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Mini Review

Neurogenic potential of Muller glia in the adult
mammalian retina
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   Overturning the long-held dogma that the central nervous system (CNS) of adult mammals never regener-

ates, recent evidence has revealed that neural stem cells continually generate new neurons in two regions of

the adult mammalian CNS: the hippocampus and the olfactory bulb. Although adult neurogenesis is limited

outside these two regions, accumulating evidence indicates the existence of neural progenitors even in non-

neurogenic regions. In the adult mammalian retina, Muller glia generate new retinal neurons in response to

injury. The proliferation and differentiation of Muller glia-derived progenitors can be controlled by intrinsic

and extrinsic factors. We propose a retinal regeneration therapy based on the manipulation of these endog-

enous progenitors. Here, we review adult neurogenesis and retinal regeneration in mammals, with an em-

phasis on the neurogenic role of glial cells.
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Introduction
　Since the discovery of neurogenesis in the adult mammalian

brain, much progress has been made in stem cell biology. New

neurons are continuously generated in the subventricular zone

(SVZ) of the lateral ventricle and the subgranular zone (SGZ) of

the hippocampal dentate gyrus1,2), and are functionally integrated

into neural circuits3-6). Except for these two regions, neurogenesis

appears to be extremely limited in the intact adult mammalian

central nervous system (CNS). However, after pathological stimu-

lation, such as brain insults, endogenous progenitors do prolifer-

ate in regions otherwise considered non-neurogenic. Thus, stimu-

lating these inactive progenitors could produce new neurons both

to replace and to repair damaged compartments of the CNS. Here,

we review recent findings regarding neurogenesis and regen-

eration in the adult mammalian CNS, with special emphasis on

the neurogenic potential of glial cells.

Glial Cells Serve as Neural Progenitors
　Current evidence indicates that cells once considered glial cells

can act as neural progenitors in both the developing and mature

mammalian brain. During development, neuronepithelial stem

cells in the embryonic neural tube do not show glial characteris-
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tics. At the onset of neurogenesis, neuroepithelial cells generate

radial glia, which exhibit both neuronepithelial and astroglial

properties. Radial glia are more fate restricted progenitors than

neuroepithelial cells. Although the primary function of radial

glia has been considered the provision of a guidance scaffold

for migrating neurons, recent studies have revealed that they

also produce new neurons in both the developing brain7-9) and

the mature brain10). However, in adult mammals, radial glia are

absent from the brain. Instead, astrocytes serve as stem cells in

the SGZ and SVZ of adult mammals11,12). It should be noted that

not all astrocytes are stem cells. Astrocytes with precursor cell

characteristics co-express other precursor cell markers, such as

Sox2, brain lipid binding protein, and nestin, but are negative

for S100β, an astrocytic marker present in most astrocytes.

　Astrocytes in the adult SVZ act as slow-dividing neural stem

cells, capable of generating progeny neuroblast precursors11-13).

A subset of GFAP(+)/vimentin(+)/nestin(+) astrocytes gives rise

to rapidly proliferating transient amplifying cells (GFAP(-)/Dlx2

(+)), which in turn generate migrating neuroblasts (GFAP(-)/Dlx2

(+)/PSA-NCAM(+))2). These neuroblasts proceed towards the

olfactory bulb along an intricate path of migration known as the

rostral migratory stream. They migrate tangentially in chains

through tubular structures formed by specialized astrocytes. After

detaching from these chains and migrating radially from the

rostral migratory stream into the olfactory bulb, adult-born cells

from the SVZ mature into olfactory inhibitory interneurons of

two main types: granule cells and periglomerular cells, in their

respective olfactory bulb layers5,14). More than 30000 neuroblasts

exit the rodent SVZ for the rostral migratory stream each day.

　Astrocytes in the SGZ of the hippocampus also give rise to

intermediate progenitors. Quiescent stem cells (GFAP(+)/nestin

(+)/vimentin(+) astrocytes) produce amplifying neural progeni-

tors (GFAP(-)), and then migrating neuroblasts (GFAP(-)/ DCX

(+)/PSA-NCAM(+))15,16). These progenitors mature locally into

granule neurons of the dentate gyrus, sending axonal projections

to area CA3 and dendritic arbors into the molecular layer17,18).

