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Feline retina: neurofilament (red), GFAP in Müller cells (bl), calretinin (gr). Courtesy of GP Lewis and 
SK Fisher.





Chapter 8

Review - Neural plasticity of the stressed retina and the 
essential role of Müller cells and microglia

S.Y. Lesnik Oberstein, G.P. Lewis,1 M.D. de Smet,3 S.K. Fisher1,2

In preparation

1 Neuroscience Research Institute and 2 Dept. MCD Biology, University of California Santa Barbara, CA, USA, 

3 Division of Vitreoretinal Surgery and Uveitis, Department of Ophthalmology, Middelheim Hospital, Antwerp, 

Belgium



124

Abstract

In this paper we will be reviewing the different types of neural reactivity and neurite 

outgrowth, shown by the retina in different disease processes, in animal models and in 

humans. By showing examples from tissue we acquired during surgery in both cats and 

humans, and data from the literature, we highlight the permissive role of the Müller cells in 

neurite outgrowth and the possible activating role of microglia in this retinal rewiring.

The most prominent aspect of neural plasticity in the retina, noted in the last 15 years, is 

the ability of retinal neuronal cells to grow neurite sprouts in reaction to a stress factor such 

as retinal disease or retinal detachment (Li et al., 1995; Lewis et al., 1998; Fariss et al., 2000; 

Marc et al., 2003., Fisher et al., 2005). These neurites can be observed growing throughout 

the retina and onto both surfaces of the retina. This is in contrast to the central nervous 

system (CNS) where neuronal sprouting and growth seems to be inhibited by various factors 

expressed by oligodendrocytes and myelin (Schwab and Caroni, 1988; Sandvig et al., 2004). 

As oligodendrocytes are not present in the retina and the retina is not myelinated, there seems 

to be less inhibition of neural outgrowth and rewiring.

The neurite growth may initially seem to be goal oriented, as in the case of rod bipolar cell 

dendrites extending towards the retracted rod terminals following retinal detachment in the 

feline and human retina, but as the neurite growth continues, it often appears “random”, and 

may even extend out of the retina into the subretinal space or epiretinal surface, away from 

any possible synaptic connection (Fisher et al., 2005; Lewis et al., 2007; Lesnik Oberstein et 

al., 2008).

The crucial question is what provokes the different neurons to sprout neurites? This is 

where the glia and microglia seem to play an essential role. Most neurite sprouting seems to 

occur on a bed of glia formed by activated Müller cells (Li et al., 1995; Fariss et al., 2000; 

Marc et al., 2003; Fisher and Lewis, 2003; Linberg et al., 2006; Beltran et al., 2006; Lewis 

et al., 2007; Lesnik Oberstein et al., 2008). The Müller cells seem to create a permissive 

environment by changing their phenotypic protein and growth factor expression, allowing 

neural extensions on a bed of activated glia, even to ectopic locations, outside the retina. The 

Müller cells in turn are activated by and activate microglia, the phagocytosing “immune cell” 

of the retina, that respond to neuronal damage (Harada et al., 2002a).

Changes in neural cells and neural rewiring have been seen to occur in most diseases of 

the retina and in aging and may be a non specific, inflammation driven, reaction to the retinal 

diseases and a change in the control mechanisms that normally govern and inhibit neurite 

outgrowth.
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1. Introduction

Traditionally, the adult central nervous system (CNS) and the retina were seen as static 

cell systems, where neuronal changes, growth and plasticity were considered minimal. Slowly 

however, it is becoming clear that the CNS and the retina have a certain potential for neuronal 

remodelling and changes.

In 1914 it was already noted that an axotomised rat optic nerve could sprout small axonal 

outgrowths (Leoz and Arcuate, 1914). The more recent observations started in 1984 with a 

paper showing kainic acid could, at sub lethal doses, cause horizontal cells of the adult retina 

in cats and rabbits to sprout new neurites, after an initial retraction of their dendritic arbor 

(Peichl and Bolz, 1984). This showed a potential for reactive neural growth and plasticity not 

expected to occur, or shown, before. Axonal growth was also shown to occur after axotomy in 

lampreys (Hall and Cohen 1983; Hall et al., 1991) and cats (Watanabe and Fukuda, 2002).

The first clear observation of neurite growth and extension of mature neurons in retinal 

disease was observed in human donor globes of patients suffering from retinitis pigmentosa 

(Li et al., 1995), where rod neurite extensions were seen to grow throughout the retina. Since 

this first observation the potential for neural changes and neurite growth in the retina has 

been observed and confirmed in many disease processes, such as the retinal degenerations 

and dystrophies (Li et al., 1995; Milam et al., 1996; Fariss et al., 2000; Strettoi et al., 2000, 

2002, 2003; Marc et al., 2003; Jones et al., 2003), diabetes (Gastinger et al., 2008), age 

related macular degeneration (AMD) (Sullivan et al., 2003, 2007; Marc et al., 2008), retinal 

detachment (RD) (Lewis et al., 1998; Lewis et al., 2003; Fisher et al., 2005; Sethi et al., 2005; 

Wickham et al., 2006), aging (Liets et al., 2006; Eliasieh et al., 2007) and in epiretinal gliotic 

membranes (Lewis et al., 2007; Lesnik Oberstein et al., 2008) in both animal models and in 

humans.

In previous research into feline retinal detachment it was noted horizontal cells and 

bipolar cells (Lewis et al., 1998) and later ganglion cells (Coblentz et al., 2003) sprouted 

neurites within the retina. When the glial membranes that grow onto or under the retina 

in RD were examined neurites coming from these cells were observed coursing on a bed of 

Müller cell glia (Lewis et al., 1998, 2003, 2007). We then examined epiretinal membranes 

of all types and noticed a universal presence of neurites in all epiretinal membranes. These 

membranes came from “traumatised” retina, such as from proliferative vitreoretinopathy 

(PVR) in RD, diabetic tractional detachment (PDR), post retinal laser treatment and after 

successful RD repair (ERMpRD) (Lewis et al., 2007), but also from non traumatic idiopathic 

epiretinal membranes (iERM) (Lesnik Oberstein et al., 2008). The vast majority of these 
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neurites are in close proximity of Müller cells. Why are these neurites growing out of the 

retina, why do they grow on glia and are they at all functional?

In all of the diseases with neurite growth in the retina, there has been the observation 

that the neurites are in close proximity of Müller cells. In retinal disease it has also been 

observed that Müller cells are activated and change their phenotypic protein expression, most 

obviously of glial acidic fibrillary protein (GFAP) (Eisenfeld et al., 1984; Lewis et al., 1989; 

Lewis and Fisher, 2003). In the non-activated Müller cell in normal retina, GFAP is only 

found in the Müller cell end feet. The Müller cell also hypertrophies and may start dividing 

(Fisher et al., 1991; Geller et al., 1995). The activated Müller cell not only up regulates 

GFAP, but also up regulates various growth factors and their receptors. These growth factors 

and receptors may play a role in creating a permissive environment for the process of neural 

rewiring or plasticity. Müller cell activation is the result of a complex change in retinal protein 

expression by degenerating or diseased neuronal cells, which also causes microglial activation.

Microglia are not true glial cells, but are phagocytic, immune competent cells that 

migrate into the retina during development and eventually take up residence in the inner 

retina. Under stress situations of the retina, they are activated and will migrate throughout 

the retina (Thanos, 1992; Gupta et al., 2003; Lewis et al., 2005). Here they perform the role 

of scavengers of retinal debris and become antigen presenting cells (Baudouin et al., 1990, 

1991; Weller et al., 1991; Penfold et al., 1993). Microglia have a direct activating effect on 

Müller cells (Harada et al., 2002a). The activation of microglia also involves the expression 

of different cytokines and inflammatory factors both by the microglia and by the activated 

Müller cells (Puro, 1995; Lewis and Fisher, 2003; Bringmann et al., 2006). The microglia 

activate Müller cells, but can also be destructive to surrounding retina by releasing cytokines 

and inflammatory factors, causing damage and more inflammatory activation (Streit, 1993; 

Thanos et al., 1996).

Microglia are part of the picture for Müller cell activation and activated Müller cells seem 

to form a permissive substrate for neural growth, both within and out of the retina.

This would mean that the neural rewiring and outgrowth seen in retinal diseases is part of 

an inflammatory response, started by diseased neurons activating microglia and Müller cells. 

The microglial activation initiates and maintains an inflammatory response and enhances 

Müller cell activation. The activation of Müller cells due to the presence of cytokines and 

inflammatory responses causes hypertrophy and cell division as well as changes in protein 

expression, that create a permissive environment for neurite outgrowth. This would indicate 

that neurite outgrowth and rewiring are non-specific neuronal reactions to retinal disease and 

inflammation and they do not have a functional or regenerative role.
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2. Neural rewiring in different diseases

Many of the neuronal changes found in retinas of animal models and human globes were 

incidental findings, whilst researching the effects of different diseases on the retinal neurons. 

Neuronal changes and neurite outgrowth has been observed in several animal models and 

human diseases, described below.

2.1 Retinal degenerations and dystrophies.

Rod neurite extension in retinitis pigmentosa was first described in a group of genetically 

heterogeneous human post mortem eyes (Li et al., 1995). These rhodopsin positive neurites 

are found to be closely associated with hypertrophied Müller cells and their processes and can 

extend through the retina to the inner limiting membrane (ILM). The neurites have beaded 

varicosities and label for synaptophysin, indicating a rudimentary signal transmission system. 

The rod neurites do not connect with horizontal or bipolar cells, but grow beyond these cells 

along with activated Müller cell processes and then end near ILM (Milam et al., 1998) or may 

even grow into epiretinal gliotic membranes (Lesnik Oberstein, Lewis, Fisher, unpublished 

data). In the RP retinas the neurites are found to originate mainly from peripheral retina, 

and few neurites are found to come from the macular area. The rod neurites may be more 

numerous in the peripheral retina, as this is the part of the retina first and most severely 

affected by RP (Milam et al., 1998).

Similar changes were found in the Q64ter rhodopsin mutation (a stop codon mutation) 

for RP, where the rod neurites showed extensive sprouting, as did some of the peripheral 

cones (Milam et al., 1996). No conventional synapses were identified on EM, despite the 

presence of synaptophysin positive vesicles in the neurites, suggesting these neurites do not 

contribute to functional vision (Milam et al., 1996).

