation of MG-derived progenitors;
MG-derived progeny preferentially
differentiated in rod-like cells

Rod PRs: Marker:
rhodopsin

[158]

GAD67-GFP and Grm6-
GFP transgenic mice

Intraocular NMDA
injection followed by
single injection of growth
factors 2 days after injury

FGF1; EGF; FGF1
+ insulin

NMDA caused cell death of RGCs and
amacrine cells; MG re-entered cell cycle
after injury and upregulated progenitor
markers (Pax6, Notc, and DLL1); MG
subset differentiated into amacrine cells

Amacrine cells: markers:
Calretinin, NeuN, Prox1,
and GAD67

[162]

Adult WT rat; newborn Z/
EG mice

I.p. injection of MNU N/A MNU specifically damaged PRs; MG
underwent gliosis and proliferation; MG
subset differentiated in rod PRs and
expressed synaptophysin, indicating
possible synapse formation;
transplantation into damaged retina led
to MG migration and rhodopsin
expression

Rod PRs: markers:
rhodopsin,
synaptophysin

[155]

Transgenic adult mice
with increased sensitivity
to Wnt through removal
of negative regulator
Axin2

Laser induced injury with
two laser burns per eye

Wnt After injury, MG proliferated more, but
amount of proliferating MG was small;
MG adopted expression patterns of
retinal progenitor cells (PAX6); some MG
expressed rod PR marker, rhodopsin

Rod PRs: marker:
rhodopsin

[188]

Transgenic adult and
young mice
overexpressing Ascl1 in
presence of tamoxifen

I.p. injections of
tamoxifen (5 consecutive
days) induced expression
of Aslc1, followed by IVT
injection of NMDA or
continuous exposure to
10 000 lux light for 8

Ascl1 NMDA induced death of amacrine and
RGCs; Ascl1 overexpression alone did not
stimulate neurogenesis in MG; after
injury, Ascl1 promoted dedifferentiation
of MG (loss of Sox9) and initiated
neurogenic response (proliferation, Otx2
expression), mature markers of neural/
PRs were not expressed in adult mice;
after injury, Ascl1 gave MG potential to
regenerate neurons (amacrine, bipolar
and PRs) in young mice

Amacrine cells: markers:
HuC/D, Pax6
Bipolar cells: markers:
Otx2, Cabp5
Rod PRs: markers: Otx2,
recoverin

[160]

Transgenic adult mice
overexpressing Ascl1 in
presence of tamoxifen

I.p. injections of
tamoxifen (5 consecutive
days) induced expression
of Ascl1, followed by IVT
injection of NMDA
(2 days later) and TSA
(4 days later)

Ascl1 + TSA NMDA led to loss of RGCs and reduction
in IPL thickness; administration of
tamoxifen + NMDA promoted
dedifferentiation of MG (loss of Sox9) and
initiated neurogenic response (Otx2
expression); MG-derived progeny
preferentially differentiated in bipolar
cells; MG-derived neurons synapsed with
host retinal neurons and responded to
light

Bipolar cells: marker:
Cabp5
Amacrine cells: markers:
HUC/D, Pax6

[161]

Without injury
Adult WT mice SR injection of glutamate

or its analog a-AA
Glutamate; a-AA Subtoxic levels of glutamate and a-AA

directly stimulated MG to re-enter cell
cycle and induced neurogenesis; single
injection of a-AA upregulated
progenitor markers (Chx10 and nestin);
MG subset differentiated into rod PRs

Rod PRs: markers:
rhodopsin and recoverin

[169]
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TABLE 2 (Continued )

Animal Procedure Effective factor
(s)

Effect? Newly generated cells Refs

Rat model of rod PR
degeneration (S334ter
rats)

Two-step method (IVT):
Wnt2b and Jag1 for
Müller cell activation; Shh
and DAPT to promote
differentiation

Wnt2b (Wnt
agonist); Jag1
(Notch agonist);
Shh; DAPT
(Notch
antagonist)

MG activated in response to Notch and
Wnt signaling stimulation; rare
population of activated MG
differentiated along rod PR lineage;
differentiation correlated with
improvement in perception of light

Rod PRs: marker: Opsin [170]

