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Chapter 1
General Introduction
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Epiretinal membranes (ERMs) are scar like sheets of cells and extracellular matrix that occur 

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

(iERM). However, ERMs also occur as a result of disease or trauma of the eye such as in 

proliferative vitreoretinopathy (PVR) in retinal detachment, proliferative diabetic retinopathy 

(PDR), and post-successful retinal detachment repair (ERMpRD). These membranes can 

become a serious problem when they become contractile and therefore visually threatening 

due to traction on the retina or by causing a traction retinal detachment. In all cases the 

membranes form from cells within the retina that begin to proliferate and migrate to the 

surface of the retina. It has been postulated that the formation of membranes in the eye is 

an aberrant healing response, with an initial proliferation phase after which the contraction 

phase occurs (Hiscott et al., 1985, Gilbert et al., 1988).

iERMs are composed of non-vascularised tissue growth along the inner limiting 

membrane (ILM) on the retinal surface. The prevalence of iERMs in the general population 

over 70 years of age is around 11.6% (McCarty et al., 2005).There is no underlying or 

preceding pathology in the ocular history associated with these membranes. However, the 

development of an idiopathic ERM is usually preceded by a posterior vitreous detachment 

(Foos, 1977). The iERMs can be asymptomatic, but may cause metamorphopsia, micro or 

macropsia of varying degrees. If they are symptomatic, surgical removal of the membrane by 

vitrectomy and peeling is an option.

PVR is a serious complication of retinal detachment (RD). It can occur either before 

surgery at presentation, or after surgical repair of the RD. It is a cellular proliferation on the 

retinal surface, causing contractile ERMs to form. PVR at presentation occurs in 5%-50% of 

RDs (Tseng et al., 2004). PVR is the most common cause of failure of RD surgery. The risk of 

occurrence is influenced by various factors such as duration of the RD and various intraocular 

factors (Kon et al., 2000).

Epiretinal membranes that occur after successful RD surgery are a recognised separate 

clinical entity. The ERMs that form post RD surgery (ERMpRD) occur in up to 6% of 

patients and behave differently to PVR membranes and more like iERMs (Uemura et al., 

1992).

Proliferative diabetic retinopathy is potentially the most serious of the ocular complications 

due to diabetes. PDR can disrupt an already compromised macular function through traction 

or can cause a tractional retinal detachment. It often occurs late in the disease and is due to 

neovascular growth, development of neovascular epiretinal membranes, bleeding from the 

new vessels and vitreous contraction.

The most obvious cells involved in all types of epiretinal membrane formation are glia, 
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macrophages, RPE cells, and fibroblasts (Vinores et al., 1990; Heidenkummer and Kampik, 

1992; Jerdan et al., 1989). Using light or electron microscopy, it has been shown that many 

cells seem to change morphological characteristics as the epiretinal membrane develops 

making it difficult to identify their origin (Kampik et al., 1981; Morino et al., 1990; Vinores 

et al., 1990). However, with the addition of immunocytochemistry, it has become easier to 

identify the different cell types.

Retinal pigment epithelial cells have not been found to be part of the cellular population 

in idiopathic ERMs, but glia, fibroblasts and immune cells are seen (Hiscott et al., 1984). 

Besides the cellular components ERMs have extracellular matrix components that have been 

identified to include actin, tenascin, fibronectin, laminin and collagen type I, III and IV in 

variable quantities (Sramek et al., 1989; Hiscott et al., 1990; Ioachim et al., 2005).

In this thesis the first 2 studies describe how ERM and ILM removal can be facilitated by 

the use of intraocular dyes.

Removal of ILM and ERMs requires surgical skill and experience. Non closure of 

macular holes and re-proliferation of macular puckers have both been related to inadequate 

membrane removal. To facilitate surgery and improve the surgical outcome, adjuncts to 

enhance membrane visibility have been sought. These have included the use of a slit beam 

illumination, triamcinolone (Furino et al., 2003), and stains such as indocyanine and 

infracyanine green (ICG), brilliant blue (Enaida et al., 2006a, 2006b), and trypan blue 

(Feron et al., 2002; Perrier and Sebag, 2003; Teba et al., 2003; Haritoglou et al., 2004). 

ICG has been used for both epiretinal membrane and macular hole surgery. It stains the 

ILM intensely thereby facilitating surgery (Gandorfer et al., 2001a; Bainbridge et al., 2008). 

However, its use is not without risk. Several case reports and case series document adverse 

effects from a reduced visual recovery following surgery to the development of pigment 

alterations (Engelbrecht et al., 2002), and post operative vision loss (Haritoglou et al., 2001; 

Weinberger et al., 2001), particularly when retinal integrity is compromised (Gandorfer et 

al., 2001b). In vitro as well as in vivo toxicity has been demonstrated against the retinal 

pigment epithelium and retinal glia (Gandorfer et al., 2001a, 2001b; Weinberger et al., 2001; 

Engelbrecht et al., 2002; Gale et al., 2004; Haritoglou et al., 2004; Jackson et al., 2004; 

Kwok et al., 2004; Hirasawa et al., 2007). Due to the risks associated with the use of ICG, 

alternatives dyes have been sought to achieve the same goal, but with less potential toxicity.

Due to a superior safety profile as compared to ICG, membrane blue has been used by a 

number of European surgeons despite its lesser staining characteristics for the ILM (Teba et 

al., 2003; Michalewska et al., 2008; Hasler and Prunte, 2008).
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The main issue with commercially available trypan blue is that it requires a fluid-air 

exchange to achieve adequate staining. However, this means a potentially difficult extra step 

in the surgery, with increased risk of retinal tears. We assessed the possibility of making 

trypan blue “heavy”, and being able to omit the fluid air exchange, yet to still have adequate 

staining of the ERM to peel safely. The studies in Chapter 2 and 3 describe an alternative 

method of staining the ILM and ERMs and the results of 2 clinical studies performed for 

ERM peeling and ILM peeling for macular holes.

With the aid of heavy trypan blue it was easier to visualise and collect ERMs and to further 

examine both the proliferation characteristics and ultrastructure immunohistochemically. We 

used the ERMs collected by this method for the further studies of ERMs in this thesis.

In order to better understand the origins of the proliferating cell types and their 

relationship to the 4 different disease conditions, PVR, PDR, iERM and ERMpRD, we used 

antibodies on whole mounted membranes, to the Ki-67 protein, which stains dividing cells, 

in combination with antibodies to specific proteins identified within glial, RPE and immune 

cells (which as described above are felt to be the most important cellular components in 

membrane formation (Vinores et al., 1990; Heidenkummer and Kampik, 1992; Jerdan et al., 

1989)). We are able to quantify the dividing cell types and relate their numbers to the total 

number of cells present, as well as to the type of ERM and the disease duration.

In Chapter 4 we examined how proliferating glial, RPE and immune cells can be identified 

in the 4 main types of ERMs. The relative numbers of dividing cells varied between disease 

conditions and depended on the estimated duration of the ERM in the eye. Implications for 

disease progression, prognosis and treatment strategies are discussed.

The continued proliferation in ERMs, even after a significant period of time, is a sign of 

the dynamic character of the cell population in ERMs, especially as this “scar” tissue is often 

perceived to be inert. The retina is often compared to the central nervous system, but the scar 

tissue in the retina seems to be more active than (CNS) scar tissue, as the next chapters will 

demonstrate.

The adult CNS and retina have long been considered relatively static neuronal systems 

with little potential for plasticity. However, progressively it is becoming clear that they can 

undergo dramatic remodelling in response to various forms of injuries and diseases. The 

stereotypical response of the CNS to injury includes the activation of glial cells, resulting in 

their proliferation and hypertrophy throughout the damaged region (Sofroniew, 2005; Pekny 

and Nilsson, 2005). One consequence of this gliotic response can be impaired regeneration 

of neurons, as their processes are unable to migrate through the damaged area to re-establish 

synaptic connections. The newly formed glial “scar” acts as a physical barrier to regeneration 
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and contains inhibitory molecules for neuronal growth (Schwab, 2004). Similar glial 

reactions can be seen in the retina following trauma. For example, glial activation occurs in 

retinal detachment, where there is a separation of the neural retina from the retinal pigment 

epithelium (RPE) (Fisher and Lewis, 2006). Within 3 days after detachment, Müller cells 

undergo cell division and hypertrophy within the detached area of the retina (Fisher et al., 

1991; Geller et al., 1995). These activated cells can grow out of the retina into the newly 

created “subretinal space” resulting in subretinal fibrosis, or can grow onto the retina on the 

vitreal side and form PVR membranes (Lewis et al., 2003).

Of interest to this thesis is, in contrast to what occurs in other regions of the CNS, the 

reactive Müller cells in the “scar tissue” of the ERM appear to act as a permissive substrate 

for the growth of neurites. Within 3 days of detachment in the feline retina, neurites from 

horizontal and ganglion cells are invariably found growing adjacent to reactive Müller cells 

(Lewis et al.1998; Coblentz et al., 2003; Fisher and Lewis, 2003). These newly formed 

neurites occur both within the retina as well as on the sub-and epiretinal surfaces, where they 

often extend for significant distances along glial scars (Fisher et al., 2005). 

Neurite outgrowth has been shown to occur in the retina in retinal degenerations and 

dystrophies (Li et al., 1995; Milam et al., 1998; Fariss et al., 2000; Strettoi et al., 2000; Jones et 

al., 2003; Jones and Marc, 2005; Beltran et al., 2006; Fei, 2008; Vugler et al., 2008), diabetes 

(Meyer-Rusenberg et al., 2007; Gastinger et al., 2008), macular degeneration (Sullivan et 

al., 2007), retinitis pigmentosa (Li et al., 1995, Fariss et al., 2000) and in normal aging of 

the retina (Liets et al., 2006; Eliasieh et al., 2007). The newly generated neurites appear to 

originate from essentially every class of retinal neuron including rod and cone photoreceptors, 

bipolar, amacrine and ganglion cells and these neurites often grow throughout the retina.

(Fisher et al., 2005; Marc et al., 2003). We have elaborated on these previous findings.

Chapter 5 shows that ganglion cell neurites not only occur within the retina, where it 

would be possible to assume the neurite is looking for a synaptic connection, but can also be 

found in ERMs in human patients with reactive epiretinal and subretinal membranes after 

retinal detachment with PVR or PDR. It could be presumed that there are no synaptic goals 

within ERMs, which has important implications for the interpretation of the significance 

of the neurite sprouting. The neurites in ERMs are only observed in regions of glial growth 

suggesting that the neurites are using the glia as a scaffold for growth. In these cases neural 

growth seems to be a secondary reaction to the severe insult of retinal detachment or PVR 

and PDR.

However, in Chapter 6, we examined idiopathic epiretinal membranes for the presence 

of neurites and glial tissue. In contrast to what would be expected, in idiopathic ERMs, where 
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there is no significant injury to the retina, ganglion cell neurites also extend outside the neural 

retina in association with glial cells. This finding seems to indicate that neurites seem to be a 

universal finding in samples of sub- and epiretinal membranes removed from patients during 

vitrectomy surgery, adding to the mounting evidence that there is a significant capacity for 

structural remodelling among some classes of adult retinal neurons (Li et al., 1995; Fariss et 

al., 2000; Marc et al., 2003).

Having found neurites sprouting from presumed ganglion cells, using neurofilament 

staining, in ERMs as described in Chapter 5 and 6, we were interested in investigating 

neural plasticity or reactivity from other neuronal cell types in the retina growing into ERMs. 

Since neurofilament protein can be expressed by a number of cell types, the goal of this study 

was to determine more precisely the neuronal cell types present in epiretinal membranes of 

various aetiologies using different antibody stains. In addition to neuronal stains, we used 

markers for synaptic vesicle proteins to determine if the neurites contained the machinery 

for making synaptic connections. We observe in Chapter 7 that there are distinct neurite 

populations in the membranes, as evidenced by staining with melanopsin, calretinin, and rod 

opsin, and that many of the neurites grow on a bed of glial cells and they contain the synaptic 

vesicle proteins synaptophysin or SV2.

Neural plasticity within the mature adult retina has been described previously (Li et al., 

1995; Fariss et al., 2000; Marc et al., 2003). However, the descriptions of this plasticity have 

always been for neurons within the retina, never outside of the retina. Also these studies have 

been in single diseases entities within the retina, not several diseases causing ERMs outside of 

the retinal layers, such as diabetes, retinal detachment or iERMs.

In this thesis, we have shown that ERMs are continually active in the eye. In Chapter 

4 ERMs proliferate for a much longer time than expected, even if it is at a low rate. More 

unexpected is the finding that neurites from all types of retinal neurons can be found in ERMs 

of all types. This can be in PVR and PDR membranes, where there has been significant retinal 

trauma, as shown in Chapter 5 or with minimal retinal disruption in iERMs as described in 

Chapter 6. In Chapter 7 the origin of different neurites can from different neurons within 

the retina is described, showing that most retinal neurons are able to sprout neurites.

Why these neurites may occur, the factors that influence their growth, and their 

significance is discussed with the help of a literature review in Chapter 8. 
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Testing for HTB: Trypan blue injected into BSS 1) mixed with PBS, 2) glucose 5%, 3) glucose 5% & 
methylcellulose, 4) methylcellulose
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Abstract

Purpose: By using dyes, it is easier to identify the extent of an epiretinal membrane (ERM) 

or the inner limiting membrane (ILM) during surgery. Trypan blue stains ERM and ILM 

weakly, but with less apparent toxicity than other intraocular dyes. Its main drawback in 

vitreoretinal surgery is the requirement of an air-fluid exchange (AFX) prior to its use. We 

propose a modified form of trypan blue denser than water, thus obviating the need for an 

AFX. This abstract refers to a prospective, consecutive trial with heavy MembraneBlue® in 

vitreoretinal surgery.