The picture of retinal rewiring and neurite sprouting was extended when it was found that 

not only rods extend neurites, but also amacrine and horizontal cells show anomalies in RP 

patients (Fariss et al., 2000). Mainly in the areas with most photoreceptor loss, rods, GABA 

and calbindin positive amacrine cells underwent neurite sprouting. Also long rhodopsin 

positive neurites were found extending up to the ILM. These neurites were associated with 

activated Müller cells. The GABA positive processes originating from amacrine cells extended 

through the ONL as far as the external limiting membrane (ELM).

The mouse RP model has been described extensively by Strettoi et al. (Strettoi and 

Pignatelli, 2000; Strettoi et al., 2002, 2003). This mouse model has a mutation for a rod 

specific phosphodiesterase, which leads to early rapid photoreceptor loss. Second order 
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neurons are severely affected by photoreceptor loss and respond in various ways. Horizontal 

cells show ectopic neurite sprouting into the inner plexiform layer (IPL) in this model as 

the photoreceptors are dying. The neurite sprouting is described as cellular plasticity after 

deafferentiation, where correct development and maintenance of second order neurons 

depends on healthy photoreceptors (Strettoi and Pignatelli, 2000). In a further study, two 

main groups of neuronal changes are described in the rd/rd mouse. These are mainly the 

sprouting of neurites of the horizontal cells and the underdevelopment of dendrites in rod 

bipolar cells. Horizontal cells change from actively searching, sprouting status to secondary 

hypertrophy and loss of thin processes. These changes appear different in the cell body 

(connected to the cones) than in the axonal arborisation (post synaptic to the rods), where 

neurites grow from the axonal complexes into the inner retinal layers. This seems to indicate 

that different parts of the cells are receiving different signals and different responses (Strettoi et 

al., 2002, 2003). The anomalies in the second order neurons are confirmed by an anomalous 

b wave in the ERG of these affected animals. The speed and nature of change in the second 

order neurons seems to vary according to the type and speed of photoreceptor degeneration 

(Strettoi et al., 2003).

Rhodopsin transgenic pigs were described by Li et al. in 1998. The Pro347Leu rhodopsin 

transgenic pigs share many of the cytologic features with human RP retinas and allow 

examination of different stages of the disease. In contrast to the mouse model of RP, there is a 

much less robust Müller cell activation and fewer neurites are seen. It might be that there are 

fewer neurites due to minimal activation of Müller cells in the porcine model (Li et al., 1998).

The Royal College of Surgeons rat (RCS) has an RPE mutation in the receptor tyrosine 

kinase gene, Mertk. As a result, the RPE cells are not able to phagocytose the outer segments 

of the photoreceptors after they have been shed. This causes photoreceptor degeneration 

and death of rods and cones that are developmentally normal. In these animals it has been 

shown that ectopic synaptogenesis can occur, including rod bipolar cells with abnormal, flat 

type, synaptic contacts with rod and cone terminals, which may be a common step in the 

disease progression in retinal degenerations (Peng et al., 2003). However, this is one of the 

few examples of possible functional synapses in neural remodelling. Most neurites growing 

in the retina show synaptic vesicles, indicating a primitive signalling mechanism, but do not 

terminate in a functional synaptic system (Milam et al., 1996).

As more animal models of retinal dystrophies and degenerations are being found, more 

inner retinal changes are being described. Leber’s congenital amaurosis is one of the severest 

earliest forms of retinal dystrophy. The CRX gene is affected, which causes the photoreceptor 

outer segments to develop abnormally, after which they degenerate. The second order neurons, 
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especially the horizontal cells, show sprouting of neurites and remodelling (Pignatelli et 

al., 2004) These neurites reach into the IPL and stain with calbindin and neurofilament, 

confirming their horizontal cell origin. The neurites become more numerous as the mice get 

older.

The nob2 mouse is a model for X-linked congenital stationary night blindness (CSNB). 

It shows a disorganisation of the OPL and extension of ectopic neurites from rod-bipolar and 

horizontal cells. Hyperpolarising bipolar cells do not seem to sprout neurites (Chang et al., 

2006). Similar findings are seen in a study on the Bsn mutant mouse for CSNB. There is an 

unexpected sprouting of horizontal and bipolar cells, with ectopic synaptogenesis, resulting 

in a dense synaptic plexus of the ONL, whereas in the wild type there are no synapses in the 

ONL (Specht et al., 2007). In a canine model for x-linked RP, there is a rod and cone opsin 

mislocalisation with early rod neurite sprouting from 8 weeks extending into the inner retina 

with retraction of rod bipolar dendrites and an increase in Müller cell reactivity (Beltran et 

al., 2006). Phagocytic cells are seen in the subretinal space. In this animal model there is a 

bi-phasic cell death pattern and neural remodelling is seen early in the disease, in contrast to 

the models shown above.

It is becoming clear as these different animal models and human diseases are being 

described that, even though the initial cause of the disease might be a different gene and cause 

degeneration of photoreceptors via a different mechanism, there is probably a final common 

pathway that is entered once the photoreceptors start degenerating (Marc et al., 2003; Jones 

and Marc, 2005). Neuronal remodelling of second order neurons, including ectopic neurite 

formation, seems to occur in all retinal degenerations. The third order neuron, the ganglion 

cell, seems to be more stable and seems to keep its dendritic architecture for longer in a 

mouse model of RP (Mazzoni et al., 2008). In the RCS dystrophic rat model however, there 

is neuronal remodelling of melanopsin positive intrinsically photosensitive ganglion cells 

(ipRGCs) (Vugler et al., 2008). The ipRGC is a recently described ganglion cell type that is 

intrinsically photosensitive and uses melanopsin as its opsin ( Provencio et al., 2000; Gooley et 

al., 2001). The ipRGCs are involved with circadian rhythms and photo entrainment (Berson 

et al., 2002). There is not a specific mention of other ganglion cells remodelling in Berson et 

al. paper, however, different types of ganglion cells are know to remodel extensively in retinal 

diseases (Coblentz et al., 2003; Fisher et al., 2005; Lewis et al., 2007; Lesnik Oberstein et al., 

2008).

Cone neurite sprouting has not been observed to the same extent that rod neurite 

sprouting has been. There has been one description of a mouse model of RP, the rd1 mouse 

that has shown cone neurite sprouting (Fei, 2002). In these mice cones show predominant 
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neurite outgrowth with varicosities from their axons, as well as their synaptic pedicles, along 

with degenerative changes of the cones, with shortening of the cone inner and outer segments. 

The neurite sprouting seems to precede the onset of cone cell death (Fei, 2002). Recently in a 

study of cone survival in rd mice, Lin et al. (2009) also describe novel processes of abnormal 

neurite sprouting from the survivor cones, where some neurites restore bipolar morphology, 

but many are disorganised and wildly oriented in all directions (Lin et al., 2009).

Marc et al., have shown in their extensive review that neuronal modelling occurs in most 

retinal degenerations (Marc et al., 2003), where any type of retinal degeneration that affects 

the sensory retina and leaves the neural retina deafferented can cause remodelling. The retinal 

degeneration process is divided into three phases, where phase 1 is the primary insult, phase 

2 is the degeneration and death of photoreceptors and phase 3 starts with cone loss and is a 

protracted period of global remodelling of the remnant neuronal retina (Marc et al., 2003).

The remodelling seen in the retina has similarities to remodelling in the CNS. There is 

neuronal cell death, followed by neuronal and glial migration, neurite growth and rewiring, 

with ultimately the formation of a glial scar.

Phase 2, described by Marc (2003) is when the neurite outgrowth and remodelling seem 

to start. This is seen in not only photoreceptors, but also horizontal, bipolar and ganglion cells. 

These neurites can travel great distances through the retina to the inner retina and even out of 

the retina. Remodelling continues well into phase 3 of the retinal degeneration with neurite 

formation of all cell types and formation of microneuromas which contain synapses of all cell 

types. There is active migration of neural elements on glial surfaces. The explanation given in 

this paper is that “survivor neurons actively seek excitation as sources of homeostatic Ca2+ 

fluxes. Retinal remodelling is not plasticity, but represents the invocation of mechanisms 

resembling developmental and CNS plasticity” (Marc et al., 2003). This could be part of the 

explanation for the neural rewiring seen in these diseases. However, this does not take the 

possible initiating inflammatory component, the Müller cell activation, trophic factors and 

permissive environment into account.

2.2 Diabetes and hypertension

In diabetic animal models the neuronal changes with neurite outgrowth were not noticed as 

early as in the retinal degenerations. Streptozotocin induced diabetic rats show a decrease in 

the total number of retinal ganglion cells (RGCs), but the remaining RGCs show changes in 

the cell morphology and enlargement of the dendritic fields. This early dendritic plasticity 

might be an early compensatory mechanism for RGC loss (Qin et al., 2006). In the Ins2Akita 

mouse model a similar study was performed to look at RGC morphology and cell loss. 
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Dendrites of the ON-type ganglion cell showed 32.4% more dendritic terminals, an 18.6% 

increase in dendrite length and a 15.3% greater dendrite density. Abnormal swelling of soma, 

axons and dendrites was noted for all types of RGCs including ipRGCs (Gastinger et al., 

2008).

To study neurite growth in diabetic proliferative tissue, we examined epiretinal 

fibrovascular tissue taken from patients with proliferative diabetic retinopathy (PDR) at the 

time of surgery. All epiretinal tissue showed extensive neurofilament staining from neurites 

of presumed ganglion cells. All the neurites were situated on a bed of glial tissue (Lewis et 

al., 2007). In a study of PDR from human material we identified calretinin positive neurites, 

melanopsin positive neurites and neurofilament positive neurites (Lesnik Oberstein, Lewis, 

Fisher, manuscript in preparation). Synaptophysin vesicle labelling was seen close by and 

also overlapping with the NF fibers. Synaptophysin is normally located in the outer or inner 

plexiform layer, should it occur outside these locations it would indicate the presence of 

synaptic vesicle protein in the extended neurite outgrowth.

These findings indicate that all identifiable subtypes of RGCs not only react to the 

diabetes and the extensive fibrovascular proliferations, but sprout neurites that can grow 

without a direction out of the retina into epiretinal tissue. In 2 PDR membranes stained for 

rhodopsin, we saw rod neurite outgrowth into the fibrovascular tissue, showing that these 

neurites can traverse the entire retina and continue to grow into the PDR membrane. The 

close association of these neurites to the Müller cells, as in the retinal dystrophies indicates 

the permissive environment the Müller cells seem to create.