Adult WT; Lin28aflox/flox;
Lin28bflox/flox mice

Shh10-GFAP-mediated
gene transfer of WT
b-catenin, Lin28a or
Lin28b

Β-catenin; Lin28 b-catenin gene transfer activated MG
proliferation in injured retina; b-catenin
gene transfer upregulated RNA levels of
both Lin28a and Lin28b and
downregulated let-7 miRNA levels; Lin28
regulated MG proliferation in both
injured and uninjured retinas; a few MG
differentiated to amacrine cells in all
three treatment groups (b-catenin,
Lin28a, or Lin28b gene transfer)

Amacrine cells: markers:
PAX6, Syntaxin1, NeuN

[88]

Gnat1rd17Gnat2cpfl3

double-mutant mice,
model of congenital
blindness (lack PR-
mediated light
responses)

Two-step method (IVT);
Shh10-GFAP-mediated
gene transfer of
b-catenin for Müller cell
proliferation; Otx2, Crx
and Nrl for PR
differentiation

b-catenin; Otx2;
Crx; Nrl

b-catenin gene transfer activated MG
proliferation (mostly one cell division);
after second injection, asymmetric cell
division occurred with production of rod
photoreceptor and daughter MG; newly
formed rod PRs integrated into retinal
circuits and rescued light response in
mouse model of congenital blindness,
from retina to visual cortex

Rod PRs: markers:
rhodopsin, peripherin-2,
GNAT1, recoverin, ribeye

[171]

a Abbreviations: a-AA, a-aminoadipate; ANT, Ascl1 + NMDA + Tamoxifen; Cabp5; Calcium-binding protein 5; Crx, cone-rod homeobox; Dkk1, Dickkopf WNT signaling pathway inhibitor
1; DLL1, delta-like canonical Notch ligand 1; GAD67, glutamate decarboxylase 1; GCL, ganglion cell layer; GNAT1, guanine nucleotide binding protein alpha transducing 1; HuC/D, ELAV-
like RNA binding protein 3/4; i.p., intraperitoneal; IPL, inner plexiform layer; IVT, intravitreal; MG, Müller glia; NeuN, neuronal nuclei (hexaribonucleotide binding protein-3); NMU, N-
methyl-N-nitrosourea; Nrl, neural retina leucine zipper; NSE, neuron-specific enolase; Otx2, orthodenticle homeobox 2; PAX6, paired box 6; PKC, protein kinase C; PR, photoreceptor cell;
Prox1, prospero homeobox 1; RA, retinoic acid; RD, retinal degeneration; RGC, retinal ganglion cell; Shh, Sonic hedgehog; SR, subretinal; TSA, trichostatin-A; Wnt, Wingless/Integrated; WT,
wild-type.
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(Shh) [158], Wingless/Integrated (Wnt) [159], and achaete-scute

homolog 1 (Ascl1) [160,161], or combined with growth factor

treatment [162] was indicated to provide Müller glia with the

ability to proliferate and regenerate neurons in the rodent retina.

Indeed, the intraocular injection of NMDA followed by a single

injection of epidermal growth factor (EGF) was shown to be a

promising method for Müller glia regeneration [162]. The EGF

receptor expression in Müller glia gradually declines as the retina

matures, but appears to be upregulated after damage. Stimulation

of this receptor by EGF treatment after injury promoted Müller cell

proliferation and activated the expression of progenitor genes,

similar to what has been reported for retinal regeneration in non-

mammalian vertebrates. This was in contrast to injury or EGF

injection alone, which failed to induce a proliferative response in

the mouse retina [162]. A factor that was not upregulated after

NMDA-induced damage in this study but has previously been

shown to be required for reprogramming and proliferation in

zebrafish, is the proneural transcription Ascl1 [163–165]. In zebra-

fish, Ascl1 is upregulated in proliferating Müller glia within 6 h of

retinal injury [163,164] and its inhibition limits Müller glia dedif-

ferentiation [164]. One mechanism by which Ascl1 affects retinal

regeneration was reported by Ramachandran et al., who demon-

strated that Ascl1 is necessary for the expression of Lin28, a

pluripotency mRNA-binding protein, highly expressed in embry-

onic stem cells. The authors demonstrated that Ascl1-dependent

induction of Lin-28 supported Müller glia dedifferentiation par-

tially by lowering let-7 miRNA levels, therefore removing repres-

sion of mRNAs crucial for Müller glia dedifferentiation [163]. The
lack of Ascl1 upregulation in the mammalian retina following

injury, led to the hypothesis that the Ascl1/Lin28/Let7 pathway

might dictate the differences in the regeneration potential be-

tween mammalian Müller glia and Müller glia of other species.