Methods: A consecutive group of patients with epiretinal membranes was recruited 

prospectively. Patients were operated using conventional methods. Heavy trypan blue was 

prepared by mixing glucose 10% with MembraneBlue® (Dorc, Zuidland, The Netherlands) 

isovolumetrically. Patients were preoperatively and postoperatively assessed at 3 and 6 months 

(vision and OCT). Ease of surgery was also assessed.

Results: Twenty nine eyes were included in the study. Reapplication of dye was necessary 

in 25% of the cases, leading to improved contrast further facilitating the peeling process. 

In no case was an AFX necessary to obtain sufficient staining. All ERM patients had an 

improvement in vision (from median 0.30 to 0.55) and macular volume and foveal thickness 

(from median 450 mm to 238 mm) on OCT. No retinal detachment or other complications 

developed as a result of surgery. 

Conclusion: Heavy trypan blue can be delivered efficiently to the retinal surface without 

the need for an AFX. Staining was sufficient to allow a safe and efficient peeling of ERM. 

Repeat applications were easily performed. Its use was associated with vision improvement 

and decrease in foveal thickness, and the absence of adverse events in this small case series.
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Introduction

Removal of the internal limiting membranes and of idiopathic epiretinal membranes (ERM) 

requires skill and experience. Non closure of macular holes and reproliferation of macular 

puckers have both been related to inadequate removal of membranes. To improve the 

surgical outcome, and to facilitate the conduct of surgery means of enhancing membrane 

visibility have been sought. These have included indirect means such as the use of a slit beam 

illumination, triamcinolone, and stains such as ICG, and trypan blue 1,2. Due to a superior 

safety profile as compared to ICG, MembraneBlue® has been used by a number of European 

surgeons despite its less obvious staining characteristics 3,4.

The commercially available version of trypan blue (MembraneBlue®, DORC, Zuidland, 

The Netherlands) used in vitreoretinal surgery is diluted in phosphate buffered saline, and 

requires a fluid-air exchange before injecting the dye as it otherwise diffuses though the 

vitreous cavity and does not stain membranes sufficiently. To avoid the need for a fluid-air 

exchange we have modified the diluents used with trypan blue to render it denser than saline, 

BSS+ and other vitreo-retinal infusates. This solution requires the addition of a fixed volume 

of concentrated glucose solution to achieve the necessary density.

Using this modified “heavy” trypan blue solution, we conducted a prospective, 

consecutive study of 30 patients with idiopathic epiretinal membranes, to assess the staining 

characteristics, ease of use, and safety of the heavy trypan blue in vitreoretinal surgery. 

Methods

Patients with either idiopathic ERM or secondary ERM due to retinal detachment surgery or 

trauma were recruited prospectively and consecutively into this study. Appropriate approval 

from the hospital medical ethics committee was obtained as dictated by Dutch law for this 

type of medical investigation. Appropriate consent was obtained. Preoperative assessment 

included age, gender, best corrected visual acuity (BCVA) and full ocular examination. Ocular 

coherence tomography (OCT) was performed using the OCT3 (Zeiss, Inc Jena, Germany) to 

measure macular thickness and volume changes caused by the ERM (fast macular thickness 

protocol). Postoperatively best corrected visual acuity and OCT were repeated at 3 months.

Patients were operated using conventional methods using a 3 port, 20 gauge vitrectomy. 

After full vitrectomy the infusion line was turned off and heavy MembraneBlue® was injected 

over the macular area and left for 2 minutes (figure 1). Heavy trypan blue was prepared 

by mixing equal volumes of glucose 10% with commercially available trypan blue 0.15% 
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(MembraneBlue®, DORC, Zuidland, NL). This provides a final glucose concentration of 5% 

and a final trypan blue concentration of 0.075%. The osmolality of this solution is 320 mosm 

and pH neutral. Following the 2 minute incubation, the infusion was once again opened 

and the excess dye was removed using a silicone tipped Charles flute (figure 2). Membrane 

peeling was achieved using a combination of a pic needle or bent MVR blade and Eckhardt 

microforceps (DORC, Zuidland, The Netherlands) (figure 2). The staining procedure was 

repeated in some patients where staining was initially inadequate, or to find a membrane 

edge, or in whom a doubt persisted regarding the complete removal of the membrane. After 

the membrane was fully removed, an internal search was performed and the sclerostomies 

and conjunctiva were closed.

Results

A total of 29 eyes in 29 patients were recruited in this study. Mean age was 67 years (range 

37-83). 13 Patients were female, 18 male. 16 patients were phakic, 15 pseudophakic. 14 of 

the ERMs were idiopathic, 3 with a lamellar hole, 3 were post trabeculectomy, 6 post retinal 

detachment, and 1 post endophthalmitis, 1 post trauma, 1 high myope with a staphyloma 

and 2 diabetics. Preoperative BCVA ranged from 0.01 to 0.63 (mean 0.31, median 0.32). On 

OCT the preoperative foveal thickness ranged between 309-680 (mean 435, median 439) 

Figure 1. Heavy MembraneBlue® being injected over the macular area
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and the macular volume range was 7.3 to 13.5 (mean 9.5, median 9.1). Post operative BCVA 

varied from 0.12-1.0 (mean 0.55, median 0.50). Post operative foveal thickness improved to 

a mean of 238 (median 330) and macular volume improved to a mean value of 7.49 (range 

8.03).

BCVA was improved or maintained in all patients. In 2 patients vision did not improve, 

but they noted an improvement in metamorphopsia. Nineteen (64%) patients improved two 

or more lines of vision. All patients were followed up for a minimum of 3 months. During 

follow-up, none of the patients had a retinal detachment, macular pigment alteration, or 

other complications.

Discussion

Removal of epiretinal membranes can be a challenge in vitreoretinal surgery. Using dyes 

to stain epiretinal membranes can facilitate a more complete removal. The staining method 

must be safe easy to apply and use.

Indocyanine green has been used for both epiretinal membrane and macular hole surgery. 

It gives an intense stain of both ERM and ILM. However there have been reports of adverse 

Figure 2: Epiretinal membrane removal following staining with heavy MembraneBlue® for 2 minutes
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effects on outcome and toxicity for the retinal pigment epithelium5,6. This toxicity could 

affect visual recovery after surgery 7.

Trypan blue was initially used to stain the lens capsule (0.06% trypan blue in Vision 

blue) 8 and then to stain preretinal structures in 0.15% concentration in MembraneBlue® 

(DORC). Feron et al. initially described the use of TB for removing membranes in proliferative 

vitreoretinopathy 9. After which it was described for epiretinal membrane peeling and 

ILM peeling in concentrations varying from 0.06% to 0.2%. These concentrations were not 

found to be toxic to rabbit retina if removed promptly 10 and non toxic to cultured retinal 

pigment epithelial cells in concentrations of 0.06% to 0.3% for 5 minutes. None of these 

concentrations were reported as toxic in clinical practice. Haritoglou et al. found visions after 

ERM removal at 6 months to be similar between eyes operated with and without trypan 

blue. This suggests that trypan blue does not have a negative influence on visual outcome11,12. 

Balayre et al. performed multifocal ERG on patients operated for epiretinal membrane using 

0.15% trypan blue and found no decrease in macular responses and an increase 4 months 

after surgery 13.

The main disadvantage of MembraneBlue®, as formulated in MembraneBlue® is that an 

air-fluid exchange is necessary to achieve adequate staining. AFX in itself increases risk for 

surgical complications including retinal tears. To eliminate the need for an AFX, we proposed 

a heavy form of TB which can be applied into a fluid filled eye without dispersing.

Staining characteristics using this approach are sufficient to allow an efficient peeling 

of the membrane following an appropriate flush of the left over dye. The mixture of trypan 

blue with 10% glucose facilitates its use during surgery. By eliminating the need for a fluid 

air exchange, repeat application of the dye can also be easily and rapidly carried out. This 

leads to a more complete removal of the membrane without having a negative effect on 

vision. All patients in our study had an improvement of retinal thickness on ocular coherence 

tomography and no patients had a decrease in vision.

We would like to conclude that trypan blue rendered “heavy” by mixing it isovolumetrically 

with glucose 10% is a safe way of staining epiretinal membranes, whilst also eliminating the 

need for an air-fluid exchange. None of our patients lost vision and 64% improved more than 

2 lines at 3 months. All patients had a decrease in macular thickness and volume.
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Abstract

Purpose: Intraocular dyes facilitate the identification of the inner limiting membrane (ILM) 

during surgery. Appropriate dyes should be safe, provide adequate staining and be easy to 

use. Heavy trypan blue eliminates the need for an air fluid exchange and appears to have little 

retinal toxicity. This study refers to a prospective, consecutive trial with heavy trypan blue in 

macular hole surgery.

Methods: A consecutive group of 20 patients with full thickness macular holes were recruited in 

a single institution study. Patients were operated using conventional methods. Heavy trypan 

blue was prepared by mixing isovolumetrically glucose 10% with MembraneBlue® (Dorc, 

Zuidland, The Netherlands). Patients were assessed for ease of surgery, and postoperatively at 

3 and 6 months (vision and OCT) for hole closure and vision.

Results: Twenty eyes were included in the study. Reapplication of dye was used in 75% of 

the cases, leading to improved contrast further facilitating the ILM peel. In no case was an 

air-fluid exchange (AFX) necessary to obtain sufficient staining. Macular hole closure was 

achieved in 19 of 20 patients with one surgery. No retinal detachment or other complication 

was observed in the follow-up period. 

Conclusion: Heavy trypan blue can be delivered efficiently to the retinal surface without 

the need for an AFX. Staining was sufficient to help visualise and peel the ILM. Repeat 

applications were easily performed. The macular hole closure rate was similar to that of other 

series, with a comparable visual improvement.
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Introduction

Removal of internal limiting membranes (ILM) and idiopathic epiretinal membranes (ERM) 

requires skill and experience. Non closure of macular holes and re-proliferation of macular 

puckers have both been related to inadequate membrane removal. To facilitate surgery and 

improve the surgical outcome, adjuncts to enhance membrane visibility have been sought. 

These have included the use of a slit beam illumination, triamcinolone1, and stains such as 

Indocyanine and infracyanine green (ICG), brilliant blue2,3, and trypan blue4-8. Due to a 

superior safety profile as compared to ICG, MembraneBlue® has been used by a number of 

European surgeons despite its lesser staining characteristics for the ILM7,9,10.

The commercially available version of trypan blue (MembraneBlue®, DORC, Zuidland, 

The Netherlands) used in vitreoretinal surgery is diluted in phosphate buffered saline. It 

requires a fluid-air exchange for the dye to pool over the macular surface as it otherwise 

diffuses throughout the vitreous cavity and thus cannot stain membranes sufficiently. To 

avoid the need for a fluid-air exchange we modified the diluents used with trypan blue to 

render it denser than saline, BSS+ and other vitreo-retinal infusates. This solution requires 

the addition of a fixed volume of concentrated glucose solution to achieve the necessary 

density. We used MembraneBlue®, (DORC, Zuidland, The Netherlands), supplied in 0.5 ml 

of phosphate buffered saline and mixed it with 0.5 ml of glucose 10%. We have previously 

shown the use of heavy trypan blue to be useful in the peeling of epiretinal membranes, 

achieving good anatomical and functional results11.

We now propose using this modified “heavy” trypan blue solution in macular hole 

surgery with ILM peeling. We conducted a prospective, consecutive study of 20 patients 

with macular holes, to assess the staining characteristics, ease of use, and safety of the heavy 

trypan blue in macular hole surgery.

Materials and Methods

Patients with idiopathic macular holes were recruited prospectively and consecutively into 

this study. Preoperative assessment included age, gender, best corrected visual acuity (BCVA) 

and full ocular examination. Ocular coherence tomography (OCT) was performed using 

the OCT3 (Zeiss Inc, Jena, Germany) to measure the smallest diameter of the macular hole 

opening, to assess closure, and the presence of ERM on the retina. The OCT was obtained by 

a trained technician using the fast macular thickness protocol. Postoperatively best corrected 

visual acuity and OCT were repeated at 3 months and 6 months and hole closure was assessed.
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Patients were operated using conventional methods using a 3 port, 20 gauge vitrectomy. 

After complete vitrectomy the infusion line was turned off and heavy trypan blue was injected 

gently, close over the macular area using a lacrimal cannula, and left for 1 minute (figure 1a). 

Heavy trypan blue was prepared by mixing equal volumes of glucose 10% with commercially 

available trypan blue 0.15% (MembraneBlue®, DORC, Zuidland, NL). The glucose 10% and 

MembraneBlue® mix easily at room temperature. This provides a final glucose concentration 

Figure 1. A, Heavy MembraneBlue® being injected over the macular area; B, ILM removal after 1 minute stain with 
heavy MembraneBlue®

A

B
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of 5% and a final trypan blue concentration of 0.075%. This solution had an osmolarity 

of 320 mOsm and a pH of 7.0. Following a one minute incubation, the infusion was once 

again opened and the excess dye was removed using a silicone tipped Charles flute (figure 

1a). Membrane peeling was achieved using a combination of a pic needle or bent MVR blade 

and Eckardt micro forceps (DORC, Zuidland, The Netherlands; figure 1b). The staining 

procedure was repeated in some patients when the ILM stain was not sufficiently intense, or 

the edge of the ILM was lost, to allow a complete and controlled peel . After full removal of 

the ILM an internal search was performed and the sclerotomies and conjunctiva were closed.