2.3 Retinal detachment

Retinal detachment (RD) is the only retinal condition that is a physical/ mechanical insult 

causing retinal reorganisation and remodelling. Either traction from the vitreous on retinal 

tears, or exudation causes the neuroretina to lift off the RPE, which causes retinal stress from 

possible ischaemia and photoreceptor degeneration (Linsenmeier and Padnick-Silver, 2000; 

Mervin et al., 1999).

Neurite outgrowth and remodelling has long been recognised as a secondary feature in 

RD (Lewis et al., 1998; Fisher et al., 2005). Horizontal and rod bipolar processes grow into 

the ONL, perhaps in an attempt to contact retracted photoreceptor terminals (Lewis et al., 

1998). In the extensively researched feline model of retinal detachment, retinal remodelling 

has been described for all cell types (Fisher et al., 2005). Ganglion cells remodel vigorously 

in response to detachment. Even though the ganglion cells are away from RPE area (i.e. the 

detached area), they are in contact with the Müller cells that have their apical villi at the RD 
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site and hence will be reacting to the RD. Müller cells react to RD very quickly, within hours 

by changing their expression of GFAP and starting to hypertrophy and divide (Geller et al., 

2001).

Ganglion cells also have large numbers of undirected processes (like B type horizontal 

cells). These can grow for long distances, also into the subretinal space. GAP43 up regulation 

seems to be one of the initiating events for remodelling and NF up regulation provides the 

structural support needed (Coblentz et al., 2003). It seems that only a subset of ganglion 

cells remodel, however this might also be due to the specific antibodies used. We have found 

ipRGCs neurite growth in PVR, so possibly neurites from other RGC types can be found 

(Lesnik Oberstein, Lewis, Fisher, manuscript in preparation). What is very interesting about 

the RD model is that the retina can be reattached, in contrast to the degenerations and 

dystrophies where disease reversal is not possible. Some of the remodelling changes seen in the 

retina can reverse (Lewis et al., 2002; Fisher and Lewis, 2003), especially if the reattachment 

occurs within 24 hours.

Initially, in RD there is photoreceptor deconstruction, photoreceptor apoptosis and 

neurite outgrowth from second and third order neurons, remodelling of photoreceptor 

synaptic terminals and Müller cell activation with gliosis. After retinal reattachment the rod 

bipolar and horizontal cell neurites disappear. The changes in the photoreceptors, such as the 

abnormal shape of the cone pedicles, can still be seen 28 days after reattachment and may 

need more time to recover, or may not recover completely. The growth of Müller cells into the 

subretinal space is halted, however the growth of Müller cells can still continue on the vitreal 

side of the retina and can cause PVR (Lewis et al., 2003).

In human RD, similar changes are seen. In full thickness retinectomy samples with 

PVR, removed at the time of surgery, prolonged RD showed photoreceptor degeneration, 

with intracellular redistribution of opsin proteins to the plasma membrane in the ONL. 

Rods showed retraction of their terminals and axon extension in to the inner retina. Rod 

bipolar and horizontal cells had processes growing into the ONL, whilst ganglion cells had 

neurites sprouting from their somata and their axon collaterals. The longer the duration of 

the RD, the more severe the disorganisation and the remodelling of the second and third 

order neurons was shown to be (Sethi et al., 2005). Surprisingly, in a RD of short duration 

(10 days), there are already significant remodelling changes and neurite outgrowths in the 

detached retina (Wickham et al., 2006). The remodelling is most marked around the retinal 

breaks, although these breaks or a limited detachment may have existed for longer than the 

actual clinical symptoms of the RD.

In PVR membranes peeled off the retina at the time of surgery, ganglion cell neurites of 
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different types of RGCs (calretinin positive, melanopsin positive and neurofilament positive), 

as well as rhodopsin positive neurites can be found, extending throughout the membrane, 

without a specific goal and seem to be a random outgrowth response to the retinal trauma 

(Lewis et al., 2007; Lesnik Oberstein, Lewis, Fisher, manuscript in preparation).

Both the feline models and the human RD tissue shows that neural remodelling of all 

neuronal cell types starts immediately after the retina detaches and continues until the retina 

is reattached. Rapid reattachment does reverse the some of the retinal changes, although not 

completely (Lewis et al., 2003; Fisher and Lewis, 2003). Indeed, reattachment initiates its 

own set of responses not seen during detachment including rod neurite growth into the inner 

retina and Müller cell growth into the vitreous.

2.4 Epiretinal membranes

Epiretinal membranes (ERMs) are sheets of cells and extra cellular matrix that occur on 

the vitreal surface of the retina. The most common are idiopathic epiretinal membranes 

(iERM) (McCarty et al., 2005) where there is no known underlying pathology; they can 

become clinically significant when they cause a decrease in visual acuity or metamorphopsia. 

Membranes also can occur as a result of disease or trauma of the eye such as in PVR, proliferative 

diabetic retinopathy (PDR), and post successful retinal detachment repair (ERMpRD). The 

different membrane types cause variable clinical symptoms such as metamorphopsia, blurred 

vision and micropsia or macropsia and problems such as traction on the retina or even traction 

retinal detachment. In all cases, however, the membranes form as a result of cells from within 

the retina and from the vitreous that presumably begin proliferating and migrating onto the 

surface of the retina. ERMs are composed of glia, macrophages, RPE cells, and fibroblasts 

(Jerdan et al., 1989; Vinores et al., 1990; Heidenkummer and Kampik, 1992).

In all membrane types we examined neurites from RGCs of different types, labelling 

with anti-NF, anti-melanopsin and anti-calretinin are seen to sprout from the retina, into 

the overlying epiretinal tissue as well as rhodopsin labelled neurites from rod photoreceptors 

(Lesnik Oberstein et al., 2008; Lesnik Oberstein, Lewis, Fisher, manuscript in preparation).

In iERMs there is very little retinal disturbance, however, we found neurites originating 

from all these different cell types. Patients often will only have surgery when they get visual 

distortion from their iERM, which means that often vision is maintained for a considerable 

time, even with a visible iERM on clinical examination, and recovers well after surgery in 

spite of the neuronal sprouting. In this instance the neurite sprouting looks like a non-specific 

reaction to a minimal retinal disturbance with a possible low grade chronic inflammatory 

response.
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In all types of ERMs the neurites were located on reactive Müller cells, stained with 

GFAP. The Müller cells form a significant component of the ERMs and seem to provide the 

permissive environment for neurite sprouting. The other interesting finding in the ERMs 

is the large component of immune cells seen in the membranes (Lesnik Oberstein, Lewis, 

Byun, Herrera, Fisher, manuscript in preparation). This could mean that even in a minimally 

disrupted situation, such as an iERM, there is an inflammatory component contributing or 

perhaps even initiating the formation of an ERM. We queried whether the occurrence of a 

posterior vitreous detachment (PVD) could be sufficient to induce a localised inflammatory 

reaction over the macula, especially if there is an abnormal adhesion or some remaining 

cortical vitreous. It is known that in most eyes with iERMs a PVD has occurred prior to the 

membrane formation (Foos, 1977). The localised inflammation would induce a gliosis and 

activation of the Müller cells and possibly a continuing low grade inflammation, with neural 

outgrowth.

2.5 Age related macular degeneration/ Light damage

In human retinas with non neovascular (“dry”) age related macular degeneration (AMD) 

(Sullivan et al., 2003) and in albino or in light damaged (LD) animals that are a model for 

human AMD (Marc et al., 2008) neural remodelling is described. 

In the albino Wistar rat, kept at normal ambient light at 12 hour on/off cycles, there is a 

loss of photoreceptors in the central retina, preceded by a loss of RPE cells. In response to the 

loss of RPE and photoreceptors, neurons migrate out of the diseased retina, along activated 

Müller cell processes, towards the choroid, through breaks in Bruch’s membrane (Sullivan et 

al., 2003). The ganglion cells do not show neuronal migration, but do sprout processes that 

extend into the choroidal region. This is seen both in the human AMD retina and in the 

Wistar rat (Sullivan et al., 2003).

When excessive amounts of light exposure are used in albino rat models, extreme retinal 

remodelling is seen (Marc et al., 2008). In this light induced retinal damage model (LIRD), 

there was an initial stress phase of 14 days, after which extensive remodelling occurred by 60 

days. RPE and choriocapillaris were lost, after which, as observed by Sullivan et al. (2003), 

there was extensive neuronal migration along Müller cell processes. In the last phase of the 

degeneration there is erratic evolution of new processes of all remaining neurons into novel 

synaptic tufts that form outside of the normal laminated structure of the IPL, as well as new 

neurite fascicles that run for great distances within the neural retina. The limitation of the 

LIRD model might be that the excessive light exposure in an albino rat gives a high amount 

of oxidative damage and free radical formation that could damage the retina very quickly, 
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however, this does not seem to reduce the observed remodelling.

In human eyes with dry AMD structural plasticity is also observed. The photoreceptor 

synapses retract and rod bipolar neurites/dendrites seem to follow, possibly to maintain 

contact (Sullivan et al., 2007). This is similar to the rod bipolar outgrowth seen in retinal 

detachment, where rod bipolar neurites grow towards the retracting rod terminals (Lewis at 

al., 2005). In human AMD changes are found across the whole retina and not just in the 

macular area, but the dendritic sprouting from the rod bipolar cells was more exuberant in the 

mid peripheral and peripheral retina (Sullivan et al., 2007). These processes seem to reform 

synaptic complexes to the appropriate targets. This is not observed in the retinal degeneration 

retinas, where the neurites often bypass their targets completely and end adjacent to the ILM 

(Milam et al., 1998) or in the epiretinal membranes, where no targets are present (Lewis et 

al., 2007; Lesnik Oberstein et al., 2008).

2.6 Normal aging

The finding that neural sprouting occurs in the aging retina is a relatively recent finding 

(Liets et al., 2006; Eliasieh et al., 2007). It is known that as the CNS ages, it regresses and 

degenerates. There is a decrease in neural plasticity that may cause age related decline (Cowen 

and Gavazzi, 1998), as well as changes in neural connectivity, myelinisation, nerve fiber 

loss (Peters et al., 1996; review Peters, 2002) and marked neuronal and dendritic changes 

(Buell and Coleman, 1979; Dickstein et al., 2007). However, it is difficult to quantitate these 

changes for the visual pathway in the aging population (for review see Spear, 1993).