These adult-born neurons integrate functionally into the circuitry

of the hippocampus3,5,6). About 9000 new cells are added to the

dentate gyrus in young adult rats each day, and newborn neu-

rons comprise about 6% of the total population in the dentate

gyrus19). Although the precise function of these new neurons is

unknown, adult neurogenesis plays important roles in learning,

memory, and depression20-22).

Neural Progenitor Cells in Non-Neurogeneic
Regions
　Several lines of evidence indicate the existence of cells with

precursor cell properties in the adult CNS other than in the two

neurogenic regions of the brain. Following reports of the isola-

tion of neural progenitor cells from the embryonic forebrain23)

and from the adult hippocampus and the SVZ24,25), cells with simi-

lar properties have been isolated from many other regions of the

adult mammalian CNS. They have been cultured in vitro from
caudal portions of the SVZ25), the striatum, the septum, the cor-

pus callosum25), the cortex26), the spinal cord27,28), the optic

nerve26,29), and the ciliary margin of the eye30). These cells ex-

hibit at least limited self-renewal, and produce differentiated cells

of the three neural lineages: neurons, astrocytes, and oligoden-

drocytes. In vivo, emerging evidence suggests the presence of
adult neurogenesis in the neocortex31), the amygdala32), the sub-

stantia nigra33,34), the dorsal vagal complex of the brainstem35),

and the hypothalamus36), although some of these results remain

controversial.

　Injury and pathological stimulation also induce neurogenesis

in non-neurogenic regions. The selective apoptosis of pyramidal

neurons in neocortical layer VI stimulates neurogenesis in the

neocortex37). Insult also induces neurogenesis in the hippocam-

pal CA1 region38), the striatum39), the corticospinal system40), and

the retina41). Presumably, insult-induced neurogenesis in non-

neurogenic regions is of two types with regard to differences in

the precursor cell source: (1) local parenchymal precursor cells

are activated to generate new neurons in response to a stimulus

associated with a pathological event; and (2) precursor cells from

the neurogenic SVZ or SGZ respond to a stimulus and migrate

into the parenchyma. These findings indicate that the absence of

constitutive neurogenesis does not reflect an intrinsic limitation

of neurogenic potential, but more likely results from a lack of

appropriate microenvironmental signals for neural regeneration.

Elucidation of these signals could facilitate the CNS repair by

endogenous neural progenitors.

Glial Cells in the Retina
　The neural retina consists of six types of neurons and two

types of glia. These cells constitute three cell layers: rod and

cone photoreceptors in the outer nuclear layer; horizontal, bipo-

lar, and amacrine cells and Muller glia in the inner nuclear layer;

and ganglion and displaced amacrine cells in the ganglion cell

layer.

　Glial cells in the retina are astrocytes and Muller glia. During

development, Muller glia are generated from retinal progenitors,
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whereas astrocytes migrate into the retina along the optic stalk

from the fourth ventricle of the brain. Astrocytes in the retina

are confined to the vitreal surface, where their processes contact

the surface blood vessels. Astrocytes are essential for the forma-

tion of blood vessels in the developing retina. Understanding the

role of glia in the development of blood vessels may provide

insights into the mechanisms underlying the abnormal growth

of blood vessels in several retinal diseases, including diabetic

retinopathy.

　Muller glial processes surround neuronal cell bodies in the

nuclear layers and contact synapses in the plexiform layers. The

distal processes of the Muller glia form the external limiting

membrane of the retina, and their endfeet form the inner limiting

membrane. Muller glia play an important role in regulating ex-

tracellular K+ and pH, and in the synthesis of the neurotransmit-

ter glutamate. Muller glia are also capable of re-entering the cell

cycle during reactive gliosis in response to retinal injury.

Retinal Regeneration by Muller Glia
　Endogenous cells in the retina can provide a source of regen-

eration. The possibility that Muller glia are an intrinsic source of

regeneration was first raised by Biaisted et al. in the goldfish41).