We certify that all applicable institutional and governmental regulations concerning the 

ethical use of human volunteers were followed during this research. Appropriate approval 

from the hospital medical ethics committee was obtained as dictated by Dutch law for this 

type of medical investigation. Appropriate consent was obtained.

Results

A total of 20 eyes of 20 patients were included in this study. Mean age was 67.5 years 

(range 54-86). Nine patients were female, 11 male. Four patients were phakic after the 6 

month follow up period, the other 16 had either combined phaco-vitrectomy surgery or were 

pseudophakic pre-operatively. Sixteen of the macular holes were idiopathic including two 

eyes of diabetic patients that showed no signs of retinopathy. Two patients were high myopes 

(-20D and -8D). One patient had a previous retinal detachment. Preoperative BCVA ranged 

from 0.01 to 0.4 (mean 0.2 median 0.16). OCT showed a classic macular hole in all patients. 

Pre-operatively, 14 patients had a diameter of <500 µm, 6 had a diameter of 500 µm or larger. 

Nineteen of 20 holes closed after one surgery. In 15 of 20 surgeries, heavy trypan blue dye 

was reapplied to improve visualisation of the ILM's edge. More than two dye applications 

were not required in any surgery.

One patient had an open hole after the first surgery and was re-operated using infracyanine 

green to confirm the complete removal of the ILM. Indeed, no remaining ILM was found 

with ICG and the hole closed after the second surgery. Nineteen patients had C3F8 as the 

intraocular tamponade agent of choice, one patient had SF6. Twelve patients postured face 

down for 5 days, including the patient that failed. Eight patients were not instructed to 

posture.

Post operative BCVA varied from 0.1-1.0 at 6 months (mean 0.45, median 0.50). BCVA 

was improved or maintained in all patients. Sixteen patients (80%) patients improved two or 

more lines of vision. All patients were followed for a minimum of 6 months. During follow-
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up, no patient had a retinal detachment, 1 patient had macular pigment alterations but no 

vision loss, and there was no case of endophthalmitis. 

Discussion

Macular hole surgery is frequently performed by vitreoretinal surgeons. Dyes are often used 

to stain the inner limiting membrane with or without an epiretinal component as it facilitates 

a more complete and controlled removal of ILM and ERM leading to a higher primary 

success rate, especially in larger, stage 4 holes12. However, the dye must be safe, and preferably 

easy to apply, using simple steps.

ICG has been used for both epiretinal membrane and macular hole surgery. It stains the 

ILM intensely thereby facilitating surgery12,13. However, its use is not without risk. Several 

case reports and case series document adverse effects from a reduced visual recovery following 

surgery to the development of pigment alterations14, and post operative vision loss15,16, 

particularly when retinal integrity is compromised17. In vitro as well as in vivo toxicity has 

been demonstrated against the retinal pigment epithelium and retinal glia13,14,16-2122,23. Due 

to the risks associated with the use of ICG, alternatives dyes have been sought to achieve the 

same goal, but with less potential toxicity.

Trypan blue was initially used to stain the lens capsule (0.06% trypan blue in 

VisionBlue®)24. At a higher concentration, trypan blue is capable of staining preretinal 

structures (MembraneBlue®,DORC, 0.15%)4. As compared to ICG, trypan blue appears to 

have a broader safety profile, as it is non toxic to cultured retinal pigment epithelial cells 

and glial cells at concentrations used clinically between 0.06% and 0.2%, and is non toxic 

to rabbit retina when it is promptly removed18,23,25,26,27. Compared to ICG, it is easier to 

remove from the vitreous cavity, given its high water solubility. Also it does not appear to get 

incorporated into, or adherent to RPE cells as much as ICG20,28. Osmolality and pH of the 

trypan blue solution applied to the retinal surface was in a physiologic range: 320 mOsm 

and pH 7.0 on repeat determinations. Osmolality and pH vary depending on the buffer 

used 25,29. Costa et al. examined the osmolarity of a number of intraocular dyes prepared in 

several diluents. They found that the osmolality of trypan blue mixed with BSS or glucose 5% 

ranged from 287-332mOsm, and the pH varied from 6.12-7.84. Variations in pH for ICG 

were found to be much more significant and potentially detrimental to the retina29. 

Trypan blue has been used for epiretinal membrane peeling and ILM peeling in 

concentrations varying from 0.06% to 0.2% 5,6,8-11,29-31. None of these concentrations were 

reported as toxic in clinical practice. Haritoglou et al. found visions 6 months after ERM 
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removal to be similar between eyes operated with and without trypan blue5. Balayre et al. 

operated on patients with ERMs using 0.15% trypan blue. They then performed multifocal 

ERG on patients and found no decrease in macular response and an increase 4 months after 

surgery32. Anatomical evaluation shows there was no increase in apoptosis or other indicators 

of retinal toxicity when HTB was used5,32,33.

The main disadvantage of trypan blue, as formulated in MembraneBlue® (DORC, Zuidland, 
The Netherlands) is that an AFX is required to achieve adequate staining. The procedure 
itself increases the risk of surgical complications including retinal tears 5,22. It also makes 
repeat applications of the dye less practical. To eliminate the need for an AFX, we proposed 
a heavy form of trypan blue which can be applied into a fluid filled eye without dispersing. 

The 1:1 mixture of MembraneBlue® with 10% glucose gives staining characteristics that are 
sufficient to initiate and carry out an ILM peel. The staining is even more intense and visible 
by repeating the dye application once the ILM peel has been initiated. By eliminating the 
need for a fluid air exchange, repeat application of the dye can be performed rapidly and 
safely. Ninety five percent of our patients had a closed macular hole after the first surgery 

We would like to conclude that trypan blue rendered "heavy" by mixing it isovolumetrically 

with glucose 10% seems to be a safe alternative for staining ILM in macular hole surgery. It 

eliminates the need for an air-fluid exchange and can be easily reapplied when visualisation 

needs to be enhanced or the edge of the ILM is lost. None of our patients lost vision and 80% 

improved more than 2 lines at 6 months. 
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Abstract

Purpose: To quantify the extent of cellular proliferation, and immunohistochemically 

characterise the proliferating cell types, in epiretinal membranes (ERMs) from 4 different 

conditions: proliferative vitreoretinopathy (PVR), proliferative diabetic retinopathy (PDR), 

post-retinal detachment (ERMpRD) and idiopathic (iERM).

Methods: Twenty-eight ERMs were collected from human subjects during vitrectomy surgery 

and immediately fixed in paraformaldehyde. The membranes were immunolabeled with anti-

MIB-1 or -SP6 to detect the Ki-67 protein in proliferating cells, in combination with -GFAP 

or -vimentin to identify glia, -ezrin to identify retinal pigment epithelial cells (RPE), ricinus 

communis to identify immune cells, and Hoechst to label nuclei. Digital images were collected 

using a laser scanning confocal microscope. The cell types were identified, their proliferative 

indices were tabulated as a percent of total number of cells in the membrane, and the number 

of dividing cells was related to the specific ocular condition and estimated disease duration.

Results: Epiretinal membranes of all 4 types were shown to be highly cellular and contained 

proliferating cells identified as glia, RPE, and immune. In general, the more rapidly growing 

membranes, such as in PVR, had more actively dividing cells compared to the other 3 

conditions. The percentage of dividing cells was 0.55% for PDR, 2.9% for PVR, 0.35% 

for ERMpRD, and 0.65% for iERM. While all types of membranes had dividing cells, the 

number was relatively low compared to the total number of cells present.

Conclusion: The data demonstrate that the 4 types of ERMs examined here had different cell 

types actively dividing at the time of removal confirming that proliferation is a common event 

and continues over many months. The fact that the number of dividing cells was relatively 

low at the time of removal, however, suggests that proliferation alone may not be responsible 

for the problems observed with the ERMs, and that treatment strategies may need to consider 

the timing of drug administration, as well as the contractile and/or possibly the inflammatory 

characteristics of the membranes to prevent the ensuing effects on the retina.
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Introduction

Epiretinal membranes (ERMs) are sheets of cells and extracellular matrix that occur on the 

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

[1], where there is no known underlying pathology; they can become clinically significant when 

they cause a decrease in visual acuity or metamorphopsia. Membranes also occur as a result 

of disease or trauma of the eye such as in proliferative vitreoretinopathy (PVR), proliferative 

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

epiretinal membranes that form post retinal detachment surgery (ERMpRD) occur in up 

to 6% of patients and behave differently to PVR membranes [2]. The different membrane 

types cause variable clinical symptoms like metamorphosia, 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 appear to form initially as a result of cells from within 

the retina such as RPE, Müller cells, and astrocytes that begin proliferating and migrating 

onto the surface of the retina. Once this scaffold has formed, other cell types present at the 

vitreoretinal interface such as hyalocytes and macrophages are added and contribute to those 

cells undergoing proliferation in the membranes. The membranes become a serious problem 

when they become contractile, often resulting in a folding or detachment of the retina. It has 

been postulated by Machemer [3] and MacLeod that the formation of membranes in the eye 

is an aberrant form of healing response, with an initial proliferation phase after which the 

contraction phase occurs [4, 5]. 

Determining the exact cell types present in the membranes has been the focus of several 

previous studies [4,6-12]. Using light or electron microscopy, it has been shown that many 

cells seem to change morphological characteristics as the epiretinal membrane develops 

making it difficult to identify their origin [6-9]. In earlier studies cells were identified by 

morphology [6,13,14] and described as, myofibroblasts, hyalocytes, fibrous astrocytes, retinal 

pigment epithelium (RPE) and macrophages. With the addition of immunocytochemistry, 

however, it became apparent that the most obvious cells involved are glia, macrophages, RPE 

cells, and fibroblasts [8,11,15,16]. 

By using antibodies to the protein Ki-67, Heidenkummer et al. [11,15], examined cell 

proliferation in different types of epiretinal membranes. Using frozen and wax embedded 

sections they quantified the levels of proliferation and suggested that this could help predict 

membrane behaviour and could be of clinical significance to predict the risk of recurrence 

[11,15]. They developed a “proliferation index” (PI) (total number of cells divided by number 

of cells dividing) which could help clinically classify membrane types and “quantatively 
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indicate the proliferation potential of the ERM”. However they did not correlate the PI to 

the underlying disease process in these studies, as they felt their numbers were too small to 

separate the inter-individual differences from the disease process differences [11,15].

In order to better understand the origins of the proliferating cell types and their 

relationship to the 4 different disease conditions, we used antibodies to the Ki-67 protein in 

combination with antibodies specific to proteins identified within glial, RPE and immune 

cells on whole membranes to quantify the dividing cell types and relate this number to the 

total number of cells present, as well as the type of ERM and the disease duration. We show 

here that proliferating glial, RPE and immune cells can be identified in all 4 types of ERMs 

although the relative numbers of dividing cells varied between disease condition and with 

the estimated duration the membrane was present in the eye. Implications for treatment 

strategies are discussed. 

Methods

Twenty-eight membranes, classified as PDR (n=5), PVR (n=9), postRD (n=4) and iERMs 

(n=9), were collected at time of vitrectomy surgery from 27 patients. After removal from the 

eye, the membranes were immediately placed in fixative (4% paraformaldehyde in 0.1M 

sodium cacodylate buffer, pH 7.4; Electron Microscopy Sciences, Fort Washington, PA) and 

stored at 4o C until used. The membranes used in this study were from both males and 

females and the length of time between diagnosis and epiretinal membrane removal was 

variable from 1-25 months. (Table 1, Figure 1). The human surgery was conducted at the 

Academic Medical Center, Amsterdam, The Netherlands. All procedures had institutional 

research ethics committee approval and adhered to the tenets of the Declaration of Helsinki.

Immunocytochemistry

The ERMs were processed whole, without embedding or sectioning. Following fixation the 

tissue samples were rinsed in phosphate buffer (PBS) 3 x 5min, 1 x 1hr. Since the antibodies 

to Ki-67 require antigen retrieval to expose the epitopes, the tissue was incubated in citrate 

buffer (Dako, Carpinteria, CA) for 40 mins at 97o C. Following cooling for 20 min at room 

temperature, the tissue was rinsed in PBS 3 x 5 min and then incubated in normal donkey 

serum (1:20) in PBS, 0.5% BSA, 0.1% Triton X-100, and 0.1% azide (=PBTA) overnight 

at 4oC on a rotator. The following day the primary antibodies were added overnight at 4oC 

on a rotator in PBTA. The MIB-1 (mouse monoclonal, 1:100, Immunotech/Beckman 

Coulter, Fullerton, CA) or SP6 antibodies (rabbit polyclonal, 1:100, Abcam, Cambridge, 
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MA) were used to label Ki-67 (referred to hereafter as Ki-67 labeling for simplification). 