The first neurite sprouting found in the retina is in the rod bipolar cells of normal old 

mice, (older than 1 year) (Liets et al., 2006). In these mice the dendrites of many rod bipolar 

cells extend beyond the OPL to grow into the ONL and seem to form contacts with spherules 

of rod photoreceptors. However, these contacts were not shown to be functional (Liets et al., 

2006). Normally there are no synapses or neurite fibers in the ONL. In this study the new 

neurite fibers become bigger and longer with increased mouse age, up to 40 µm (Liets et 

al., 2006). The age-dependent remodelling of retinal circuitry was confirmed in aging mice, 

where significant remodelling was found of both horizontal cell arborisations and bipolar 

cell dendrites (Terzibasi et al., 2009). The sprouts increase in density from the central to the 

peripheral retina.

In the human retina the same group found similar changes (Eliasieh et al., 2007). 

Dendritic fibers of the rod and ON-cone bipolar cells were found to extend beyond the OPL 

well into the ONL and the length and density of these fibers increased with age. Horizontal 

cells also undergo significant dendritic reorganisation as age progresses.
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There was much more dendritic elongation peripherally than centrally. This is similar 

to the finding in retinitis pigmentosa, where the rod neurites are more numerous in the 

peripheral retina (Li et al., 1995; Milam et al., 1996). Why this should occur in the aging 

retina is not clear as photoreceptor loss is greater centrally (27%) compared to peripherally 

(7%), so the dendrite growth need not be a reaction to photoreceptor loss.

Rod bipolar elongated dendrites tend to run in tandem with bipolar cell processes, which 

might suggest intact triads of a photoreceptor terminus, bipolar cell dendrite and a horizontal 

cell dendrite (Eliasieh et al., 2007). 

The above examples show a significant amount of retinal rewiring not expected in an 

aging nervous system. However, the functionality of this rewiring must be negligible to non 

existent considering the decrease in visual and cognitive function in the aging human brain 

(Dickstein et al., 2007).

Looking at the diseases described above it is becoming clear that neuronal changes and 

neurite sprouting are a universal phenomenon. There are variations in the type of plasticity 

and reaction to different diseases depending on the chronicity and disease type, however 

similarities can still be seen, especially in the horizontal cell and rod bipolar neurite outgrowth 

seen in retinal dystrophies, retinal detachment and AMD. Rod photoreceptor neurites are 

seen in RD, RP and in epiretinal membranes of different diseases.

What occurs in these retinas that allows the outgrowth of neurites from the different 

cells? The neurites are frequently associated with Müller cell glia, which seem to create a 

permissive environment for this growth.

3. Müller cell

Müller cells are the structural cells of the retina, that run the full depth of the retina 

and function not only as a scaffold, but also as a regulator for homeostasis of the retinal 

environment (for review see Bringmann et al., 2006). Müller cells ensheath /contact all 

retinal neuronal somata and processes and will therefore respond rapidly to any dysfunction 

of photoreceptors or neurons in any layer of the retina. 

In the healthy retina Müller cells maintain the pH through bicarbonate ion transporters, 

the ion and water balance through voltage gated channels and transport mechanisms, and 

limit the levels and spread of free neurotransmitters in the extra cellular matrix by uptake 

and recycling (Guidry, 2005). They do this mainly through a vast array of ion channels, 

transporter molecules, enzymes and ligand receptors (Newman and Reichenbach, 1996). An 

important indicator of, and prerequisite for, a normal, non activated Müller cell is the high 
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K+ conductance of the plasma membrane which is, among others, maintained by inwardly 

rectifying K+ channels (Kir channels) (Bringmann et al., 2000). 

The functioning of these channels can be significantly affected by Müller cell activation, 

which has a profound impact on the normal function of the Müller cell and hence on the 

homeostasis of the retina and neuronal support. Müller cells are essential in removing and 

recycling excess neurotransmitters from the extra cellular space. Glutamate, the most common 

neurotransmitter, is transformed into glutamine with the help of glutamine synthetase by the 

Müller cell. This limits the excitotoxicity of the free neurotransmitters in the synaptic cleft 

and the retinal environment (Newman and Reichenbach, 1996; Bringmann et al., 2006). 

Müller cells also form the blood retinal barrier, as they share the ability of astrocytes to induce 

the properties of the blood retinal barrier in vascular endothelial cells (Tout et al., 1993).

3.1 Müller cell activation

Müller cells become activated in response to any insult or stress of the retina. In mice the 

initial insult to neurons causes a down regulation of a tumour suppressor gene (p27kip1) which 

allows the Müller cell to re-enter the cell cycle within the first 24 hours after injury and 

start up regulating GFAP (Dyer and Cepko, 2000). Müller cells start modifying the normal 

functions described above and changing their protein expression. The first visible indicator 

of Müller cell activation seen is up regulation of GFAP, an intermediate filament (Eisenfeld et 

al., 1984; Lewis et al., 1989; Erickson et al., 1992). In contrast to the normal Müller cell in 

feline retina, where only the end feet stain for GFAP and vimentin, in the activated Müller 

cell the whole cell is labelled with antibodies against these proteins (Lewis et al., 1995; Lewis 

et al., 1989). The intermediate filaments might act as a scaffold to maintain the position of 

the nucleus and organelles within the cell, or as a “skeletal” requirement for cell growth and 

expansion as Müller cells begin to hypertrophy and divide within the retina (Fisher et al., 

1991; Geller et al., 1995) and eventually invade the subretinal space (Erickson et al., 1987).

The GFAP up regulation could be considered a non-specific response to retinal stress 

by the Müller cell, as it seems to occur in all retinal stress situations. Other potentially non 

specific responses include activation of extra cellular activated kinases (ERK), a decrease in 

glutamine synthetase (GS), carbonic anhydrase 2, cellular retinaldehyde binding protein 

(CRALBP) (Lewis et al., 1989; 1994) and a decrease in K+ conductance (Bringmann et 

al., 2006, Iandiev et al., 2006). It seems as if there is a de-differentiation of the Müller 

cell when it is activated, whereby it becomes less able to perform its normal function of 

maintaining retinal homeostasis such as recycling of glutamate and the ability to buffer the 

retina and neuronal-glial interactions (Newman and Reichenbach, 1996; Bringmann et al., 
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2000, 2006).

Depending on the cause of the retinal stress, there can also be more specific responses 

(Bringmann et al., 2006) with up and down regulation of many other proteins (see below)

(Erickson et al., 1987; Lewis and Fisher, 2003; Bringmann et al., 2006). The changes in cell 

function and protein expression seems to involve changes in expression of neurotrophins 

that protect the neurons and that might also permit the outgrowth of the neurites. Müller 

cells may also act as modulators of immune and inflammatory responses by producing pro-

inflammatory cytokines when stressed (Caspi and Roberge, 1989), which create and change 

in the retinal environment with glial cell activation and inflammatory responses modulating 

and possible augmenting cellular reactivity.

This is part of a series of events that occurs in retinal stress, whereby microglial activation 

and interaction with the Müller cells and vascular changes are the start of Müller cell reactivity 

(Harada et al., 2002a). Müller cell activation and expression of GFAP seem to be modulated 

by cytokines and growth factors expressed by microglia and the Müller cells themselves in 

stress situations. Amongst the relevant cytokines and growth factors are interleukin 1β (IL-

1β), tumour necrosis factor α (TNFα), interferon γ (IFNγ), ciliary neurotrophic factor 

(CNTF), transforming growth factor β (TGFβ), brain derived neurotrophic factor (BDNF), 

glial cell line derived neurotrophic factor (GDNF) as well as many others. Indeed, basic 

fibroblast growth factor (bFGF) (Lewis et al., 1992) and CNTF (Sarthy et al., 1997; Wang 

et al., 2002) are both growth factors known to be neuroprotective to photoreceptors and 

induce the up regulation of intermediate filament proteins and proliferation and hypertrophy 

of Müller cells when injected into normal eyes. Microglia affect the production of trophic 

factors by Müller cells that influence the survival of photoreceptors (Harada et al., 2002a) and 

may contribute to an environment permissive for neural remodelling.

3.2 Müller cells in different diseases

Müller cells have certain non-specific reactions to retinal disease (see above), but also some 

specific reactions. Below some of the characteristics of Müller cell activation per disease are 

described.

3.2.1 Retinal dystrophy and degeneration

GFAP is up regulated in Müller cells a number of eye disease conditions and types of retinal 

trauma (see Lewis et al., 2003 for review). In retinal degeneration GFAP is markedly up 

regulated and the Müller cell processes are thickened and heavily stained after 6 months 

of degeneration (Eisenfeld et al., 1984). The Müller cells start to hypertrophy, with an up 
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regulation of GFAP, change their phenotype and form large columns that intersect the retina 

in early phase 3, as described by Marc et al. (2003). This occurs at a similar time as the 

appearance of the first neurite outgrowths, which continue through out phase 3, while in 

the late phase 3 Müller cells start filling the spaces left by the degenerated neurons. The new 

neurite fascicles seem to be embedded in Müller cell corridors (Marc et al., 2003). In the 

RCS rat, after 8 months of retinal dystrophy, the Müller cells were 20-30% shorter and much 

coarser, with irregular processes in the outer retina, and coarse thickened processes reaching 

into the subretinal space. Glutamine synthetase was down-regulated in these Müller cells 

(Härtig et al., 1995).

Müller cells play an active role in the survival or cell death of photoreceptors or retinal 

neurons. As the photoreceptors or neurons start signalling distress, the Müller cell reacts by 

changing protein expression, in particular by releasing neurotrophic factors, which affect 

the survival of the retinal neurons (Bringmann et al., 2006). Some of the well described 

neurotrophic factors, such as bFGF, which can work on the photoreceptor directly (Lewis 

et al., 1992), and CNTF, BDNF and GDNF, which work on the photoreceptor indirectly 

via the Müller cell (Levison et al., 1998; Frasson et al., 1999; Taylor et al., 2003; van Adel et 

al., 2005) are expressed. The microglia are also activated and in turn also activate the Müller 

cell to produce more neuroprotective proteins, thus protecting the photoreceptors (Harada 

et al., 2002a).