Biaisted et al. demonstrated that laser damage elicited a prolif-

eration of Muller glia and the concomitant replacement of the

damaged cone photoreceptors41). In addition, the retina of post-

hatch chicks has been reported to possess the regenerative ca-

pacity from Muller glia42,43). Several lines of evidence support a

close relationship between the Muller glia and retinal progeni-

tors. Recent gene-expression profiling studies have demonstrated

a large degree of overlap in the genes expressed in the Muller

glia and late retinal progenitors45).

　We have demonstrated that, in the adult rat retina, Muller glia

act as neurogenic progenitors after retinal injury44). Intravitreal

injection of N-methyl-D-aspartate, an agonist of the glutamate

receptor, causes neurotoxicity in amacrine cells and ganglion

cells in the adult rat retina. After N-methyl-D-aspartate-induced

retinal injury and subsequent labeling with BrdU, BrdU-labeled

proliferative cells are mainly distributed in the inner nuclear layer

(Fig.1A). Although some proliferative cells positive for the mi-

croglial marker OX-42 are observed in the inner plexiform layer,

they disappear within one week. Other BrdU-positive and termi-

nal deoxynucleotidyl transferase-mediated deoxyuridine triph-

osphate nick-end labeling (TUNEL)-positive cells exist in the

ganglion cell layer, which can be explained by the uptake of

BrdU by apoptotic cells. Besides those cells, all the BrdU-la-

beled cells in the the inner nuclear layer two days after injury are

glutamine synthetase-positive Muller glia. These BrdU-labeled

cells express retinal progenitor markers such as Pax6 and Chx10.

In addition, injury induces nestin expression in Muller glia. These

observations indicate that Muller glia acquire progenitor-like

properties after retinal injury. It should be noted that Muller glia

are not neural stem cells under normal conditions; de-differen-

tiation and proliferation are required for Muller glia to become

progenitors, unlike neural stem cells in the SVZ of the lateral

ventricle and the SGZ of the hippocampal dentate gyrus.

　After proliferation in response to retinal damage, the BrdU-

labeled cells migrate into the retinal neuron-specific layer and

differentiate into cells positive for retinal neuron-specific mark-

ers, such as rhodopsin (photoreceptors) and PKC (bipolar cells)

(Fig. 1B, C). The Muller glia-derived progenitors appear to dif-

ferentiate into the cell types of the damaged neurons, because

Muller glia generate mainly photoreceptors in the photorecep-

tor-damaged retina. The results of studies using several types of

neurotoxic injury in the post-hatch chick retina also suggest that

the type of neurons injured in the retina allows or promotes the

regeneration of that neuronal type by the Muller glia-derived

progenitors42,43). Migration of neural progenitors toward dam-

aged sites has also been reported in the brain; SVZ progenitors

migrate toward the striatum and the cerebral cortex injured by

ischemia37,39). Taking together, we conclude that Muller glia pro-

liferate and de-differentiate into retinal progenitors in response

to retinal damage, and then migrate and differentiate into vari-

ous types of retinal neurons.

Factors Regulating Retinal Regeneration
　In development, seven types of retinal cells are differentiated

from common progenitors in the following order: retinal gan-

glion cells, cone photoreceptors, amacrine cells, and horizontal

cells, followed by rod photoreceptors, bipolar cells, and Muller

glia46). During retinal development, the retinal progenitors change

their competency under the control of intrinsic regulators (such

as transcription factors; Table 1) and extrinsic regulators (such

as neurotrophic factors; Table 2). Retinal progenitors initially

proliferate extensively to increase the cell number. In mice, from

embryonic day 10.5, the proliferating progenitors commence

differentiation into retinal neurons. Fate-committed cells migrate

to fixed positions throughout the laminated retina and establish

synaptic connections to other neurons.

　Intrinsic factors regulating the specification of retinal cell types

are encoded by homeobox genes and are basic helix-loop-helix

proteins46) (Table 1). For example, the generation of photore-

ceptors is regulated by Crx, Otx2 (homeobox gene products)
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and NeuroD (basic helix-loop-helix proteins). Mice lacking Crx

exhibit deficits in outer segment formation in their photo-

receptors47,48). Overexpression of Crx in P0 progenitors promotes

the genesis of photoreceptors and inhibits amacrine fate in vivo.
Conditional Otx2 knockout mice lack photoreceptor differentia-

tion49). NeuroD expression occurs in photoreceptors, as well as

amacrine cells50). NeuroD-null mutations moderately decrease

photoreceptor numbers, indicating that NeuroD plays a role in

photoreceptor development50).