Two different markers were used to label Ki-67 because of the limitations in the triple label 

antibody combinations. Anti-MIB-1 was used in combination with antibodies to GFAP 

(rabbit polyclonal, 1:400; DAKO, Carpinteria, CA), an intermediate filament protein in 

glial cells, as well as biotinylated ricinus communis (ricin, 1:1000, Vector Labs, Burlingame, 

CA), a lectin that labels immune cells such as microglia and macrophages [17]. Anti-SP6 

Number Sex Age Months duration Disease 

1 m 59 6 PDR 

2 m 61 3 PDR 

3 f 56 14 PDR 

4 m 45 7 PDR 

5 f 47 2 PDR 

6 m 67 24 iERM 

7 m 70 14 iERM 

8 m 72 4 iERM 

9 m 77 10 iERM 

10 m 72 6 iERM 

11 f 80 9 iERM 

12 f 69 25 iERM 

13 m 57 3 iERM 

14 m 74 7+ iERM 

15 m 63 5 ERMpRD 

16 m 70 5 ERMpRD 

17 m 59 1 ERMpRD 

18 f 50 1 ERMpRD 

19 m 62 1 PVR 

20 f 53 1 PVR 

21 f 41 1 PVR 

22 m 65 0.5 PVR 

23 m 58 2 PVR 

24 m 78 2 PVR 

25 m 61 1 PVR 

26 m 78 6+ PVR 

27 m 70 0.25 PVR, 2 membranes 

Table 1. Table listing all the epiretinal membranes used in this study along with the age and sex of the patient, 
as well as the length of time between diagnosis and membrane removal (in months). PDR, proliferative diabetic 
retinopathy; PVR, proliferative vitreoretinopathy; ERMpRD, post-retinal detachment; iERM, idiopathic.
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was used in combination with antibodies to ezrin (mouse monoclonal, 1:10,000, Sigma, 

St. Louis, MO) a cytoskeletal protein in the mirovilli of RPE, and either vimentin (chicken 

monoclonal; 1:2000, Chemicon, Temecula, CA), an intermediate filament protein present in 

glia, or biotinylated ricinus communis. Following rinsing of the primary antibodies in PBTA, 

the secondary antibodies were added, each at 1:200, in PBTA, overnight at 4oC on a rotator 

(donkey anti-mouse conjugated to CY3 for MIB1, donkey anti-rabbit conjugated to CY2 

for GFAP, streptavidin CY5 for ricin, donkey anti-rabbit conjugated to CY3 for SP6, donkey 

anti-chicken conjugated to CY2 for vimentin and donkey anti-mouse conjugated to CY2 for 

ezrin). All secondary antibodies were purchased from Jackson ImmunoResearch, West Grove, 

PA. On the final day, the sections were rinsed in PBTA after which a Hoechst stain (1:5000; 

Invitrogen, Carlsbad, CA) for identification of cell nuclei was added to all samples. The 

membranes were mounted on glass slides in 5% n-propyl galate in glycerol and viewed on an 

Olympus FluoView 500 laser scanning confocal microscope (New York, NY). Images were 

collected as a “z” series of 5 to 10 images taken at 0.5 µm intervals. For quantitation, a single 

plane image was selected from the “z” series that contained the most number of anti-MIB-1 

or -SP6 labeled cells. The number of labeled cells, as well as the total number of nuclei were 

counted manually from the digital images and normalized to the area of tissue. Labeling with 

the proliferating cell markers was correlated with the glial, RPE and immune cell markers 

while viewing the images in Photoshop where magnification could be increased and channels 

(colors) could be turned up or down. This ensured accurate determination which cell types 

were double labeled with the Ki-67 markers.

Advantages of detecting dividing cells in tissue with antibodies to the Ki-67 protein 

rather than thymidine autoradiography include 1) the antibodies will label dividing cells in 

all phases of cell division except G0 (resting) unlike thymidine which is only incorporated 

in “S” phase [18-20], 2) autoradiography requires living tissue for the incorporation of 

Figure 1. Graph illustrating the average duration the epiretinal membranes were present in the eye from the initial 
diagnosis to removal (in months). PDR, proliferative diabetic retinopathy; PVR, proliferative vitreoretinopathy; 

ERMpRD, post-retinal detachment; iERM, idiopathic.
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Figure 2. Laser scanning confocal images of representative staining patterns on epiretinal membranes from patients 
with proliferative vitreoretinopathy (PVR). Anti-MIB-1 (A,B,E,F; red) or anti-SP6 (C,D; red) labelling was observed 
in anti-GFAP stained glia (green), ricin stained immune cells (blue) and anti-ezrin stained retinal pigment epithelial 
cells (green). Note that the amount of anti-GFAP labelled glia varied between membranes (A,B,F), the anti-ezrin 

labelling appeared to encircle the cells, and the ricin labelling was prevalent in all samples. Scale bars, 50 µm.
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thymidine into the DNA and 3) the antibodies allow relatively straightforward labeling using 

multiple probes for the identification of multiple cell types.

Results 

Immunocytochemistry

Immunocytochemical and other markers were used to identify RPE, immune, and glial cells, 

as well as all nuclei and those undergoing DNA synthesis. However, since the maximum 

number of fluorchromes we could use at one time was limited to 4, and the fact that not all 

antibodies could be combined because some were made in the same species, the membranes 

were divided into 2 main labeling groups: 1) anti-MIB-1 + anti-GFAP + ricin and 2) anti-

SP6 + anti-ezrin + anti-vimentin. (Only a few membranes were labeled with anti-SP6 + 

anti-ezrin + ricin as shown in figure 2, but these were not included in the graphs due to the 

small number of samples.) Within both groups there were anti-MIB-1 and anti-SP6 labeled 

cells that did not label with any of our markers and they are listed as “unidentified” in the 

tabulated data (see below). These unidentified cells could be either 1) RPE cells in the first 

group 2) immune cells in the second group, or 3) cells not identified by our markers. 

All membranes were found to be multi-layered and highly cellular, as illustrated by the 

Figure 3. Laser scanning confocal images of representative staining patterns on epiretinal membranes A) post-retinal 
detachment (pRD) B) of idiopathic origin (iERM) or C) from patients with proliferative diabetic retinopathy 
(PDR). The lower half of each image is the same as the one above it with the green and blue channels turned off to 
more easily see the anti-MIB-1 staining (arrows are for reference points). Note that each membrane contained anti-

MIB-1 labelled glia (anti-GFAP; green) and labelled immune cells (ricin; blue). Scale bars, 50 µm.
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Hoechst nuclear stain (Fig. 2, 3). Anti-MIB-1 and -SP6 labelling for cells undergoing DNA 

synthesis was found in all 28 epiretinal membranes examined (Fig. 2, 3). In addition, the 

membranes also labelled for proteins present in glial, immune (microglia and macrophages), 

and RPE cells, and examples from all these cell types were MIB-1/SP6 labelled, albeit at 

different levels. While the total number of Hoechst labeled nuclei far outnumbered the total 

number of anti-Ki-67 positive cells, most of the Ki-67 labeled cells appeared to also label 

Figure 4. Graph showing the number of dividing cells/mm2 (anti-MIB-1 labelled) for the 4 types of epiretinal 
membranes. Note that all 4 types contained dividing cells although the relative number was much lower compared 
to the total number of nuclei present. PVR membranes had the highest number of dividing cells. The unidentified 
cells were MIB-1 labelled but not labelled with either anti-GFAP or ricin. PDR, proliferative diabetic retinopathy; 

PVR, proliferative vitreoretinopathy; ERMpRD, post-retinal detachment; iERM, idiopathic.

Figure 5. Graph showing the number of dividing cells/mm2 (anti-SP6 labelled) for the 4 types of epiretinal 
membranes. Note that iERM did not have dividing RPE cells and ERMpRD did not have dividing glia. PVR 
membranes had the highest number of dividing cells. The unidentified cells were SP6 labelled but not labelled 
with either anti-ezrin or -vimentin. PDR, proliferative diabetic retinopathy; PVR, proliferative vitreoretinopathy; 

ERMpRD, post-retinal detachment; iERM, idiopathic.
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with one the cell specific antibodies used here. Examples of typical staining patterns observed 

in 6 different membranes from the PVR group, are illustrated in figure 2. In general, the 

glia and the RPE cells appeared within independent domains, whereas the immune cells 

usually appeared dispersed throughout the membrane. In addition, while the anti-GFAP 

staining appeared to fill the cytoplasm of the glia (Fig. 2A,B), the ezrin staining appeared 

to encircle the RPE cells, which had both an elongated (Fig. 2C,D) or circular morphology 

(Fig. 2E). The fact that anti-ezrin, which normally labels the apical microvilli, appears here 

to encircle the cells, most likely represents microvilli that have collapsed and now appearing 

along the surface of the cells. In some cases the membranes contained anti-Ki-67 labelled 

cells that were not identifiable using this set of antibodies (Fig. 4, 5). Examples of common 

staining patterns from pRD, iERM and PDR membranes stained with anti-MIB-1, -GFAP 

and ricin, are shown in figure 3. The MIB-1 labelling alone is shown in the bottom half of 

each image, without the anti-GFAP and ricin labelling to better visualize the dividing cells 

(arrows are placed for reference points). All three images illustrate the presence of dividing 

cells as well as glia and immune cells. Anti-ezrin labelling of RPE was observed in pRD and 

PDR membranes (data not shown) but not in iERM membranes. 

 

Quantitation

All membranes contained many cells as determined by the number of Hoechst-labelled 

nuclei, far more than were identified by the antibodies used in this study (Fig. 4, 5). The 

number of nuclei ranged from approximately 1800 to 5700 nuclei/mm2. In general, the 

PVR membranes had the greatest number of dividing glia, immune and RPE cells/mm2 (Fig. 

4, 5). Fewer but consistent numbers of dividing cells were found in the other 3 groups. The 

percentage of dividing cells from was 0.55% for PDR, 2.9% for PVR, 0.35% for ERMpRD, 

and 0.65% for iERM. Of particular interest was the observation that very few immune cells, 

and no RPE cells, were dividing in the iERM group although active glial cell proliferation was 

observed. Active glial cell proliferation was also observed in all groups except the ERMpRD 

group, although glial cells were present as evidenced by the anti-GFAP labelling. Immune 

cells were present in all 4 groups, some of which were undergoing DNA synthesis, indicating 

an inflammatory component to ERM formation.

The duration that the membranes were present in the eyes before removal revealed that 

the PVR membranes were of the shortest duration but had the highest proliferation rates 

and greatest number of nuclei, with an average duration of less than one month (0.25-6 

months range; Table 1, Fig. 1). The ERMpRD had an average duration of 3 months (range 

1-5 months) and the iERMs had the longest duration with an average of 11 months from 
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the start of clinical symptoms (range 4-25 months). In the iERM group there was a certain 

patient delay, as often patients had noticed a problem with one eye, but did not present to 

the ophthalmologist until the symptoms disturbed binocular vision. It was more difficult 

to assess the duration of the diabetic proliferative membranes. In this case, we used either a 

decrease in vision indicating active neovascularisation with traction or bleeding, or the first 

clinically noted fibrovascular proliferation noted by a clinician. This gave an average duration 

of 6.5 months (range 2-14 months).

Discussion

Antibodies to MIB-1 and SP6 are routinely used to show DNA synthesis and presumably 

cell division [18-20]. However, these antibodies have only been used in sectioned ERMs 

[11,15] and have not previously been used in whole mounts of epiretinal membranes to 

show proliferation rates in different ERMs compared to the total cellularity or to identify 

the different cell types. Using these antibodies, we show that there is active cell division in all 

4 types of epiretinal membranes studied here regardless of estimated duration. The data do, 

however, indicate that the amount of cell division varies. We observed that the more rapidly 

growing membranes, as in PVR, had a higher total number of cells and a significantly higher 

number of anti-MIB-1 stained cells, as has been shown previously in sectioned membranes 

[11,12,15,21,22]. This indicates that proliferation is most likely a major contributor in 

the expansion of these membranes. The older membranes had a much lower level of Ki-

67 labelling indicating that these may be less “reactive”. This is in contrast to the study by 

Zhang et al. where no difference in proliferation rates between membrane types was observed 

[12]. Two reasons for this apparent discrepancy could be that only 2 iERMs were used in 

the Zhang study, and that they used sections of membranes rather than entire membranes 

processed as a flat-mount, as used in this study. This clearly demonstrates the need for using 

large sampling procedures in a study such as this where relatively small numbers of cells may 

be involved.

We also show that the membranes contain thousands of nuclei, indicating they are much 

more cellular than previously thought [8, 11, 15]. Indeed this appears to be the first study to 

attempt an estimate of the total number of cells comprising these membranes using Hoechst 

staining and counting cells per mm2, rather than estimating cell counts from sections. We 

have not found any previous note of Hoechst staining of epiretinal membranes or of the 

high number of nuclei stained. We find a high cellularity of between approximately 3000 

to 6000 cells per mm2 (Figs. 4, 5). Our immunostaining data indicate that the greatest 
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accumulation of proliferating RPE cells occurred in the PVR and ERMpRD membranes 

while very few occurred in the PDR and iERM membranes. It is reasonable to hypothesize 

that these results represent the fact that retinal tears are present in the PVR and ERMpRD 

retinas, allowing migration of the RPE through these openings [6,14]. Interestingly, in eyes 

with PDR membranes and no history of retinal tears, either before or during surgery, some 

dividing RPE cells were observed. This suggests that perhaps the RPE cells had migrated 

through the intact retina as suggested by previous studies [23,24] although we cannot 

prove that this was the case in our study. Another finding that came from staining with this 

combination of antibodies is that, while glia were found in all membrane types, no dividing 

glia were observed in ERMpRD group. This suggests that the proliferative phase may have 

ended early after the detachment occurred and what we are observing here is the growth of 

processes arising from Müller cells within the retina spreading over the retinal surface of the 

membrane. Indeed, following experimental retinal detachment in animal models, most of 

the proliferation that is observed occurs in Müller cells within the inner nuclear layer during 

the first 3-4 days after detachment [25,26]. As detachment (or reattachment) time increases 

these cells grow and expand on either surface of the retina [27]. This may also suggest that in 

later stages of ERM formation, contraction of these cells, rather than proliferation, may be 

the cause of the wrinkling and subsequent re-detachment of the retina. There also appears to 

be a significant cellular inflammatory component in all epiretinal membranes, as shown by 

the ricin labelling, which may play a role in the development and continued expansion of the 

membrane. The presence of macrophages, lymphocytes and monocytes in ERMs has been 

noted and assessed previously. [28-32]. They observed the different types of immune cells and 

immune factors and in which ERMs these occurred [28,29]. However, they did not quantify 

the number of immune cells.