3.2.2 Diabetes

Hyperglycaemia has an immediate and significant influence on Müller cells. Müller cells 

are activated early in diabetes, possibly before the micro vascular changes appear which are 

commonly associated with diabetic retinopathy, as could be concluded from an early change 

in the b wave of the electroretinogram (ERG) in diabetic patients (Mizutani et al., 1998). 

The Müller cell plays a significant role in the maintenance of the blood retinal barrier and its 

processes surround the blood vessels of the retina (Tout et al., 1993). Therefore Müller cell 

dysfunction could play a role in microvasculopathy and further loss of retinal homeostasis 

(Rungger-Brändle et al., 2000). The Müller cell activation is usually confirmed by GFAP 

staining, which becomes distributed throughout the cell, but Müller cell hyperplasia can even 

be observed before the GFAP up regulation (Lieth et al., 1998; Mizutani et al., 1998; Rungger-

Brändle et al., 2000). Importantly, the significant changes that occur in the functioning of 

the Müller cell impede the ability to support normal retinal functioning. Hyperglycaemia 

causes the glial sodium pump to malfunction. This causes an increased glutamate release 

from neurons and oxidative stress and excitotoxicity to the neurons (Rungger-Brändle et al., 
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2000; Kern and Barber, 2008). In diabetic rats the ability of retina to convert glutamate to 

glutamine was decreased by 65% of normal and glutamate increased by 1.6x after 3 months 

of diabetes (Lieth et al., 1998). Increased levels of glutamate or known to be excitotoxic to 

the retinal neurons (Beal, 1992), but also are a mitogenic stimulus for Müller cell glia of the 

retina if elevated for more than 3 hours (Uchihori and Puro, 1993). This would mean that a 

combination of hyperglycaemia and increased glutamate will lead to Müller cell gliosis and 

proliferation early in diabetes and will also affect neuronal survival and outgrowth. Müller 

cells acquire a specific reactive phenotype and start expressing 78 different types of genes in 

the retina of diabetic rats. A third of these proteins is associated with inflammation, including 

the acute phase response proteins (APP) (Gerhardinger et al., 2005). Interleukin 1β (IL-

1β) is also up regulated in the diabetic rat retina and may be a mediator in the acute phase 

response of the Müller cells. IL-1β, along with IL-6 and TNFα, is one of the major inducers 

of APPs and increases cell adhesion molecules, affects the BRB and neuronal death and 

activates both macro and microglia (Moshage, 1992; Gerhardinger et al., 2005). With the 

expression of inflammatory cytokines and APPs, different studies show microglial activation 

occurring early in diabetes induced rats and show that microglia and Müller cells affect each 

others protein expression and activation (Rungger-Brändle et al., 2000; Zeng et al., 2000; 

Barber et al., 2005; Krady et al., 2005) and will thereby affect neurons and possibly create an 

environment conducive to neurite outgrowth.

3.2.3 Retinal detachment.

Retinal detachment of the neural retina from the RPE causes immediate, complex changes 

in not only the neuronal cells, but also in the Müller cells and microglial cells (Fisher et al., 

2005). These changes begin as soon as the detachment occurs and continue for the duration 

of the RD. There is an increase in the physical distance of the neuro retina from the RPE 

that causes hypoxia and a decrease of nutrition to the photoreceptors and outer retinal layers 

(Linsenmeier and Padnick-Silver, 2000; Mervin et al., 1999). The first response to RD from 

the Müller cells and RPE is via the ERK pathway, which induces expression of AP1 (Geller 

et al., 2001), a critical transcription factor for different cellular processes, after which mRNA 

for bFGF is increased, as is the retinal level of bFGF (Nakazawa et al., 2006). This may have 

a protective effect for neurons, but also seems to induce gliosis in Müller cells by activating 

the FGF receptor FGFR1 (Geller et al., 2001), which is present on Müller and RPE cells 

(Yamamoto et al., 1996). After this there is an up regulation of GFAP and vimentin in the 

Müller cell, with a 500% increase in mRNA for GFAP within 3 days of the RD (Erickson et 

al., 1992). There is hypertrophy and division of cells, including Müller cells, microglia, and 
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astrocytes (Fisher et al., 1991; Geller et al., 1995; Iandiev et al., 2006).The proliferation peaks 

by 3-4 days, and then declines. However, Müller cells continue to hypertrophy for months 

after retinal detachment, both within the retinal layers and in the subretinal space (Lewis 

et al., 1995). Müller cells down regulate their normal homeostatic function proteins such 

as glutamine synthetase, cellular retininaldehyde binding protein (CRALBP) and carbonic 

anhydrase 2 (Lewis et al., 1989, 1994) and Kir channels (Bringmann et al., 2000; Iandiev et 

al., 2006), thus changing the extra cellular environment of the retina and possibly increasing 

degeneration of the retina (Marc et al., 1998; Bringmann et al., 2006). The changes seen in 

the Müller cell function are most apparent in the detached retina, but similar changes are 

also noted in the attached retina of the same eye, but to a lesser degree (Iandiev et al., 2006; 

Hollborn et al., 2008). This indicates that the normal Müller cell enzymes and vitamin A 

binding proteins, essential for a normal functioning retina, decrease and will affect the retina.

Many of the changes caused by RD can be (partially) reversed with rapid reattachment 

of the retina (Lewis et al., 2002). In cats where retinas were reattached there was less evidence 

of photoreceptor degeneration and less apoptosis. Neurite outgrowth was marked at 3 days 

in these cats, but was not seen in the reattached retinas (Lewis et al., 2002). In humans rapid 

retinal reattachment can give restoration of normal vision, indicating that the many changes 

seen in the detached retina not only regress, but leave no functional sequelae. However, after 

reattachment, Müller cell proliferation on the vitreal surface can occur. This proliferation can 

be significant enough to cause the retina to re-detach when the proliferation contracts (Fisher 

and Lewis, 2003)

3.2.4 AMD and aging

Aging seems to be associated with glial cell activation and proliferation, related to oxidative 

stress and an inflammatory response (Lee et al., 2000). Astrocytes in aging mice brain 

hypertrophy and change their protein expression to an early state of reactive gliosis (Lee et 

al., 2000).

The glial changes seen in aging retina and in AMD have been studied in different ways: 

either by obtaining human donor material of different age groups, with and without AMD 

and comparing the findings (Madigan et al., 1994; Ramirez et al., 2001; Wu et al., 2003), or 

by using a murine model, where light exposure is used to mimic age changes ( Sullivan et al., 

2003; Marc et al., 2008).

In the human donor retinas GFAP was unregulated in normal aged retinas compared to 

young normal controls. Up regulation was more marked again in eyes with AMD than in 

normal aged retinas (Madigan et al., 1994; Wu et al., 2003). In AMD deep penetrating GFAP 
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positive processes were seen in 55% of eyes, compared to 27% in normal aged eyes. There 

was up regulation of GFAP in Müller cells adjacent to drusen (Johnson et al., 2003) and in 

geographic atrophy, the dry form of AMD, areas of atrophied RPE that were substituted by 

GFAP reactive Müller cell processes (gliosis) (Wu et al., 2003).

In the light damage model, the process of degeneration is accelerated and there is a 

significant increase in the amount of oxidative stress. The changes in this model tend to be 

regional with sharp demarcation of survivor retina and affected retina, mimicking the late 

stages of the dry form of AMD (Marc et al., 2008). Müller cells show changes similar to 

those in retinal dystrophy, where osmoregulation and glutamate metabolism are disrupted, 

as well as late migration to the choroid (Marc et al., 2008). The combination of low grade 

inflammation, glial reactivity and oxidative stress may change inhibitory or outgrowth factors 

in such a way that neurite outgrowth is more commonly seen in the aged retina.

3.2.5 Epiretinal membranes.

Epiretinal membranes can occur in all the diseases described above. They consist mainly of 

glial cell and, depending on the aetiology, RPE, fibroblasts, immune cells (Jerdan et al., 1989; 

Vinores et al., 1990; Heidenkummer and Kampik, 1992).

As the Müller cells have already hypertrophied and grown on to the vitreal surface of 

the retina, one can conclude that they are activated and have (to an extent) changed their 

phenotype. How much activation there is will depend on the underlying cause of the ERM. 

In an iERM, where there is very little retinal disruption or trauma, vision can be undisturbed 

and the function of the Müller cell must be adequate to have good vision. In a severe PVR 

case, where there is huge retinal disruption, the Müller cell and neuronal function may 

be a lot more challenged and severely impaired. The difference in retinal disturbance and 

Müller cell activation has been termed “conservative gliosis” versus “massive gliosis” (Guidry, 

2005). Glial cells in ERMs express GFAP in their cytoplasms. The activation of glia and 

the formation of ERMs in PVR and PDR are connected to the increased levels of cytokines 

and growth factors in the aqueous, vitreous and retina and their receptors expressed on the 

ERMs (Harada et al., 2006). Glial cells within ERMs may change their phenotype to express 

contractile proteins such as desmin and actin (Mandelcorn et al., 2003).

All retinal diseases cause activation to a greater or lesser degree of the Müller cell glia. 

There is hypertrophy, proliferation and a change in phenotype and function that affects 

the already disrupted neurons. The Müller cells appear to be the permissive element for 

neurite growth. As shown in this review there is Müller cell activation in many types of 

retinal disease, and these diseases as well as aging show neurite sprouting. However, there is 
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one more element that plays a role in both disease and Müller cell activation, which is the 

inflammatory component. 

4. neurotrophIns and cytokInes In mIcroglIa and müller 
cells.

Neurotrophins are vertebrate specific growth factors, most importantly brain-derived 

neurotrophic factor (BDNF), NGF, neurotrophin 3 (NT3) and neurotrophin 4/5 (NT4/5). 

During development they regulate the survival and differentiation of the developing 

neurons, as well as the chemotropic orientation (Tucker et al., 2001). They are also essential 

for neuronal growth and can prevent apoptosis. “Neurotrophins can bind to two types of 

cell surface receptors, the tropomyosin related kinase (Trk) tyrosine kinase receptor and 

the p75 neurotrophin receptor (p75NTR). These receptors, often present on the same cell, 

coordinate and modulate the responses of neurons to neurotrophins. The functions of the 

neurotrophin receptors vary markedly, from the sculpting of the developing nervous system 

to the regulation of the survival and regeneration of injured neurons. Strikingly, while Trk 

receptors transmit positive signals such as enhanced survival and growth, p75NTR transmits 

both positive and negative signals. The signals generated by the two neurotrophin receptors 

can either augment or oppose each other. The functional crosstalk between Trk and p75NTR 

signalling pathways appears to be a key process in determining how the nervous system 

develops and is repaired following injury” (Kaplan and Miller, 2000). 