Indeed, Pollak et al. showed that virus-mediated overexpression of

Ascl1 activated a neurogenic program in injured mouse Müller glia

cultures and postnatal retinal explants, and stimulated generation

of cells expressing retinal subtype-specific markers and displaying

neuron-like physiological responses. Although Ascl1 drove expres-

sion of early markers of many retinal neurons, later markers were

more restricted to bipolar neurons [166]. The same research group

subsequently demonstrated that forced expression of Ascl1 in

mouse Müller glia in vivo promoted proliferation and provided

amacrine cells, bipolar cells, and photoreceptors after retinal

injury [160]. However, this regeneration potential was shown to

depend on the age of the animal [160,167]. The reprogramming of

Müller glia by Ascl1 involves remodeling of the chromatin at the

promoters of progenitor genes from a repressive to an active

configuration [166]. Given that the accessibility of chromatin is

limited in adults, mature mouse Müller glia lose their neurogenic

capacity, despite Ascl1 overexpression [160]. Nevertheless, the

research group of Reh recently reported that Ascl1 overexpression

coupled with a histone deacetylase inhibitor treatment can cir-

cumvent this limitation and enables adult mice to generate inner

retinal neurons from Müller glia after retinal injury [161]. In

addition, these regenerated neurons express markers of inner

retinal neurons, integrate into the neuronal circuit, and were

shown to respond to light. This indicates that, although neuro-
www.drugdiscoverytoday.com 1493
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and could restore vision.

Besides activating lin28 expression, Ascl1 also contributes to

Müller cell reprogramming by regulating Wnt signaling and its

downstream target b-catenin, another major pathway in the

regenerative response in zebrafish [168]. After injury of the zebra-

fish retina, this pathway was shown to be active in Müller cell-

derived progenitors and to control their proliferation [165]. It was

found that Asc1 suppresses the expression of Dkk, a Wnt signaling

inhibitor, thereby increasing expression of Wnt genes, whereas

Wnt in turn induces Asc1 expression in activated Müller cells

[165]. Also in the murine retina, Osakada et al. previously provided

evidence that Wnt/b-catenin signaling takes part in the small

fraction of Müller cell proliferation that occurs following injury,

which can further be enhanced by addition of Wnt receptor

agonists [159].