Whether this immune activation is in response to the initial (micro) trauma of the disease 

or posterior vitreous detachment [33] or a self perpetuating reaction, possibly caused by a 

breakdown of the blood retina barrier, it is not clear. However, the immune cells we observed 

were not only found in all membranes, but are also actively proliferating in all membrane 

types. Finally, while the number of total nuclei far outnumbered the total number of dividing 

cells, most of the cells appeared to be labeled with one of the antibodies used here. The 

unidentified cells in our study could be either 1) RPE cells in the first group 2) immune cells 

in the second group, or 3) cells not identified by our markers. This suggests that other cell 

types such as fibroblasts, and different types of immune cells not labeled by our antibodies, 

may make up a minor component of the membranes, although further examination is 

required to confirm this.
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As has been postulated previously, there seems to be a parallel between wound healing 

and epiretinal membrane formation, where there is an early proliferative phase with a higher 

cell division rate in more reactive membranes and a slower cell division rate in the older, less 

reactive membranes, after which there might be a later contractile phase with the deposition 

and contraction of extracellular matrix [3,4,5]. All membranes of all types we stained showed 

active proliferation of the 3 cells types most commonly found in epiretinal membranes, glia, 

RPE and immune cells. We did however, have a group of cells we could not identify, either 

because they did not stain with the antibodies we used, or due to the restriction we had by 

using four markers and not being able to count all cell types at the same time. However, it 

was also observed that epiretinal membranes, even in the active phase of PVR, showed less 

cell proliferation than might be expected. This suggests that perhaps much of the cellular 

proliferation is an early event in the membrane formation and indeed may even occur within 

the retina prior to actual membrane formation, and that deposition of extra cellular matrix 

and contraction of the membrane, which causes the clinical symptoms, is a secondary event. 

This would imply that, for possible clinical treatments aimed against membrane formation, 

the treatment would need to be given as early as possible. Once the membrane has formed, 

anti-contractile agents may then be more effective than anti-proliferative drugs.

In conclusion, by using whole mounts of ERMs from different disease condtions combined 

with nuclear staining, we have shown that the cellularity of ERMs is higher than previously 

shown using sectioned ERMs. We have identified the different cell types proliferating and 

find that the proportions of cell types proliferating differ between the different diseases. We 

also show that the proliferation rate is higher in the more reactive membranes of shorter 

duration, but that the proliferating cells are still only a small proportion of the total cell 

number. This implies that the proliferative phase of the ERM may occur before the clinical 

aspect of the ERM formation, which has clinical and therapeutic implications.
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Abstract

Purpose: To determine if neural elements are present in sub- and epiretinal PVR membranes 

as well as in diabetic, fibrovascular membranes removed from patients during vitrectomy 

surgery. 

Methods: Human sub- and epiretinal membranes of varying durations were immunolabeled 

with different combinations of antibodies to GFAP, vimentin, neurofilament protein and 

laminin. 

Results: Anti-neurofilament labeled neurites from presumptive ganglion cells were frequently 

found in epiretinal membranes and occasionally found in subretinal membranes. In addition 

the neurites were only observed in regions that also contained glial processes. 

Conclusions: These data demonstrate that neuronal processes are commonly found in human 

peri-retinal cellular membranes similar to what has been demonstrated in animal models. 

These data also suggest that glial cells growing out of the neural retina form a permissive 

substrate for neurite growth and thus may hold clues to factors that support this growth.
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Introduction

Injury to CNS tissue often stimulates the activation of glial cells, ultimately resulting in their 

proliferation and hypertrophy throughout the damaged region.[1, 2] One consequence of 

this gliosis can be impaired regeneration of neurons as their processes are unable to migrate 

through the damaged area to reestablish synaptic connections. The newly formed glial “scar” 

acts not only as a physical barrier to regeneration but also contains inhibitory molecules for 

neuronal growth.[3] Retinal detachment, which separates the neural retina from the retinal 

pigment epithelium (RPE), initiates a similar reaction from the radial glial cells of the retina, 

the Müller cells.[4] Within 3 days after detachment, many Müller cells are undergoing cell 

division and hypertrophy within the retina.[5, 6] Also at this time, a subpopulation of these 

cells begin to grow out of the retina into the newly created “subretinal space” resulting in 

subretinal fibrosis.[7, 8] Ultimately these cells form large subretinal glial “membranes” or scars 

on the surface of photoreceptors that can impede the regeneration of photoreceptor outer 

segments following retinal reattachment. [9] While retinal reattachment appears to halt the 

growth of the Müller cells into the subretinal space, in some cases Müller cells redirect their 

growth into the vitreous cavity and form “epiretinal” membranes [10] in a condition termed 

proliferative vitreoretinopathy (PVR). PVR is the most common cause of failure of retinal 

reattachment surgery, as cells that have attached to the inner limiting membrane contract and 

cause a re-detachment of the retina. The cellular composition of these epiretinal membranes 

has been shown to be heterogenous consisting of glia (Müller cells and astroctyes), RPE 

cells, inflammatory cells, and hyalocytes (resident cells in the vitreous).[11-16] Of interest 

to this study is that unlike what occurs in other regions of the CNS, the reactive Müller 

cells appear to act as a permissive substrate for the growth of neurites. Within 3 days of 

detachment in the feline retina, neurites from horizontal and ganglion cells are invariably 

found growing adjacent to reactive Müller cells.[17-19] These newly formed neurites occur 

both within the retina as well as on the sub-and epiretinal surfaces, where they often extend 

significant distances along glial scars. This was a common observation in the feline retina 

following experimental retinal detachment, the question remained as to whether similar 

events routinely occur in human retina. We show here that neurites are indeed observed in 

samples of sub- and epiretinal membranes removed from patients during vitrectomy surgery 

adding to mounting evidence for a significant capacity for structural remodeling among some 

classes of adult retinal neurons.[20-23]
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Methods

Tissue preparation

Human sub- (n=5) and epiretinal (n=12) membranes with PVR, as well as epiretinal 

fibrovascular membranes from diabetic patients (n= 3) were obtained at the time of vitrectomy 

surgery and immediately placed in fixative (4% paraformaldehyde in 0.1M sodium cacodylate 

buffer, pH 7.4; Electron Microscopy Sciences, Fort Washington, PA) and stored at 4o C until 

used. The membranes used in this study were from both males and females and the length of 

time between diagnosis and epiretinal membrane removal ranged from 2 months to 1 year. 

Detailed notes of the status of all of the eyes are unavailable although it is known that all of the 

eyes had tractional retinal detachments. The human surgery was conducted at Moorfields Eye 

Hospital, London, UK, at the Academic Medical Center, Amsterdam, The Netherlands, and 

at Cottage Hospital in Santa Barbara, California. All procedures had institutional research 

ethics committee approval and adhered to the tenets of the Declaration of Helsinki.

Immunocytochemistry

The sub- and epiretinal membranes were processed whole, without embedding or sectioning. 

Following fixation the tissue samples were rinsed in phosphate buffer (PBS) and incubated 

in normal donkey serum (1:20) in PBS, 0.5% BSA, 0.1% Triton X-100, and 0.1% azide 

(=PBTA) overnight at 4oC on a rotator. The following day the primary antibodies were added 

overnight at 4oC on a rotator in PBTA. Anti-neurofilament (1:500; mouse monoclonal; 

Biomeda, Hayward, CA; binds to the 70 and 210 kDa subunits) or biotinylated anti-

neurofilament (Biomeda antibody, biotinylated by Vector labs, Burlingame, CA) was used to 

label ganglion cell processes. (The biotinylated neurofilament antibody allowed pairing with 

other mouse monoclonal antibodies.) This antibody does not label horizontal cells in the 

human retina as it does in some species and thus it specifically identifies ganglion cells. The 

neurofilament antibody was used in combination with glial fibrillary acidic protein (GFAP; 

rabbit polyclonal) and vimentin (mouse monoclonal; both used at 1:400; both from Dako, 

Carpinteria, CA) to follow the possible association of the neurite outgrowth with glial cells. 

Following rinsing of the primary antibodies in PBTA, the secondary antibodies (donkey 

anti-mouse CY3, donkey anti-rabbit CY2; Jackson ImmunoResearch, West Grove, PA) 

were added together, each at 1:200 in PBTA, overnight at 4oC on a rotator. The biotinyled 

anti-neurofilament was added to the sections after the primary and secondary antibodies to 

the other proteins were completed. Streptavidin CY3 was used to bind to the biotinylated 

antibody. On the final day, the sections were rinsed in PBTA, mounted on glass slides using 
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5% n-propyl gallate in glycerol and viewed on a BioRad 1024 laser scanning confocal 

microscope (Hercules, CA) or an Olympus FluoView 500 (New York, NY). Each image was 

a projection of 5 to 10 images taken at 0.5 micron intervals.

Results

All of the PVR epiretinal membranes contained areas rich in anti-neurofilament labeled 

processes (Figs. 1 A-F; examples from 3 different cases; Figs. 2A-F; examples from one case). 

Figure 1. Neurites in PVR epiretinal membranes. A-F: Laser scanning confocal images of epiretinal membranes 
labeled with anti-neurofilament (red) and anti-GFAP (blue or green). The membranes were removed from 3 different 
patients (A,B patient 1; C,D patient 2; E,F patient 3). Anti-neurofilament labeling was observed only in regions 
of the membranes also containing anti-GFAP labeled glial processes. In some cases the anti-neurofilament labeling 
appeared throughout the “sheets” of glial-labeled tissue (A-D) while in other cases the anti-neurofilment labeling 
occurred directly adjacent to fine glial processes (E,F). Note: the punctate labeling in “C” and “D” represents fine 
neurite processes arranged at right angles to the longer processes. Mag Bar: 20 µm A, C,D,E; 100 µm B; 10 µm F.
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This labeling, however, was limited to regions that also had anti-GFAP labeled processes even 

though the membranes also contained extensive areas with no GFAP labeling. These regions 

appeared to consist of extracelluar matrix-like material with scattered cells, some of which 

contained autofluorescent lipofuscin-like particles indicating that they may be RPE cells (Fig. 

1A; dim red cells) while others labeled with the lectin which identifies them as microglial cells 

or macrophages (data not shown). Many of the epiretinal membranes contained “sheets” of 

glial cells (Figs. 1B,C,D & 2A-E). In this case the neurofilament labeled processes appeared to 

occur without any particular order throughout the membranes. In contrast, other membranes 

Figure 2. Neurites in PVR epiretinal membranes. A-F: Laser scanning confocal images of multiple epiretinal 
membranes removed from one patient labeled with anti-neurofilament (red) and anti-GFAP (blue). The images 
show the complex branching patterns that occur among the neurites that grow into an epiretinal membrane. Even 
with extensive variations the labeled neurites always lie among or along anti-GFAP labeled glial processes. Round 
structures resembling cell bodies were occasionally present in the membranes (arrowheads, C,D). In some cases, the 
neurites appeared to wrap around the fine glial processes (arrows, F). Mag Bar: 50 µm A, B,C; 20 µm D, F; 10 µm E.
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contained fine anti-GFAP labeled glial processes. In these cases the neurofilament labeled 

processes were observed directly adjacent to the glial processes (Figs. 1E,F) or to wrap around 

them (Fig. 2F; arrows). In addition to neuronal processes a few membranes also appeared 

to contain small cell bodies with neurites radiating from them (Figs. 2C,D; arrowheads) 

although further study is needed to determine if these are indeed cell bodies. 

All of the fibrovascular epiretinal membranes taken from diabetic patients contained 

anti-neurofilament labeled neurites and these neurites were located in regions that contained 

anti-vimentin labeled glial cells (Figs. 3A-C). The membranes also contained numerous anti-

Figure 3. Neurites in diabetic fibrovascular epiretinal membranes. Laser scanning confocal images of 2 fibrovascular 
epiretinal membranes labeled with anti-vimentin (blue), anti-laminin (green) and biotinylated anti-neurofilament 
(red). A: The complex cluster of neurites (red) appears in a region containing glial processes (blue) and does not 
associate with the numerous laminin labeled blood vessels (green). B: The same image shown in “A” with the blue 
channel turned off. C: A small group of neurites (red) are shown adjacent to lightly labeled glial processes (blue) 
embedded in a wrinkled “sheet” of anti-laminin labeled inner limiting membrane (green). D: The same image shown 

in “C” with the blue channel turned off. Mag Bar: 50 µm A, B; 200 µm C,D.



laminin labeled vessels (Figs. 3A,B), as well as an anti-laminin labeled ILM (Figs. 3C,D), 

which was intentionally removed at the time of surgery. No obvious differences in labeling 

patterns were observed between the diabetic and PVR membranes (besides the presence of 

vessels).