Cytokines are proteins secreted after injury in tissues anywhere in the body. The initiate 

and mediate inflammatory reactions in response to injury or tissue stress (Moshage, 1997). In 

retinal diseases, where microglia are also universally present, different cytokines are expressed, 

which influence the inflammatory response and the interaction between microglia, Müller 

cells and retinal neurons. Cytokines that tend to be involved in disease progression are IL-2, 

TNFα, IL-1 and IFNγ, whereas IL-4, IL-10, IFNβ and TGFβ may contribute to disease 

remission (Benveniste and Benos, 1995).

In retinal diseases different neurotrophins are expressed at different levels, but this 

expression may be sufficient for neurons to sprout aberrant neurites, possibly due a decrease 

of inhibition or expression of overwhelming growth factors whilst trying to neuroprotect 

neurons. The problem studying the interactions between neurotrophins and between 

cytokines, pro-inflammatory factors and neurotrophins is that it is difficult to study multiple 

factors or interactions at once. Most of the studies were done in vitro, or using a single factor 

in vivo. This makes it difficult to ascribe roles to the different factors in the diseased retina, 
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especially as different factors may take on different roles. Also often studies are performed 

in vitro or in the murine model, which may not always predict the situation in vivo in the 

human.

When they first described neurite outgrowth in human RP patients Li et al. (1995) 

hypothesised that the neurite growth might be a response to up regulation of neurotrophic 

factors and a decrease in inhibitory factors, as well as a change of phenotypical protein 

expression of the activated Müller cell, (Li et al., 1995). This hypothesis is corroborated by 

our findings in retinal detachment (Fisher et al., 2005) and epiretinal membranes (Lewis et 

al., 2007; Lesnik Oberstein et al., 2008) and those of other groups in retinal dystrophies (Li 

et al., 1995; Marc et al., 2003), aging (Eliasieh et al., 2007), AMD (Sullivan et al., 2003) and 

diabetes (Lewis et al., 2007; Gastinger et al., 2008), that neurites prefer to grow adjacent to 

Müller cell glia

It was already known that Müller cells are the preferred substrate for in vitro neurite 

extension by rod photoreceptor cells and that factors expressed by these cells may be creating 

the permissive environment for neurites (Kljavin and Reh, 1991), especially as Müller cells and 

RGCs are the only retinal cells that express p75NTR, the low affinity neurotrophin receptor 

(Carmignoto et al., 1991, Hammes et al., 1995). This suggests that the neuroprotection of 

other retinal neurons and photoreceptors may be an indirect effect of factors expressed by 

Müller cells after activation. Increased glutamate levels increase neurotrophin levels of BDNF, 

NGF, NT3, NT4 and GDNF in cultured Müller cells (Taylor et al., 2003). Glutamate levels 

tend to increase when Müller cells are activated (Marc et al., 1998) when there is retinal 

dysfunction, after which there is increased expression of neurotrophins (Harada et al., 2002a, 

van Adel et al., 2005). 

On intravitreal injection of neurotrophic factors, Müller cells that have receptors for these 

factors, are activated, and produce secondary trophic factors that can protect photoreceptors 

and retinal neurons (Wahlin et al., 2000). There seems to be an autocrine mode of regulation, 

as the Müller cell not only synthesises neurotrophins, but also expresses the receptors (Oku 

et al., 2002).

 LaVail et al. (1992) demonstrated that photoreceptors could be protected in retinal 

degeneration and from light damage by the intravitreal injection of different growth 

factors, neurotrophins and cytokines. CNTF, BDNF, IL-1β and aFGF seemed to have the 

greatest neuroprotective effect for photoreceptor survival, while NT3 and TNFα had less 

neuroprotective effect following intravitreal injection (LaVail et al., 1992). In experimental 

retinal ischaemia in rats, intravitreally injected BDNF, CNTF and bFGF have a transient 

neuroprotective effect (Unoki and LaVail, 1994). A similar effect of BDNF was seen in feline 
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retinal detachment, where photoreceptors could be rescued from the degenerating effects of 

the RD by intravitreal injection (Lewis et al., 1999). 

Ciliary neurotrophic factor (CNTF) one of the first neurotrophins recognised as an 

“injury factor” is released by dying neurons in injury to the brain when membrane integrity 

is compromised (Adler, 1993; Kahn et al., 1995; Winter et al., 1995; Levison et al., 1998; 

Monville et al., 2001). CNTF is part of the IL-6 family of cytokines, which seems contrary, 

as often IL-6 itself activates microglia and is often more neurodestructive than protective 

(Krady et al., 2008). The effect of CNTF in the CNS and eye have been described in various 

studies (LaVail et al., 1992; Kahn et al., 1995; Winter et al., 1995; Levison et al., 1996, 1998; 

Monville et al., 2001; van Adel et al., 2005). The neuroprotective effects of CNTF may be 

due to a shift of Müller cells to a more neuroprotective phenotype, where different proteins 

and receptor have a significant change of expression (van Adel et al., 2005). Besides causing 

glial hypertrophy (Sarthy et al., 1997; Wahlin et al., 2000; Wang et al., 2002), CNTF also 

seems to (indirectly) induce an increase in microglia in the damaged brain area. There were 

similar findings in a study of rd/rd mice, where glial cell line derived neurotrophic factor 

(GDNF) caused activation of Müller cells and significant preservation of rod photoreceptors 

and the amplitude of the ERG (Frasson et al., 1999). However, it might be possible that 

part of the neuroprotection by GDNF is a direct effect on the photoreceptors, as they might 

have a GDNF receptor (Harada et al., 2002b). BDNF is a strong neuroprotectant of the eye 

and helps RGCs survive and maintain their structural integrity in glaucoma (Weber et al., 

2008). In cultured rd mouse retinas, a combination of growth factors such as BDNF and 

CNTF working in synergy were more efficient at promoting photoreceptor survival than 

single factors (Ogilvie et al., 2000).

Microglia directly express neurotrophins and affect neurotrophin expression by the Müller 

cells (Harada et al., 2002a). When microglia are activated by retinal disease they change their 

phenotype, and express raised levels of mRNA for NGF, CNTF and GDNF, which may then 

influence the production of secondary trophic factors by Müller cells (Harada et al., 2002a). 

NGF is also a mitogen for Müller cells, and in adult human retinal Müller cells, causes an 

increase in cell number (Ikeda and Puro, 1994). This shows a close interaction between the 

microglia and the Müller cell and their combined effect on photoreceptor survival.

However, microglia also express pro-inflammatory and toxic cytokines, such as TNFα, 

IL-1β, and IFNγ, which could have a detrimental effect on diseased photoreceptors or retinal 

neurons. Neurotrophins such as NGF and BDNF have the ability to down regulate MHCII 

expression on microglia, which might mitigate the toxic aspect of microglial activation 

(Neumann et al., 1998).
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It would seem to depend on the severity of the disease or trauma and the balance of 

inflammation, neurodegeneration and neuroprotection how and if the retinal neurons 

survive.

5. Microglia

5.1 Microglial activation

As well as having been seen as a non plastic system, the CNS was also considered “immune 

privileged”. As with neural plasticity, the immune privileged aspect has been modified for 

the CNS and retina. Microglia are the immune cells in the retina. They reside in the inner 

retina and respond to injury or disease by initiating the inflammatory response. When they 

are activated by disease, trauma or infection they can migrate through the retina (Thanos, 

1992; Harada et al., 2002a; Lewis et al., 2005). Microglia morphology had been described 

extensively since 1932 by Del Rio-Ortega (Del Rio Ortega, 1932), but their origin and full 

function was not clear. This view was changed when CNS resident microglia were confirmed 

to be immune competent cells with antigen presenting capabilities (Hickey and Kimura, 

1988; Penfold et al., 1993). The microglial cells of the CNS are most probably monocytic 

in origin and these cells most probably migrate to the retina in the pre-vascular stage of 

retinal development in embryogenesis (Penfold et al., 1990, 1993). Microglia have several 

morphological forms, depending on their state of activation. In the resting, non activated 

state microglia are described as ramified and when activated as amoeboid and can go from 

activated to resting and vice versa depending on the state of the surrounding tissue (Slepko 

and Levi, 1996). This ability to transform morphology initially made it difficult to recognise 

microglia, but it is now easier with the use of plant lectins and immunohistochemical 

techniques.

Microglia in the retina are activated by any form of retinal damage or stress. The most 

marked changes of activated microglia are hypertrophy, dendrite retraction, proliferation and 

a change of surface antigen expression (Streit, 1993). Like immune cells in the rest of the 

body, the microglia can start expressing major histocompatibility complex II (MHC II), a 

characteristic for immunogenic cells capable of antigen presenting (Streit et al., 1988, Penfold 

et al., 1993).

Cells that are not functioning properly or are diseased may signal their distress by 

expressing altered surface molecules or release cytokines that activate microglia and induce 

them to remove the diseased or dying neurons (Giulian, 1993).

In the brain, to control immune reactivity in the CNS, there is strong counter regulation 
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mediated through the microglia receptor CD 200, and its ligand, which is expressed on 

neurons. Possibly the diseased neuron modifies its CD 200 expression, thereby decreasing the 

inhibition of microglial activation, and causing a localised immune response (for review see 

Neumann, 2001). Whether a system like this is active in the retina is not clear.

Almost all degenerative diseases of the CNS show immediate signs of inflammation and 

(stereotypic) microglial activation, but the extent depends on the aetiology of the disease 

(Kreutzberg, 1996). After cell death the activated microglia are capable of phagocytosing cell 

debris, releasing nitrous oxide and proteinases and of modulating the local immune response 

(Banati et al., 1993a). Migration of microglia is also influenced by extra cellular pH, nitrous 

oxide levels, and various chemokines and growth factors (Harada et al., 2002a).