While injuring the mammalian retina, whether or not in com-

bination with growth or signaling factors, stimulates Müller glia

proliferation and has led to limited neurogenesis, this injury

inevitably causes cell death, which is unfavorable and counterpro-

ductive for regeneration. Therefore, a strategy free of injury, that

would not require further damage to an affected retina, would be

preferable. Remarkably, subretinal delivery of subtoxic doses of

glutamate also stimulates adult murine Müller glia to re-enter the

cell cycle and induce a rare population to regenerate without

causing retinal damage [169]. Similarly, Del Debbio et al. demon-

strated that stimulation of Wnt and Notch signaling in a rat model

of rod photoreceptor degeneration led to the activation of Müller

glia without neurotoxin-mediated retinal injury. Moreover, a

small subset of activated Müller glia was observed to express rod

photoreceptor-specific markers in degenerated outer nuclear

layers, and a significant temporal improvement in light perception

was demonstrated [170]. Although there was a strong correlation

between the improvement in light perception and the number of

activated Müller glia expressing opsin, the authors were unable to

rule out that this functional improvement was (partly) because of

the survival of host photoreceptors. More direct evidence is nec-

essary to confirm the functionality of these cells. In this study, a

two-step reprogramming method was used to first activate Müller

glia by intravitreal injection of Wntb2 (activating Wnt) and Jag1

(activating Notch signaling) followed by injection of Shh and

DAPT (inhibiting Notch) to promote differentiation along the

rod photoreceptor line. recently, a similar approach was published

by the group of Bo Chen, which provided evidence that, without

injury, selective Müller glia gene transfer of b-catenin (using the

previously discussed ShH10 AAV-variant) activates Wnt signaling

and a single round of Müller cell division in a first step of their

reprogramming method. Two weeks later, these activated Müller

glia could subsequently be reprogrammed to generate rod photo-

receptors by a second gene transfer of transcription factors essen-

tial for rod cell fate determination, namely Crx, Otx2 and Nrl. To

prove that the new rod photoreceptors were created from Müller

glia, a tdTomato gene driven by a rhodopsin promoter was includ-

ed in the first injection to label all transduced Müller glia. Finally,

these Müller glia derived rods were shown to integrate into retinal

circuits and restore visual responses in a mouse model of congeni-

tal blindness throughout the visual pathway (from the retina to

the part of the brain that receives visual signals) [171].
1494 www.drugdiscoverytoday.com
Several important considerations must be taken into account

when studying the neurogenic potential of Müller glia. So far,

most research in this field has made use of BrdU injection and cell

type-specific labeling for Müller cell lineage tracing. In these

studies, the presence of BrdU+ in the neurons was generally seen

as evidence that they derived from dedifferentiated Müller glia.

Given that BrdU can be incorporated into newly synthesized DNA

of replicating cells, BrdU+ Müller glia in these studies clearly

demonstrate that retinal injury and/or signaling pathway altera-

tions stimulate Müller glia to actively replicate their DNA and

enter the cell cycle [172]. However, there is no direct evidence that

BrdU+ neurons are generated from Müller glia, because BrdU can

also be incorporated in cells repairing their DNA, as stated above

[157,173]. In addition, also the use of promoter-inducible fluores-

cent labels (such as GFP, b-gal, and tdTomato) can lead to con-

founding results because of the process of ‘material transfer’,

which was demonstrated in recent reports by four different re-

search groups studying photoreceptor transplantation [174–176].

Using various techniques, the authors demonstrate that following

transplantation most of labeled cells detected in the host retina do

not represent integrated photoreceptors cells, but are in fact host

cells that have exchanged RNA and/or proteins with the trans-

planted cells. Therefore, the results of studies transplanting Müller

cell-derived neurons into partially degenerated retinas should also

be interpreted with caution, because material transfer could lead to

assumed retinal integration [148,150,177,178]. The fundamental

mechanism of this process is currently unknown, but does not

appear to be mediated by sustained donor-host cell contact or

release of free protein or nucleic acid in the extracellular space

[174]. By contrast, the material might be transferred by immune

cells or via vesicle release, which should be investigated in future

studies [179].

Although many lessons have been learned by studying the

zebrafish model, the mechanisms underlying retinal regeneration

are complex and many questions remain. Understanding why

zebrafish Müller glia effectively initiate retinal regeneration and

why their mammalian counterparts do not, will be of crucial

importance. To identify factors that can unlock the mammalian

regeneration-stimulating potential, gene expression in Müller cells

of healthy and injured zebrafish could be compared with the

transcriptome of mammalian Müller cells. Also, although Müller

cells appear to obtain the first activating signals from injured cells,

it cannot yet be excluded that other cells, such as microglia, might

also influence the reprogramming process [8]. Therefore, examin-

ing the contribution of these cells to retinal regeneration and its

capacity to activate Müller glia to a state of neuronal differentia-

tion will be crucial for advancing mammalian regeneration.

Inducing the expression of transcription factors, which are

important during cell fate determination, make it possible to direct

the cell fate of Müller glia-derived progenitors and, therefore,

replace the lost cells. At present, most research is focusing on

two key factors with an integral role in the regenerative response in

zebrafish, namely Ascl1 and Wnt. Induction or overexpression of

these reprogramming factors and their downstream signaling

pathways showed promising results for sight restoration in two

recently published studies [161,171]. However, the study by Yao

et al. stimulating Wnt signaling highlights important advantages

over the studies addressing Ascl1 [171]. Indeed, gene transfer of
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b-catenin alone is sufficient to activate the Wnt pathway and