Only 2 of the 5 subretinal PVR membranes sampled contained anti-neurofilament 

labeled processes but as in the case with the epiretinal membranes, they were always observed 

in association with intermediate filament containing glial cells (Figs. 4A,B). All the subretinal 

membranes contained anti-GFAP and anti-vimentin labeled glial cells along with non-glial 

areas containing macrophages, presumptive pigmented RPE cells, and rod outer segments 

Figure 4. Neurites in a PVR subretinal membrane. A: Laser scanning confocal images of a subretinal membrane 
labeled with anti-vimentin (blue), anti-GFAP (green) and biotinylated anti-neurofilament (red). Numerous 
neurofilament labeled neurites are present among the GFAP and vimentin labeled glial processes. B: Monochrome 
version of the image in “A” with the blue and green channels turned off to allow better visualization of the extensively 

branched neurites in the subretinal membrane. Mag Bar: 20 µm A, B



and rod cell bodies scattered throughout (data not shown). As with the epiretinal membranes, 

the neurites were restricted to regions with glial processes. 

Discussion

Previously we have shown the presence of neurites in sub- and epiretinal membranes in 

the feline retina in an animal model of retinal detachment and reattachment .[18,19,24,25] 

Data from this study indicate that human peri-retinal membranes removed at the time of 

vitreoretinal surgery also contain neurites and these processes, as in the feline model, appear 

to prefer a glial substrate over other available surfaces on which they might grow. These 

neurites could be identified in both PVR and diabetic fibrovascular epiretinal samples. While 

both horizontal and ganglion cell neurites are routinely observed in the sub- and epiretinal 

membranes from the feline retina, those we observed in the human membranes almost 

certainly originate only from ganglion cells since the neurofilament antibody is specific to 

this cell type in human retina. Neurite growth into epiretinal membranes appears to be 

common since 100% of the samples contained neurofilament labeled processes. It is less 

common, however, in the subretinal membranes. The reason for this difference is unclear but 

may relate to the fact that ganglion cells are more closely situated to epiretinal membranes 

than subreitnal membranes. Alternatively, the reduced occurrence of neurites in subretinal 

membranes could simply reflect our limited sample size. Nevertheless, the observation of 

subretinal neurites in two specimens indicates that growth into this space can occur in the 

human eye as well as in the animal models.

We have previously shown that Müller cell hypertrophy and neurite growth occurs within 

a few days after detachment in the feline model of detachment .[17] When the neurite 

sprouting occurred in the human samples is unknown, however, the length of time between 

diagnosis and epiretinal membrane removal ranged from 2 months to 1 year and there was 

no obvious correlation between the duration of membrane growth and the extent of neurite 

growth. While detailed patient histories are unavailable, it is known that all of the eyes had 

tractional retinal detachments. It can be assumed, therefore, that these were aggressive, 

contractile membranes when removed from the eye. Whether this contributes to neurite 

growth is not known. Indeed it would be interesting to know if the more stable, slow growing 

membranes in eyes without detachments contained neurites. 

As elsewhere in the CNS, injury to the retina initiates an activation of glial cells ultimately 

resulting in the formation of glial scars. Following retinal detachment we observed that 

Müller cells hypertrophy and grow into the space between the retina and the now distant, 
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underlying epithelial layer, where they form the equivalent of a glial scar. Interestingly, 

the growth of neurites through glial scars in the retina seems to be in contrast to other 

regions in the CNS where gliosis, in general, impedes the growth of neurites. For example, 

following injury to the spinal cord, specific molecules such as NoGo are present on glial cells 

establishing a molecular, as well as physical barrier to the growth of neurons.[3] While the 

molecules involved in the guidance of newly formed neurites in the retina are not known, our 

data seems to indicate that retinal glial cells form a permissive substrate for neurite growth. 

Indeed, we never see neurites growing alone in the subretinal space; they are always associated 

with Müller cell processes. They also grow out of the neural retina only at sites where Müller 

cells grow beyond the outer limiting membrane to form a glial scar. Thus, the Müller cells 

may hold clues to molecules that support this growth and potentially aid in the development 

of therapies to stimulate neuronal growth in other CNS injuries. In addition, since we have 

observed the same phenomena in feline and recently mouse retina,[26] animal models are 

now in place to search for the molecules or genes involved in both the glial cell hypertrophy 

and neurite sprouting that occurs in many different retinal injuries and diseases. 
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Abstract

Purpose: To identify and confirm the presence of neural elements in idiopathic epiretinal 
membranes removed from patients’ eyes during vitrectomy with epiretinal membrane peeling.

Methods: Human epiretinal membranes from patients with no other known eye disease and 

of varying durations were labeled immunohistochemically with antibodies for neurofilament 

protein, laminin and either vimentin or GFAP; proteins expressed in ganglion cells, the inner 

limiting membrane (ILM), and Müller cells, respectively.

Results: Anti-neurofilament labeled neurites, presumed to originate from ganglion cells, were 

found in all 32 idiopathic epiretinal membranes examined. The neurites were only observed in 

regions of anti-vimentin or -GFAP labeled glial cells, both of which were observed embedded 

in anti-laminin labeled material assumed to originate from the ILM.

Conclusions: We show that neurofilamentous processes, presumed to originate from retinal 

ganglion cells, are found universally in idiopathic epiretinal membranes, suggesting that 

the presence of these membranes is sufficient to stimulate neurite growth in the absence of 

trauma or disease. In addition, since neurites were invariably found in association with glial 

cells, the glia may play a permissive role in neurite growth both within the retina and into 

extra-retinal glial membranes.
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IntroductIon

Idiopathic epiretinal membranes (ERMs) are composed of non-vascularised tissue growth 

along the inner limiting membrane (ILM) on the retinal surface. There is no underlying or 

preceding pathology in the ocular history associated with these membranes. However, the 

development of an idiopathic ERM is usually preceded by a posterior vitreous detachment.1 

The prevalence of ERMs in the general population over 70 years of age is around 11.6%.2 

These membranes can be asymptomatic, but may cause metamorphopsia or micro and 

macropsia of varying degrees. If they are symptomatic, surgical removal of the membrane by 

vitrectomy and peeling is an option.

Many different cellular components of the epiretinal membranes have been identified 

in extensive ultrastructural studies. Within these fibrocellular sheets hyalocytes from the 

vitreous, glial cells in the form of both Müller cells and astrocytes,3 4 and fibroblast-like 

cells might all be responsible for the contractile properties associated with ERMs.5 6 Retinal 

pigment epithelial cells have not been found to be part of the cellular population in idiopathic 

ERMs.5 The extracellular matrix components that have been identified in ERMs include 

actin, tenascin, fibronectin, laminin and collagen type I, III and IV in variable quantities.7-9

It has been shown previously in feline retina that neurites from ganglion cells and 

horizontal cells can be found after experimental retinal detachment next to reactive Müller 

cells in both the vitreous and subretinal space.10-12 However, this was considered to be a 

secondary reaction to the severe insult of retinal detachment. Similarly, we have shown that 

ganglion cell neurites could be found in ERMs in human patients with reactive epiretinal 

and subretinal membranes after retinal detachment with proliferative vitreoretinopathy or 

secondary to severe proliferetive diabetic retinopathy.13 Interestingly, these neurites were only 

observed in regions of glial growth suggesting that the neurites are using the glia as a scaffold 

for growth. We show here that in idiopathic ERMs, where there is presumably no injury to 

the retina, ganglion cell neurites also extend outside the neural retina in association with glial 

cells. 

Methods

Membranes were collected at time of vitrectomy surgery from 32 patients with idiopathic 

ERMs. None of the patients had a prior history of ocular disease, inflammation, trauma, 

or laser treatment. No patient had diabetes or other systemic disease with potential ocular 

manifestations.
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After peeling, the membranes were immediately placed in fixative (4% paraformaldehyde 

in 0.1M sodium cacodylate buffer, pH 7.4; Electron Microscopy Sciences, Fort Washington, 

PA) and stored at 4o C until used. The membranes used in this study were from both males 

and females and the length of time between diagnosis and epiretinal membrane removal was 

variable from 1-9 months). The human surgery was conducted at the Academic Medical 

Center, Amsterdam, The Netherlands. All procedures had institutional research ethics 

committee approval and adhered to the tenets of the Declaration of Helsinki.

Immunocytochemistry

The ERMs were processed whole, without embedding or sectioning. Following fixation the 

tissue samples were rinsed in phosphate buffer (PBS) and incubated in normal donkey serum 

(1:20) in PBS, 0.5% BSA, 0.1% Triton X-100, and 0.1% azide (=PBTA) overnight at 4oC on 

a rotator. The following day the primary antibodies were added overnight at 4oC on a rotator 

in PBTA. Anti-neurofilament protein (mouse monoclonal, 1:500, Biomeda, Hayward, 

CA) or a biotinylated neruofilament antibody (Biomeda antibody, biotinylated by Vector 

Labs, Burlingame, CA) was used to label ganglion cell processes. The use of the biotinylated 

neurofilament antibody allowed pairing with other mouse monoclonal antibodies. This 

antibody does not label horizontal cells in the human retina as it does in some species and 

thus it specifically identifies ganglion cells.14 The neurofilament antibody was used in various 

combinations with antibodies to vimentin (mouse monoclonal; 1:400; Dako, Carpinteria, 

CA), laminin (rabbit polyclonal; 1:50; Sigma, St. Louis, MO) and GFAP (rabbit polyclonal, 

1:400; DAKO, Carpinteria, CA). Following rinsing of the primary antibodies in PBTA, 

the secondary antibodies (donkey anti-mouse conjugated to CY3 for neurofilament, donkey 

anti mouse CY2 for vimentin, donkey anti-rabbit CY5 for laminin and GFAP; Jackson 

ImmunoResearch, West Grove, PA) were added together, each at 1:200 in PBTA, overnight 

at 4oC on a rotator. The biotinylated anti-neurofilament was added to the 6 samples that were 

being stained with a different mouse monoclonal antibody, after the primary and secondary 

antibodies to the other proteins were completed. Streptavidin CY3 was used to bind to the 

biotinylated antibody. On the final day, the sections were rinsed in PBTA, mounted on glass 

slides using 5% n-propyl galate in glycerol and viewed on an Olympus FluoView 500 laser 

scanning confocal microscope (New York, NY). Final images were collected as projections of 

5 to 10 images taken at depths of 0.5 micron intervals.
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Results

All 32 of the idiopathic ERMs contained areas labeled with anti-neurofilament or biotinylated 

anti-neurofilament although results from only 5 patients are shown here: Patient 1: Fig. 

1A,B; Patient 2: Fig. 1C,D; Patient 3: Fig. 2A,B; Patient 4: Fig. 2C,D; Patient 5: Fig. 3. 

The neurofilament staining occurred as long, thin, tortuous processes of uniform caliber 

sometimes appearing as single “fibers” but most frequently appearing as clusters of branching 

filaments (Figs. 1-3, red). These processes were consistently observed in association with anti-

GFAP or –vimentin glial staining, never extending away from the glia onto other surfaces 

of the membrane (Fig. 1A-D, blue). Since retinal astrocytes in general do not label with 

vimentin antibodies, and Müller cells label with both vimentin and GFAP antibodies,14 15 it is 

Figure 1. Laser scanning confocal images of idiopathic epiretinal membranes showing neurites growing adjacent to 
glia. A,B patient 14; C,D patient 3. The tissue was labeled with antibodies to glial acidic fibrillary protein (GFAP, 
blue) to show the presence of glial cells and neurofilament protein (red) to identify neurites. The neurofilamentous 
processes appear to grow only adjacent to the glia. Figures B and D show the GFAP stained Müller cells without the 

anti-neurofilament staining. 
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assumed that the glia labeled in the membranes are primarily Müller cells. Like the neurites, 

the glia also appeared as tortuous processes, some thin and some thick, however, overall there 

was always more glia present than neurites. The membranes also contained many areas that 

were not labeled with any of the antibodies used in this study. Presumably these areas contain 

mostly extracellular matrix components7-9 but the neurites were not observed growing on 

these surfaces. Since the ILM often adheres to the ERMs when they are peeled from the retina 

we stained with anti-laminin to see if the ILM could act as a substrate for neurite growth. 

In fact, many of the membranes did contain ILM and neurites were consistently observed 

coursing within the ILM as well as on its surface (Fig. 2A, B, C, D; ILM, green; neurites, 

red). Labeling for glial cells, however, was not performed on these particular samples so it 

was unknown if the neurites were actually extending onto the ILM. When the 3 antibodies 

to glia, ILM and neurites were combined simultaneously, it became clear that the neurites are 

present only in regions containing glial cells and never grew onto ILM without glia (Fig. 3, 

glia: anti-vimentin, blue; ILM: anti-laminin, green; neurites: anti-neurofilament, red). The 

extent of neurite growth into the different samples was variable and the number of neurites 

ranged from one to many, with no obvious correlation to the known duration of the ERM 

or age of the patient.

Figure 2. Laser scanning confocal images of idiopathic epiretinal membranes showing the association of neurites 
with the inner limiting membrane (ILM). A,B patient 23; C,D patient 4. Anti-neurofilament labeled processes (red) 

can be seen embedded in the wrinkled appearing anti-laminin labeled inner limiting membrane (green).
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Discussion

Neurite growth following retinal detachment appears to be a relatively common event. 