Damaged tissue and microglia start expressing pro-inflammatory cytokines when 

activated, such as IL-1β, TNFα and IFNγ (Beneviste and Benos, 1995). In the brain the 

pro-inflammatory cytokines induce the expression of MHCII in the diseased area only and 

would keep the inflammatory process localised to the diseased area (Neumann, 2001). In 

the retina microglia can activate Müller cells through the mitogenic cytokine IL-1, whereas 

glia can activate microglia through IL-3 (Frei et al., 1987). In retina after prolonged light 

exposure, microglia invade the photoreceptor layer and alter the expression of neurotrophic 

factors, including nerve growth factor (NGF), ciliary neurotrophic factor (CNTF) and glial 

cell line derived neurotrophic factor (GDNF) (Harada et al., 2002a). These factors modulate 

secondary trophic factor expression in Müller cells, which can be neuroprotective (Harada et 

al., 2002a).

However, Müller cell activation and neurotrophin expression for synergistic tissue repair 

are not the only effects of microglial activation, it can also be potentially damaging by 

releasing cytotoxic substances such as nitrous oxide, oxygen radicals and cytokines (Banati et 

al., 1993a; Kreutzberg, 1996; review Lee et al., 2002). There is an important and complicated 

interplay between microglia and retinal macroglia to modulate the net effect of disease and 

cellular activation and tissue repair and possible neurite outgrowth.

5.2 Retinal dystrophies and degenerations

Thanos (1992) first identified microglia as the cells that massively migrate to the photoreceptor 

layer in the RCS rat model of retinal degeneration, although the intraretinal phagocytosing 

cells had been described before in the RCS rat (Dowling and Sidman, 1962). It was shown 

that microglia actively migrate from the inner retina to the outer diseased retina and will 

phagocytose dying photoreceptors. The significance of the study was showing that microglia 

can respond specifically to stimuli from the degenerating retina and can migrate through the 
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entire retina (Thanos, 1992). The degenerating outer segments most likely have a chemotactic 

and activating effect on the microglia (Thanos, 1992; Giulian, 1993). In human RP, 

AMD,(Gupta et al., 2003) and retinal detachment (Lewis et al., 2005; Iandiev et al., 2006) 

and late onset retinal degeneration retinas, numerous activated microglia were present in the 

ONL, in regions showing photoreceptor cell death (Gupta et al., 2003). The microglia were 

in their activated amoeboid shape and showed rhodopsin positive cytoplasmic inclusions, 

as a sign of phagocytosis of photoreceptor debris. It might be possible that the activated 

microglia also produce a localised cytotoxicity that may be detrimental to surrounding cones 

and photoreceptors (Gupta et al., 2003).

In the phases of degeneration described by Marc et al. (2003), the microglia were 

obviously present and activated in phase 2.

5.3 Diabetes

It is now well recognised that there is an inflammatory component to diabetic retinopathy 

(review Kern, 2007), with expression of inflammatory factors and cytokines, including 

TNFα, IL-1β, different cyclooxygenases and cellular adhesion factors (Zeng et al., 2000; 

Gerhardinger et al., 2005; Krady et al., 2005). Within the retina, microglial cell morphology 

changes were the first signs of activation (Gaucher et al., 2007). This precedes the Müller 

cell activation in a rat and mouse model of diabetes (Zeng et al., 2000; Barber et al., 2005; 

Krady et al., 2005; Gaucher et al., 2007). The longer the duration of the diabetes in the 

rodent, the greater the number of microglia distributed through out all layers of the retina 

and the greater the Müller cell activation (Zeng et al., 2000). Reactive microglia are seen 

in the outer plexiform layer, with processes into the photoreceptors and ONL. The older 

rats had expression of MHCII on the microglia, making them into antigen presenting cells 

(Zeng et al., 2000). The retinal microglia can cause neuronal destruction by the release of 

cytokines. There is also increased apoptosis in the diabetic retina, shown by caspase 3 activity 

(Krady et al., 2005). The retinal destruction caused by the early inflammatory responses can 

be mitigated with the administration of minocycline, a semi synthetic tetracycline, that has 

an anti-inflammatory effect (Krady et al., 2005) by inhibiting activation and proliferation 

of microglia (Tikka et al., 2001). The use of minocycline gave a significant decrease in the 

production of mRNA for TNFα and IL-1β in the diabetic retina, with a direct decrease 

of cell apoptosis, confirming that inflammation is a significant contributor to diabetic 

retinal disease. Considering that microglia are able to activate Müller cells and cause gliosis, 

and the fact that inflammation occurs before Müller cell activation in the retina, indicates 

that inflammation and microglial activation might contribute to the Müller cell activation 
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and the subsequent production of neurotrophins that may be neuroprotective, but these 

neurotrophins may also may be permissive to neurite outgrowth. Once activated the Müller 

cell in diabetes changes its gene expression, and of the genes up regulated more than 25 are 

associated with inflammation and acute phase proteins (Gerhardinger et al., 2005), as well as 

expression of trophic factors.

5.4 Retinal detachment

In fresh RD, without a PVR response, microglia are activated within a day of detachment 

and multiply and migrate from the inner to the outer retina in the feline model and in 

human retinal tissue samples (Lewis et al., 2005, Iandiev et al., 2006, Nakazawa et al., 

2007). Monocyte chemoattractant protein 1 (MCP1) is raised rapidly by Müller cells after 

RD, which leads to an increased number of microglia at the injury site (Nakazawa et al., 

2007). Microglia spread rapidly to the outer layers of the retina following retinal detachment 

(Lewis et al., 2005). Once the retina is reattached the numbers of microglia decrease and 

in some cases return to their normal location (Lewis et al., 2005). The microglial activity 

persisted in localised areas of poor photoreceptor recovery in reattached retinas, showing a 

continuing inflammatory response in these regions. The photoreceptor degeneration, caused 

by the separation of the neuroretina from the RPE and the ischaemic stress (Linsenmeier and 

Padnick-Silver, 2000; Mervin et al., 1999), seems to be the primary stimulus for microglial 

activation and microglia have a significant role in modulating the retinal response to the 

RD (Lewis et al., 2005). After 7 days of RD, not only the detached retina showed microglia 

in all layers, but the attached retina from the eye with a detachment also showed activated 

microglia (Iandiev et al., 2006).

In PVR membranes in retinal detachment microglia were recognised as a population of 

proliferating cells and as a possible contributing factor to the membrane formation (Weller 

et al., 1991). Microglia were identified by immunohistochemistry and were found to be 

most prevalent in PVR membranes, compared to PDR or trauma and seem to be the major 

phagocytosing cell in PVR (Weller et al., 1991). A pathogenic role of the microglia is possible 

in the development of PVR membranes, as microglia activate astrocytes with mitogens such 

as IL-1 (review Thanos et al., 1996), which could cause glial activation, Müller cell gliosis and 

proliferation and hence membrane formation.

5.5 Light induced retinal degeneration and AMD.

Light induced macular degeneration (LIRD) and AMD are described together here, as LIRD 

is used as a model for AMD, although the actual mechanism of retinal damage is different 
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(Sullivan et al., 2003, Marc et al., 2008).

In retina, after prolonged light exposure, microglia migrate to the photoreceptor layer as 

it undergoes degeneration (Zhang et al., 2004). In the albino mouse model, light exposure 

caused a rapid accumulation of activated microglia in the ONL and subretinal space (Ng and 

Streilein, 2001). The number of microglia was correlated to the intensity of light exposure. 

The activated microglia alter expression of cytokines and neurotrophic factors, such as NGF, 

CNTF and GDNF (Harada et al., 2002a). These factors can act directly on Müller cells, 

which then change their expression of basic fibroblast growth factor (bFGF), which can 

either be neuroprotective or increase apoptosis of photoreceptors (Harada et al., 2002a). 

Microglia thus have a direct effect on Müller cells and the expression of Müller cell proteins 

in the diseased retina and may regulate the relationship between microglia, Müller cell glia 

and the photoreceptors in the diseased retina (Harada et al., 2002a). 

Inflammation is one of the factors exacerbating the effect of drusen, the primary 

pathologic stimuli in AMD. Drusen are deposits of cellular remnants and debris derived from 

RPE cells that become a chronic inflammatory stimulus (Anderson et al., 2002). Acute phase 

proteins, complement components and regulators are found within drusen, as are certain 

proteins similar to those found in amyloid, Alzheimer disease and atherosclerosis. Among 

the proteins up regulated by Müller cells, there are also proteins involved in cell repair, this 

possibly includes β amyloid precursor protein (Härtig et al., 1995). In AMD amyloid β 

increases the production of MCP1 by the RPE, as well as IL-1β and TNFα in microglia 

(Wang et al., 2009). Interestingly, amyloid β when combined with low doses of fibronectin or 

laminin enhances neurite outgrowth, which might explain the apparent regenerative response 

of neurites around amyloid plaques in Alzheimer disease (Koo et al., 1993). Microglia are 

the dominant source of non-neuronal amyloid precursor protein in the brain when activated 

(Banati et al., 1993b). Possibly amyloid precursor protein or amyloid β not only instigate 

microglial activation, but could possibly contribute to neurite outgrowth seen in the retina. 

This could mean that in retinal diseases other than AMD, like retinal dystrophy (Härtig 

et al., 1995), Müller cells may also be expressing β amyloid precursor protein (along with 

neurotrophins), which is known to promote neurite outgrowth (Koo et al., 1993).

As in diabetes, minocycline has been shown to ameliorate the loss of photoreceptors 

caused by LIRD in mice, by decreasing microglial activation (Zhang et al., 2004). After light 

exposure in animals treated with minocycline, there was better preservation of the outer 

retina and the ERG showed a significant preservation of amplitudes compared to the control 

group (Zhang et al., 2004).
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5.6 Human aging

In normal human aging there is not a direct injury to the retina, however, there are degenerative 

changes, as can be observed by the sprouting of neurites in these retinas. In micro arrays on 

brain tissue from aged mice it was demonstrated that increasing age showed a gene expression 

profile indicative of an inflammatory response, oxidative stress and decreased neurotrophic 

support (Lee et al., 2000). In aging human retina a similar study using micro arrays to 

determine gene expression showed an up regulation of stress response genes, especially IL-

1α, and energy metabolism genes (Yoshida et al., 2002). This seems to indicate that normal 

aging is associated with a possible chronic, low grade inflammatory response that could be 

the cause for Müller cell activation and neurite outgrowth.

As an incidental finding, Ng and Streilein (2001) describe finding microglia in older 

pigmented mice that were included in their study of microglial activation in light exposed 

albino mice (see above). They hypothesise this could be due to the greater strain on the aging 

RPE that leads to chemo attraction of microglia (Ng and Streilein, 2001).