　As an extrinsic determination factor (Table 2), sonic hedge-

hog inhibits the genesis of ganglion cells and promotes the dif-

ferentiation of other retinal cells, including photoreceptors51).

Retinoic acid promotes photoreceptor differentiation, and the

inhibition of endogenous retinoic acid synthesis results in a re-

duction in rod differentiation52). Taurine, an amino acid, promotes

rod differentiation via the α2 glycine receptor and the GABAA

receptor53,54). Blockade of fibroblast growth factor signaling re-

sults in a decrease in photoreceptors and an increase in Muller

glia55).

　In retinal regeneration, Muller glia-derived progenitors are also

regulated by these intrinsic and extrinsic factors. Misexpression

of Crx and NeuroD in Muller glia-derived progenitors induces

their differentiation into photoreceptors (Fig.1C). Misexpression

of NeuroD/Pax6 induces the differentiation of the progenitors

into amacrine cells, and Math3 and Pax6 induce amacrine and

horizontal cells after retinal injury. As an exogenous factor,

retinoic acid induces photoreceptor differentiation. NeuroD ex-

pression is also regulated by histone deacetylases56), and the his-

tone deacetylase inhibitor valproic acid induces NeuroD expres-

sion in neural stem cells57). The application of valproic acid to

the damaged retina promotes the differentiation of Muller glia-

derived progenitors into photoreceptor cells.

Fig.1  Generation of photoreceptor cells from Muller glia
(A) Cells in the inner nuclear layer proliferate in response to retinal injury. Green:
BrdU. INL: inner nuclear layer inner, ONL: outer nuclear layer inner, GCL: gan-
glion cell layer.
(B) BrdU-labeled cells migrate from the INL to the ONL.
(C)Retroviral gene transfer of Crx/NeuroD promotes the differentiation into
rhodopsin-positive cells. Green: Green fluorescent protein (GFP). Red: rhodopsin.
Bar, 100 μm.

Table 1 Intrinsic factors regulating retinal cell dif-
ferentiation

Table 2 Extrinsic factors regulating retinal cell dif-
ferentiation
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　In addition to cell fate determination, the proliferation of Muller

glia-derived progenitors can be regulated by the application of

extrinsic factors. The activation of Wnt/β-catenin signaling pro-

motes the proliferation of Muller glia-derived progenitors, and

the inhibition of this signaling has the opposite effect 58). Al-

though the number of newly generated neurons is limited in the

damaged retina, the strategy targeted to Wnt canonical signaling

may be sufficient to compensate for retinal damage. We propose

that low-molecular compounds that activate Wnt/β-catenin sig-

naling, such as Wnt receptor agonists and GSK-3β inhibitors,

have therapeutic potential for promoting the regeneration of reti-

nal neurons (Fig. 2). Collectively, the proliferation and differ-

entiation of Muller glia-derived progenitors can be controlled

by intrinsic and extrinsic factors. These findings indicate that

the Muller glia are a potential source of neural regeneration in

the adult mammalian retina.

Perspectives
　We have shown that (1) Muller glia produce new neurons af-

ter retinal injury; (2) the number of Muller glia-derived progeni-

tors can be enhanced by the activation of Wnt signaling; and (3)

the cell fate of these progenitors can be controlled by intrinsic

and extrinsic factors. Despite these neurogenic properties of

Muller glia, there is no direct evidence that Muller glia-derived

neurons contribute to the functional regeneration of the retina in
vivo. There is neither evidence for the integration of newly gen-
erated neurons into the pre-existing neural circuitry, nor evidence

of functional recovery via synaptic transmission between the new

and pre-existing neurons. We propose a potential retinal regen-

eration therapy based on the manipulation of endogenous pro-

genitors. Considering the risks associated with invasive surgery

and rejection of grafted cells, therapies that promote the activa-

tion of endogenous retinal progenitors would have significant

advantages over cell transplantation. Our next study will inves-

tigate the mechanisms underlying the integration of newly gen-

erated cells into existing neural networks and functional recov-

ery in animal models closely resembling human diseases.
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