Indeed, neurofilament labeled processes extending from ganglion cells have been found 

in the feline retina to occur within just a few days after experimentally induced retinal 

detachments11 in human retinas with detachments of varying durations14 and in human 

sub and epiretinal membranes after severe ocular insult such as retinal detachment with 

proliferative vitreoretinopathy (PVR) and proliferative diabetic vitreoretinopathy (PDR).13 

The growth of these neurites was considered to be induced by the severe retinal trauma 

of retinal detachment or by proliferative (diabetic) retinopathy, where there are many 

inflammatory and potential (neural) growth factors present.16 17 In this study we show that 

idiopathic epiretinal membranes, removed from eyes with no previous ocular insult, also show 

Figure 3. Laser scanning confocal images of an idiopathic epiretinal membrane illustrating the association of neurites 
with glia and the inner limiting membrane. The membrane is triple labeled with anti-laminin (green), anti-vimentin 
(blue) and biotinylated anti-neurofilament (red). Figures A-D are all the same image from patient 5 with different 
combinations of proteins (colors) to more readily see the specific labeling patterns. Figure A shows all the antibodies 
combined, Figure B is the same image without the blue GFAP stain, Figure C is without the green laminin stain, 

and Figure D shows only the neurofilament staining.
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the growth of neurites into epiretinal membranes indicating that trauma is not necessarily 

needed to induce their growth.

The neurites found in these idiopathic ERMs are similar in structure to those found in 

the feline detached retinas and in human PVR and PDR retinas and they behave similarly 

in that they only grow on a glial substrate. This is in contrast to neurite growth elsewhere in 

the central nervous system where glial cells are generally thought to be inhibitory to neurite 

growth.18 This may be due to differences in the specific cell types in different regions of the 

central nervous system and hence the neural growth factors produced by these cell populations. 

Retinal glial cells are comprised of astrocytes in the nerve fiber layer and Müller cells, radial glia 

generally considered modified astrocytes. Even though astrocytes as well as oligodendrocytes 

are thought to inhibit axon growth elsewhere in the CNS,18 the glia in the retina may contain 

factors that are conducive to neurite growth. For example, after injury to the spinal cord, 

axon growth inhibitory ligands, mainly in the form of myelin associated protein, NoGo-A 

and oligodendrocyte-myelin glycoprotein, are produced by oligodendrocytes and reactive 

astrocytes.19 These growth inhibitory molecules appear to alter growth cone morphology 

and growth cone collapse in injured CNS tissue.18 20 Oligodendrocytes and myelin do not 

occur in the retina therefore the absence of this cell type and their axon growth inhibitory 

ligands, may explain the ability of the neurites to sprout in the retina. Once they sprout, the 

Müller cells then appear to create a permissive substrate facilitating the growth of the neurites 

which can grow to great lengths within the retina, eventually extending into extracellular 

membranes on both sub and epiretinal surfaces.

The fact that neurites have been identified growing on the retinal surfaces in a variety 

of conditions raises some important issues. Why do they grow in the first place? The data 

from the detachment experiments suggest that neuronal sprouting occurs secondary to the 

degeneration of photoreceptors. This makes sense in the case of bipolar and horizontal cells 

which are synaptically connected to photoreceptors. Indeed neurite sprouting from these 2 

cell types has been shown to occur directly adjacent to retracted rod synaptic terminals.10 

Ganglion cells, of course, are not connected to photoreceptors, raising the issue of what 

induces them to grow neurites. Moreover, in the case of idiopathic ERMs, there is no 

underlying photoreceptor degeneration. What all the conditions have in common, however, 

appears to be Müller cell reactivity. In the case of retinal detachment and reattachment, Müller 

cells grow into both the subretinal space and the vitreous. Neurites from horizontal cells and 

ganglion cells appear to use these reactive glia as a scaffold along which they grow great 

distances both within the retina and onto glial scars in the subretinal space.10 Ganglion cell 

neurites in the vitreal membranes also occur in association with the processes of glial cells.13 
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While the signal from glia to stimulate neurite growth is unknown, it has been suggested that 

cytokines released from reactive glia may activate the ganglion cells.16 Also following injury 

to the retina and subsequent activation of glial cells, the ganglion cells begin expressing GAP 

43,11 a developmentally regulated molecule expressed at high levels during development that 

induces neurons to sprout. In the adult, however, it virtually disappears after axons have 

matured. It is possible then that some signal from the activated glia stimulates upregulation 

of GAP 43 which in turn signals the ganglion cells to sprout neurites.

A second question regarding the presence of newly formed neurites is whether they 

perform any function and whether their removal has any consequences. Interestingly, 

horizontal cells and ganglion cells appear to grow a different class of neurites – long, uniform, 

sparsely branched processes that are more characteristic of axons than dendrites. If they are 

indeed axons, it may be difficult for the ganglion cells to establish any functional connection. 

The neurites and the Müller cell processes that occur in the ERMs however, were clearly 

torn away from their parent cell at the time of surgery. Since this can be relatively traumatic 

it may be ideal to find some method for either stopping the growth of ERMs as soon as 

they are discovered or even a method for making them regress, thus avoiding any potential 

cellular damage caused by surgical procedures. Indeed, future studies are aimed at elucidating 

the molecule(s) expressed by Müller cells that are involved in neurite guidance as well as 

molecules that may control Müller cell growth. 
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Abstract

Purpose: To identify the protein signatures of neurites present in human epiretinal membranes.

Methods: Epiretinal membranes originating from 43 patients with proliferative 

vitreoretinopathy (PVR), proliferative diabetic retinopathy (PDR), or with no known 

pathology (idiopathic epiretinal membrane; iERM), were removed during vitrectomy surgery 

at varying durations after diagnosis and immediately placed in fixative. The membranes were 

labeled immunohistochemically with different combinations of antibodies to the proteins 

melanopsin, calretinin, and neurofilament (to identify subclasses of ganglion cells), rod opsin 

(to identify rod photoreceptors), synaptophysin and SV2 (to identify synaptic vesicles), and 

vimentin (to identify glial cells).

Results: Anti-melanopsin, -calretinin, -neurofilament, and rod opsin labeled neurites were 

routinely observed in the epiretinal membranes but did not correlate with a specific disease 

condition or duration the membrane was present in the eye before it was removed. The 

neurites were only observed in regions of anti-vimentin stained glial cells. Significant 

synaptophysin and SV2 labeling was seen in all disease conditions and in association with all 

proteins examined except the melanopsin stained neurites.

Conclusions: Based on their protein signatures, we show neurite processes originating from 

rod photoreceptors and different populations of retinal ganglion cells present in human 

epiretinal membranes of various etiologies. This suggests a potential for neural plasticity in 

these cell types that had not previously been shown. In addition, synaptophysin and SV2 

labeling was observed in association with all types of neurites indicating the presence of, at 

least one, component necessary for synaptic transmission.
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Introduction

The adult retina has long been considered a relatively static neuronal system with little 

potential for plasticity. However, it is becoming progressively clear that it can undergo 

dramatic remodeling in various forms of injuries and diseases. The classical response includes 

glial cell proliferation, hypertrophy and migration, as well as neuronal changes including 

neurite pruning and, surprisingly, neurite sprouting. These events have been shown to 

occur in retinal degenerations and dystrophies (Li et al., 1995; Milam et al., 1998; Fariss 

et al., 2000; Strettoi et al., 2000; Jones et al., 2003; Jones and Marc, 2005; Beltran et al., 

2006; Fei, 2008; Vugler et al., 2008), diabetes (Meyer-Rusenberg et al., 2007; Gastinger 

et al., 2008), retinal detachment (Lewis et al., 1998; Sethi et al., 2005; Fisher et al., 2005; 

Lewis et al., 2007; Wickham et al., 2006), macular pucker (Lesnik Oberstein et al., 2008), 

macular degeneration (Sullivan et al., 2007), retinitis pigmentosa (Li et al., 1995, Fariss et al., 

2000) and in normal aging of the retina (Liets et al., 2006; Eliasieh et al., 2007). The newly 

generated neurites appear to originate from essentially every class of retinal neuron including 

rod and cone photoreceptors, bipolar, amacrine and ganglion cells and these neurites often 

grow throughout the retina (see Marc et al., 2003; Fisher et al., 2005 for reviews). 

Interestingly, neurite growth does not always stop at the boundaries of the retina. Indeed 

neurites have been observed both in the subretinal space and along the vitreal surface of 

the retina (Fisher et al., 2005; Sethi et al., 2005; Lewis et al., 2007; Lesnik Oberstein et 

al., 2008). However, the neurites are only found if there is also scar tissue present on these 

extra-retinal surfaces. It appears that the scar tissue or “membranes” act as a substrate for 

the growth of neurites. While the membranes have been shown to contain various cell types 

including glial cells (Müller cells and astrocytes), retinal pigment epithelial cells, fibroblasts 

and immune cells (Hiscott et al., 1985; Hui et al., 1988; Guerin et al., 1990) the neurites 

appear to grow preferentially on Müller cells (Lewis et al., 2007; Lesnik Oberstein et al., 

2008). It is thought that retinal cells are stimulated to divide by a possible inflammatory 

or neuron driven mechanism and these dividing cells ultimately result in the formation 

of scar tissue on the surfaces of the retina (see Fisher et al., 2005 for review). Once the 

membranes form, whether they are subretinal or epiretinal (i.e. on the vitreal surface of the 

retina), neurites are invariably observed in this tissue regardless of the disease condition. 

Indeed neurites have been found in epiretinal membranes removed from patients with the 

retinal conditions proliferative vitreoretinopathy (PVR), proliferative diabetic retinopathy 

(PDR) and retinal detachment (Lewis et al., 2007) in addition to membranes removed from 

eyes with no known retinal injury or disease (e.g. idiopathic membranes; Lesnik Oberstein et 
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al., 2008). The one common occurrence in these various disease conditions is that neurites 

are invariably observed in association with Müller cells present in the membranes, suggesting 

that these cells are somehow permissive to the growth of neural processes.

To date, only anti-neurofilament labeled neurites have been identified in epiretinal 

membranes (Lewis et al., 2006; 2007; Lesnik Oberstein et al., 2008). Since neurofilament 

protein can be expressed by a number of cell types the goal of this study was to determine 

more precisely the neuronal cell types present in epiretinal membranes and correlate their 

presence with disease condition. In addition, we used markers to synaptic vesicle proteins to 

determine if the neurites contained the machinery for synaptic transmission. We show here 

that there are distinct neurite populations in the membranes as evidenced by staining with 

antibodies to the photopigments melanopsin and rod opsin, as well as the calcium binding 

protein calretinin. In addition, many of the neurites grow on a bed of glial cells and contain 

the synaptic vesicle proteins synaptophysin or SV2.

Materials and Methods

Human epiretinal membranes (ERMs) were collected at time of standard 3 port vitrectomy 

surgery from 43 patients with different types of retinal pathologies including proliferative 

vitreoretinopathy (PVR; n=14), proliferative diabetic retinopathy (PDR; n=9), and idiopathic 

epiretinal membrane (iERM; n=17). Three ERMs were also from non-insulin dependent 

diabetics without neovascular proliferation (NIDDM). One of the PDR membranes was 

large enough to be divided into 4 pieces and was used for 4 antibody combinations, and one 

into 2 pieces for 2 antibody combinations. The membranes were removed from the eyes at 

varying durations after diagnosis. The average durations were: 5 weeks for PVR, 12 months 

for PDR, 8 months for iERM, and 6 months for NIDDM. After removal, the membranes 

were immediately placed in fixative (4% paraformaldehyde in 0.1M sodium cacodylate buffer, 

pH 7.4; Electron Microscopy Sciences, Fort Washington, PA) and stored at 4oC until used. 

The surgery was conducted at the Academic Medical Center, Amsterdam, The Netherlands. 

All procedures had institutional research ethics committee approval and adhered to the tenets 

of the Declaration of Helsinki.

The ERMs were processed whole, without embedding or sectioning. Following fixation 

the tissue samples were rinsed in phosphate buffer (PBS) and incubated in normal donkey 

serum (1:20) in PBS, 0.5% BSA, 0.1% Triton X-100, and 0.1% azide (=PBTA) overnight at 

4oC on a rotator. The following day various combinations of primary antibodies, in PBTA, 

were added overnight at 4oC on a rotator. The antibodies, their concentration, and sources are 
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listed in Table 1. Anti-SV2 was chosen in cases where the combination of primary antibodies 

did not allow the use of anti-synaptophysin. Following rinsing of the primary antibodies 

in PBTA, the secondary antibodies conjugated to Cy2, Cy3, or Cy5, were added together 

overnight at 4oC on a rotator (1:200 in PBTA). On the final day, the samples were rinsed in 

PBTA and a Hoechst nuclear stain was added at 1:5000 for 10 min. Without rinsing, the 

samples were then mounted on glass slides using 5% n-propyl galate in glycerol and viewed 

on an Olympus FluoView 500 laser scanning confocal microscope (New York, NY). Final 

images were collected as projections of 5 to 10 images taken at depths of 0.5 micron intervals.

Results

All membranes showed the presence of neurites as identified by various combinations of 

antibodies to neurofilament protein, melanopsin, calretinin and rod opsin (Table 2). In 

addition, many of these proteins were observed double labeled, to varying degrees, with 

antibodies to either synaptic vesicle protein, synaptophysin or SV2. No correlation was 

observed with the specific antibody labeling of neurites and the disease condition or duration 

the membrane was present in the eye before removal.