induce Müller glia proliferation in adult mice, whereas overexpres-

sion of Ascl1 requires the presence of injury to yield significant

Müller cell proliferation. In addition, the authors demonstrated

that stimulation of Wnt/b-catenin signaling combined with ec-

topic expression of photoreceptor transcription factors (Crx, Otx2,

and Nrl) led to the generation of new rod photoreceptors. This in

contrast to Ascl1-mediated induction of Müller glia dedifferenti-

ation, which mainly results in the production of inner retinal

neurons, such as bipolar and amacrine cells. However, it is cur-

rently unknown whether the same combination of photoreceptor

fate-guiding transcription factors could also induce rod photore-

ceptors production, when coupled with Ascl1 stimulation. A more

detailed understanding of the molecular mechanisms that drive

retinal precursors to a particular cell type will be essential for the

development of efficient therapeutic strategies. So far, for exam-

ple, more is known about the commitment towards rod photo-

receptors than about cone photoreceptor fate. Nevertheless, given

their significance in human vision, identifying factors that will

direct cone photoreceptor fate will also be of crucial importance.

Finally, because most studies of the regenerative potential of

Müller cells have been performed in combination with acute

injury, the question remains whether this potential will be main-

tained in chronic diseases, such as RP and AMD, in which Müller

cell responses might differ. Given that the gliotic response of

Müller cells strongly depends on the type and duration of the

disease (see earlier), it is likely that chronic injury will also influ-

ence the regeneration process. Indeed, Osakada et al. reported that

the progression of the disease might restrict the regenerative

capacity of the retina, because BrdU incorporation in Müller cells

appears to be lost as degeneration proceeds [159]. The study by Yao

et al. offers hope for Müller cell-dependent regeneration therapies

in mammals, but the use of this strategy in more advanced diseases

in which larger numbers of cells are lost or which lack proper

synaptic connection, still needs to be analyzed. The ultimate aim is

to rescue vision in the latest stages of degeneration. Precise analysis

of how new neurons rewire themselves into the retina after Müller

cell regeneration, especially in the absence of host photoreceptor

cell, will be necessary to generate a healthy new circuitry and

visual function.

Concluding remarks
The Müller cell is one of the most multifunctional cells in the

retina, and is attracting growing research interest because of its

myriad functions related to the healthy and diseased retina. As

described in this review, Müller cells strongly monitor retinal
homeostasis and are vital for the proper functioning of the

retina. However, in response to retinal imbalance, activated

Müller cells can also contribute to retinal degeneration and

impede regenerative processes by the formation of glial scars.

Although the past couple of years have witnessed an enormous

growth in our knowledge regarding the functional roles of

Müller cells and their gliotic response, their use as targets

for new therapeutic approaches is a nascent field. In particular,

gene therapy could be an interesting method to selectively

address Müller cells and modulate some of their cellular mech-

anisms to our advantage for medical treatment. In this review,

we focused on two therapeutic fields in which Müller cells are

becoming the central subject of many studies. First, their

unique morphology, which allows them to interact with all

neuronal cell types, renders them ideally located for interven-

tions that aim to inhibit neuronal cell death, a strategy called

neuroprotection. Second, their latent stem cell potential posits

Müller cells as an excellent target for regenerative therapies

that aim to stimulate endogenous replacement of injured

retinal neurons.

However, the use of Müller cells for medical treatment is not

restricted to these two applications. Their active participation in

innumerous retinal processes makes them a possible intervention

point for multiple ocular therapies. For instance, some strategies

are investigating the suppression of VEGF secretion specifically

secreted by Müller cells to control neovascularization in diseases

such as retinopathy of prematurity, AMD and diabetic retinopa-

thy [180–182]. In addition, Müller glial cells are also of interest for

gene replacement therapy, because some recessive genetic muta-

tions of genes expressed in Müller cells, such as CRALBP and

CRB1, have been reported to cause retinal diseases [183–185].

Overall, it is clear that Müller cells are an intriguing retinal cell

type, with high versatility for therapeutic interventions. Finally,

as our knowledge of the functional roles of Müller cells continues

to increase, together with improved targeting and the develop-

ment of more potent and controllable viral- and nonviral delivery

systems, Müller cells are expected to take a prominent place in

the development of future therapeutic approaches to treat retinal

diseases [7].
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