5.7 Epiretinal membranes:

Inflammation and immune cells have long been recognised as part of all types of ERMs 

(Kampik et al., 1981, Newsome et al., 1981, Gilbert et al, 1988, Vinores et al., 1990) 

including iERMs (Lesnik Oberstein, Lewis and Fisher, manuscript in preparation).

In PVR after RD, and less so in PDR, significant numbers of microglia were found 

when labelled with ricinis communis lectin (Weller et al., 1991). Considering that epiretinal 

membranes are caused by some form of retinal trauma and indicate a reactive process in 

the retina, it is not surprising that inflammatory cells can be found in the ERMs, which 

also contain activated, hypertrophying, and dividing Müller cells. The Müller cells in ERMs 

express p75NTR, Trk, NGF and TGFβ, (Harada et al., 2002b), IL-1α, IL-2 (Tang et 

al., 1993) and TNFα (Armstrong et al., 1998) in both diabetic and iERMs (Michiotti et 

al., 2008). Immune cells and their cytokines and MHC II are found to be expressed in 

cellular components in diabetic and PVR membranes, as well as complement factors and 

immunoglobulins confirming the inflammatory aspect of ERMs (Baudouin et al., 1990, 

1991). A whole scala of cytokines and trophic factors have been extensively reviewed by 

Harada et al., for all types of ERMs (Harada et al., 2006). 
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6. Discussion

Peichel and Bolz (1984) first described neurite sprouting and remodelling of adult mammalian 

retina when it was challenged with non lethal doses of kainic acid. The neurites processes 

grow into the IPL and INL and can be up to 100µm. The hypothesis was that, due to 

amacrine and bipolar cell loss, the axons were sprouting to find a new synapse (Peichel and 

Bolz, 1984). It was then observed almost 20 years ago that Müller cells were the preferred 

substrate for rod neurite extension in vitro (Kljavin and Reh, 1991). Rod photoreceptors 

were able to extend long neurites on plated Müller cells, but sprout only limited neurites on 

astrocytes, endothelial cells or fibroblasts. From this study it was assumed that glial cells were 

secreting neurite promoting factors.

As described in this review, since that time, neurite extensions from all types of neurons 

in the retina have been described in most retinal diseases, as diverse as retinal detachment and 

retinal degenerations to relatively innocuous conditions like idiopathic epiretinal membrane 

and normal aging.

The first theory by Li et al. (1995) proposed the presence or up regulation of neurotrophins 

causing this unusual phenomenon. 

We found, in our research into retinal detachment and epiretinal membranes, that 

neurites were seen in all ERM types and from different neurons in the retina (Fisher et al., 

2005; Lewis et al., 2007; Lesnik Oberstein et al., 2008). This indicated to us that neurite 

sprouting might be a universal, non specific phenomenon. The neurites are located on a 

bed of Müller cell glia, which seems to create a permissive environment for their growth. In 

this review we have tried to elucidate why neurite sprouting could occur and if any of the 

neuronal remodelling could be functional.

When there is neuronal dysfunction or disease, the neurons may signal their status of 

sickness by expressing qualitatively or quantitatively altered surface molecules or releasing 

cytokines (Frei et al., 1987; Giulian, 1993), which induces a cascade of reactive events in the 

retina. The two cell types most importantly involved are the Müller cells, that maintain the 

homeostasis of the healthy retina, and the microglia, the immune competent phagocytic cell 

of the retina. Sick photoreceptors attract microglia from the inner retinal layer (Thanos, 1992) 

and a possible retinal equivalent of CD200 may activate microglia directly, as occurs in the 

brain (Neumann, 2001). Microglia up regulate their expression of neurotrophic factors and 

cytokines. Simultaneously Müller cells are being activated, both by the neurons and by the 

activated microglial factors. This occurs through activating factors such as AP1 (Geller et al., 

2001) or MAP1 (Nakazawa et al., 2006). Müller cells react to the retinal stress by changing 
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their phenotype and, most obviously, up regulating GFAP (Eisenfeld et al, 1984, Lewis et al., 

1989, Erickson et al., 1992), but also neurotrophins and neurotrophin receptor expression 

(Harada et al., 2002a, 2006). The activated Müller cells become less able to maintain the 

task of maintaining retinal homeostasis, which affects the retinal neurons (Bringmann et al., 

2006).

Since Müller cells and microglia interact, the balance of released factors most likely will 

predict photoreceptor behaviour and survival (Harada et al., 2002a).

As the neurotrophic factors are being released, there can be different explanations as to 

why neurites sprout. Neurite sprouting may be an unmasked plasticity, where transcription 

genes normally involved in the developmental growth cone are activated before cell death. 

However, the neurites seem to bypass their normal targets, or there may be a failure 

of homeostasis of the retina, and therefore this seems not be a functional form of retinal 

plasticity (Marc et al., 2003). Survivor neurons might be in search of an essential basal level 

of Ca2+ influx and compensatory connections, so that if there is an absence of Ca2+ fluxes, 

this could trigger growth to new synaptic partners (Fiala et al., 2002).

Many trophic factors that encourage neurite outgrowth are released in the retina when 

it is diseased or stressed. Perhaps there is a change in the phenotype of the neuron to a more 

dedifferentiated type that becomes sensitive to neurotrophins, like cells in the developing 

cortex (Thoenen, 1995)? In the developing CNS, nerve outgrowths seem to follow a 

neurotrophin concentration gradient and will change their course to approach this increased 

gradient. The chemo attraction by neurotrophins seems especially important for sensory 

nerves (Tucker et al., 2001). As there is retinal stress, along with retinal inflammation and 

microglial activation, an increased level of neurotrophins in the retina may well be able to 

cause neurite sprouting from diseased neurons.

Other factors, as yet not explored, may also play a role. Amyloid β precursor protein has 

been shown to be expressed by microglia and possibly Müller cells when activated in the brain 

and in retinal dystrophy and AMD (Härtig et al., 1995; Wang et al., 2009) and promotes 

neurite outgrowth in vitro, especially when combined with low doses of extra cellular matrix 

proteins (Koo et al., 1993). In the diseased retina the activated microglia may be expressing 

Amyloid β precursor protein and the inner limiting membrane consists of laminin, as well as 

the presence of other extra cellular matrix proteins.

Another factor that could play a role is microglia derived elastase produces a plasminogen, 

which enhances neurite outgrowth in rat brain cultures (Nakajima et al., 1993).

Both plasminogen and Amyloid β precursor protein have been examined in vitro and 

on brain tissue. Amyloid β precursor protein is present in the eye in AMD (Johnson et al., 
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2002) and in retinal dystrophy (Härtig et al., 1995). Both AMD and retinal dystrophy have 

diseased retinal photoreceptors and neurons, as well as activated Müller cells and microglia, 

so Amyloid β precursor protein may be a factor contributing to the neurite outgrowth.

Plasminogen, a leaked plasma protein, is cleaved to plasmin by tissue plasminogen 

activator (tPA). TissuePA is found in retinal glia and other ocular tissues (Tripathi et al., 

1987; Schake et al., 2002). In an eye with an inflammatory response, where there may be a 

break down of the BRB, plasminogen may be present and could contribute to neurite growth.

The retina is different to large parts of the CNS in that it lacks oligodendrocytes and is not 

myelinated. Oligodendrocytes and CNS myelin are non permissive substrates for neuronal 

adhesion and neuron outgrowth (Schwab and Caroni, 1988; Kljavin and Reh, 1991). This 

is not due to the lack of neurotrophins in the CNS, but due to the inhibitory effects of CNS 

glia (Schwab and Caroni, 1988, Sandvig et al., 2004). In genetically demyelinated rats, the 

lack of myelin is permissive for neurite sprouting, possibly due to the lack of the stabilising 

factor of myelin or lack of inhibitory factors (Phokeo et al., 2002).

It is difficult to give a definitive answer for the reason that there is universal neurite 

sprouting from most retinal neurons in all forms of retinal disease, RD and aging. The roles 

of different neurotrophins, cytokines and growth factors can vary, as well as the interactions 

between them. Probably there are more trophic or growth factors (or precursors thereof ) that 

have not been recognised and are also  biologically active. However, it does seem that that 

neurite sprouting is a universal phenomenon. It occurs in stressed retinas, with diseased or 

challenged neurons, and where Müller cells and microglia are activated. The growth of the 

neurites seems non specific and not goal oriented, as can be seen by the outgrowth of neurites 

of all types into ERMs (Lewis et al, 2007; Lesnik Oberstein et al., 2008). Despite the fact 

that these neurites do have synaptic vesicles, functional synapses have, so far, not really been 

observed from these neurites. Perhaps the neurites could create confusing or non functional 

signals. 

7. conclusIons, ImplIcatIons, prospects.

There is neurite sprouting in the retina, caused by stress factors such as retinal dystrophies, 

retinal detachment, diabetes, macular degeneration, epiretinal membranes and normal aging, 

that occur in all types of neurons and these neurites are consistently observed growing adjacent 

to reactive glia. The ability of the neurons to extend neurites may be due to the permissive 

environment of the activated Müller cells and microglia. We have shown in our research 

that often neuronal outgrowth is non specific and not directed to a specific goal, so much 
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so that neurites can even grow out of the retina into epiretinal membranes. It can also be 

seen that immune factors and neurotrophins could play a large role in creating a permissive 

environment for neurite outgrowth, or may even be the initiators of this neural remodelling. 

We have found that different types of retinal ganglion cells including melanopsin positive, 

intrinsically photosensitive RGCs can grow neurites in ectopic locations. Rod neurite 

extension is seen in the retina and ERMs in retinitis pigmentosa and retinal detachment.

Whether the reaction is specific per disease and is an indication of the retina trying 

to maintain synaptic contact or whether this is a non specific reaction to cytokines and 

inflammatory factors that are being released or a combination of both is an important issue.

The clinical importance of this neural rewiring is multiple. Firstly, it can cause a change 

in the visual perception and visual recovery after different diseases such as retinal detachment.

Secondly, it can have immense implications and possible restrictions on the treatment 

of retinal dystrophies and degenerations by gene therapy and stem cell transplants, as the 

neural rewiring tends to occur fairly early on in the disease process and might compromise 

the success of treatment.

Neuronal damage

Neurite sprouting

Glutamate

Müller cell activation & proliferationMicroglia activation & proliferation

NeurotrophinsCytokines
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In�ammatory factors
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Plasminogen
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