Anti-neurofilament (NF) staining of this neuronal cytoskeletal protein was observed in 

all ERMs examined and from all disease conditions as reported previously (Table 2; Lewis et 

al., 2007; Lesnik Oberstein et al., 2008). The neurofilaments appeared as long, thin processes 

either as single fibers, as branches coming off clusters of fibers (Fig 1A, C-F), or as bulbous 

structures (Fig. 1A,C). Anti-synaptophysin labelling of vesicles was seen both in association 

with these neurofilament labeled processes, as well as in non-overlapping regions (Fig. 1A-D). 

Antibody Species Conc. Source 

Neurofilament protein mouse 1:500 Biomeda, Hayward CA 

Melanopsin rabbit 1:400 Affinity BioReagents, Golden  CO 

Calretinin rabbit 1:500 Chemicon, Temecula CA 

Rod Opsin (rho 4D2) mouse 1:100 Robert Molday, UBC 

Synaptophysin rabbit 1:100 Dako, Carpinteria CA 

SV2 mouse 1:250 DSHB, Iowa City  IA 

Vimentin chicken 1:2000 Chemicon, Temecula CA 

Map 2 mouse 1:100 Sigma, St. Louis MO 

Hoechst  1:5000 Invitrogen, Carlsbad CA  

Secondaries: Donkey anti-CY-2, -3, -5  1:200 Jackson ImmunoReserach, 

West Grove, PA 

Table 1. Antibodies used for the study
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Many, but not all of the NF-labeled process also labeled with anti-MAP2 indicating that at 

least some of the neurites may be dendrites rather than axons (Fig. 1E-G). Anti-NF labelling 

was only observed in regions that contained anti-vimentin labeled glia cells (Fig. 1E; see also 

Lewis et al., 2007).

Anti-calretinin labelling of this calcium binding protein typically observed in ganglion 

cells, amacrine cells, and horizontal cells in the retina (Goebel and Pourcho, 1997; Nag and 

Wadhwa, 1999; Linberg et al., 2006), was not as common as anti-neurofilament labelling 

nor did it co-localize with neurofilament (data not shown). It was only observed in 3 out 

Study ERM type NF calretinin melanopsin rod Synap or SV2 vim mapII 
Synaptoph+NF PVR5 +    +   
 PVR16 +    +   
 PDR1 +    +   
 PDR6 +    +   
 iERM2 +    +   
 iERM4 +    +   
Calretinin+NF iERM16 + -      
 iERM15 + -      
 PVR17a + -      
 PVR12b + -      
 PVR9 + -      
 PVR11 + -      
Rod opsin+synaptoph+vim iERM1    - + +  
 iERM8    - + +  
 PVR1    + + +  
 PDR1    + + +  
 PDR2    - + +  
 Niddm1    - + +  
Calretinin+SV2+vim iERM2  -   - +  
 iERM5  +   + +  
 PVR2  -   - +  
 PDR1  +   + +  
 Niddm2  +   + +  
Melanopsin+NF+vim iERM3 +/-  +   +  
 iERM6 +/-  +   +  
 PVR3 +/-  +   +  
 Niddm3 +/-  -   +  
 PDR1 +/-  +   +  
Melanopsin+SV2+vim iERM7   +  + +  
 PVR4   -  - +  
 PDR1   +  - +  
NF+synaptoph PDR2a +    +   
 PDR5a +    +   
 PDR7a +    +   
 PVR2a +    +   
 PVR4a +    +   
 iERM8a +    +   
 iERM9a +    +   
 iERM17 +    +   
MAPII+NF+vim PVR12 +     + + 
 PVR21 +     + + 
 PDR2 +     + + 
 PDR7c +     + + 
 iERM11 +     + + 
 iERM13 +     + + 
Rod opsin+vim iERM5    +  +  

Table 2. Antibody combinations, different membrane types and the results of the labeling.
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of 11 ERMs including one iERM, one NIDDM and one PDR membrane (Table 2; Fig. 

2, green). The calretinin labeled processes were always observed on a bed of anti-vimentin 

labeled glia (Fig. 2, blue), similar to the anti-NF labeled neurites. Anti-SV2 labeled vesicles 

(Fig. 2, red) often co-localised with the anti-calretinin labeled processes. In some cases, the 

vesicle labelling was only observed in specific regions of the calretinin labeled processes (Fig. 

2A,B) in other cases, the vesicle labelling was observed throughout the processes (Fig. 2C-F).

Figure 1. Confocal micrographs of epiretinal membranes labeled with anti-neurofilament protein (red; A-F), anti-
synaptophysin (blue; A-D), anti-vimentin (green; E) and anti-MapII (blue; E-G). In some cases, anti-synaptophysin 
labeling appears to overlap with the neurofilament labeled processes (A-C). The labeling that does not overlap with 
neurofilament presumably would be present in a different population of neurites. MapII labeling overlaps with some 
neurofilament labeled processes (F,G). Neurofilament labeling is invariably associated with anti-vimentin labeled 

glial cells. A,B,C,E,F&G are from iERMs; D is from PDR. Mag bars: A,B,C, E,F,G, 50µm; D, 20µm.

A B

C D

A,B,C,D: NF (red), synaptophysin (blue); B=A without NF
E,F,G: NF (red), MapII (blue), Vimentin (green)

A,B: iERM #17
C: ierm #17,
D: PDR #5
E,F,G: iERM #11

E F G
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Anti-melanopsin labelling of the photopigment normally present in the intrinsically 

photosensitive ganglion cells, was observed in processes in 6 out of 8 ERMs including iERM, 

PDR and PVR membranes (Table 2; Fig. 3, green). Generally, these processes appeared 

distinct from the anti-NF labelled processes indicating little to no neurofilament protein in 

melanopsin containing neurites (Fig. 3A). In a few cases, however, there was some apparent 

faint overlap of NF and melanopsin labelling (Fig. 3B-D). While anti-SV2 labelling for 

synaptic vesicles was often observed in the vicinity of melanopsin labelled processes, it did not 

appear to be within these neurites (Fig. 3E,F). Invariably, anti-melanopsin positive processes 

overlapped closely with anti-vimentin labeled glial cells (Fig. 3E,F).

Anti-rod opsin labeled neurites were observed in 3 out of 7 ERMs including iERM, 

PVR and PDR membranes (Table 2; Fig. 4). These rod neurites were distinct from those 

neurites labeled with NF (Fig. 4A,B). Typically, however, the rod-opsin positive neurites 

co-localised with anti-synaptophysin labeled vesicles and were always associated with anti-

vimentin labeled glia (Fig. 4C-E).

Calretinin (green), SV2 (red),
Vimentin (blue)

A

A,B: ERM myop 1 #4209
C,D: NIDDM ERM 2
E,F: ERM 1 #9470

B

C D

E F
Figure 2. Confocal micrographs of epiretinal membranes labeled with anti-calretinin (green), anti-SV2 (red), and 
anti-vimentin (blue). Anti-calretinin labeled processes can appear tortuous (A,B) or beaded (C-F) but invariably 
contain at least some anti-SV2 labeling. A&B and from PDR; C&D are from NIDDM; E&F are from iERMs. Mag 

bars: A-D, 20µm; E,F, 10µm.
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Anti-MAP II labeled neurites were observed in all 6 ERMs including PDR, PVR and 

iERMs. Anti-vimentin labelling of glia was observed in all membranes where the antibody 

was used. As retinal astrocytes in general do not label with vimentin antibodies, and Müller 

cells label with both vimentin and GFAP antibodies, (Lewis et al., 1995; Sethi et al., 2005) it 

Figure 3. Confocal micrographs of epiretinal membranes labeled with anti-melanopsin (green; A-F), anti-
neurofilament (red; A-D), anti-SV2 (red; E,F) and anti-vimentin (blue; B,E). Melanopsin positive processes appear 
in close proximity to brightly labeled neurofilament positive processes (A-D) although faint neurofilament labeling 
can be observed in some melanopsin labeled neurites (D). Anti-melanopsin labeling often appears to overlap with 

anti-vimentin labeling (B,C,E,F). A is from PVR; B-F are from iERM. Mag bars: 50µm.

A

B C D

E F

A: Melanopsin (green), NF (red) (#PVR 3)
B,C,D: Melanopsin (green), NF  (red), Vimentin (blue) (# iERM 3)
E,F: Melanopsin (green), SV2 (red), Vimentin (blue) (# iERM 7)
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is assumed that the glia labelled in the membranes are primarily Müller cells.

Discussion

Epiretinal membranes can form in eyes with no known pathology, as in idiopathic ERMs, 

as well as in eyes with severe retinal disruption following retinal detachment and diabetes, 

as in PVR and PDR ERMs. However, regardless of the disease condition and the duration 

the membrane is present in the eye before removal, neurites are invariably observed in these 

membranes. Indeed, the membranes were present in the eye at times ranging from 5 weeks, 

in the aggressively growing PVR membranes, to 8-12 months for the more slowly growing 

iERM and PDR membranes, and there was no apparent difference in the type of neurite or 

the extent of neurite growth. While there also does not appear to be a correlation with the 

specific protein signature of the neurite and the etiology of the disease, all the ERMs with 

neurites show the presence of Müller cells on which the neurites prefer to grow. In previous 

A B

C D E

A,B: Rod opsin (green), NF (red) NOT colocalized
C,D,E: Rod opsin (green), Synaptophysin (red) Colocalized
E = same image as D without green

All images from:  iERM 5

Figure 4. Confocal micrographs of epiretinal membranes labeled with anti-rod opsin (green; A-D), anti-
neurofilament (red; A,B), anti-synaptophysin (red; C-D) and anti-vmentin (blue; A-E). Anti-rod opsin labeling 
does not overlap with neurofilament protein (A,B) but does overlap with anti-synaptophsyin labeling (C-E). Some 
synaptophysin labeling can be observed away from the rod opsin labeling indicating the presence of other neuronal 

cell types not labeled for here. All images are from iERMs. Mag bars: A,B, 50µm; C, 20µm; D,E, 10µm.
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studies we demonstrated the presence of neruofilament positive ganglion cell neurites in 

different types of ERMs (Lewis et al., 2007; Lesnik Oberstein et al., 2008). In this study we 

show that in addition to neurofilament protein, melanopsin, calretinin and rod opsin labeled 

neurites are also present and many of these neurites contain synaptic vesicles.

Neurofilament protein is a cytoskeletal protein that is predominately expressed in the 

dendrites and axons of ganglion cells in the human retina. The cell bodies of ganglion cells 

show labelling only after retinal injury with this particular antibody that recognizes the high 

and low molecular weight isoforms (Sethi et al., 2005). Indeed this protein is upregulated 

rapidly in a subset of ganglion cells, within a few days following retinal detachment in the 

feline retina (Coblentz et. al., 2003; Lewis and Fisher, 2003). Within a week of retinal 

detachment in animal models, fine processes can be seen extending from the cell body and 

later growing out of the retina into epiretinal membranes. This appears to be a relatively 

common phenomenon in the human retina as well since neurofilament labeled neurites were 

observed in 100% of the membranes examined both in this study and a previous study (Lewis 

et al., 2007). While it is not clear if these are axons or dendrites, the fact that we observe co-

labelling with MapII in the ERMs suggests that they may be of dendritic origin (Bernhardt 

and Matus, 1984).

Calretinin is a calcium binding protein found in the cytosol of amacrine and ganglion 

cells in the ganglion cell layer, and amacrine and horizontal cells in the inner nuclear layer in 

the human retina (Goebel and Pourcho, 1997; Nag and Wadhwa, 1999; Linberg et al., 2006). 

Importantly, the neurofilament protein antibody used in our study does not label horizontal 

or amacrine cells in the human retina (Sethi et al., 2005). In addition, calretinin did not label 

the same processes as the neurofilament antibody in the epiretinal membranes as also shown 

in the feline retina (see figure 3B in Linberg et al., 2007) and calretinin labeled processes were 

observed less frequently than neurofilament labeled processes. Taken together, this indicates 

that the origin of the anti-calretinin labeled processes is most likely from different sub-classs 

of ganglion cell. Interestingly, the calretinin labeled neurites were consistently co-labeled with 

the synaptic vesicle protein, SV2. The vesicles, however, were often distributed throughout 

the processes rather than localized to one end suggesting transport of the protein but no 

specific pre-synaptic site with an accumulation of vesicles.

Melanopsin is a photopigment expressed by the intrinsically photosensitive retinal 

ganglion cell (ipRGC) as first described by Provencio et al. (1998, 2000). The ipRGCs form 

part of the retino-hypothalamic tract (Gooley et al., 2001) and are involved in regulation 

of the circadian rhythm (Berson et al., 2002; Hannibal et al., 2002) and photoentrainment 

(Rollag et al., 2003). The ipRGC expresses melanopsin in both dendrites and axons (Hattar 
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et al., 2002). In our study the frequency of ipRGC neurites in the ERMs was relatively 

high despite the fact that these ganglion cells form a small minority of all the ganglion cell 

population (Berson et al., 2002; Hattar et al., 2002). These neurites are clearly distinct from 

the neurofilament and calretinin labeled neurites. Although some of the melanopsin labeled 

neurites did show faint co-localisation with neurofilament, these processes were obviously 

different from those labeled brightly with the neurofilament antibody. It is possible that these 

double labeled neurites may be another subset of ipRGCs since two different subpopulations 

of ipRGCs have recently been identified in mice (Baver et al., 2008; Schmidt and Kofuji, 

2009). Our study also confirms that of Vugler et al. (2008), using the Royal College of 

Surgeon rat with retinal dystrophy, demonstrating that melanopsin labeled neurites can 

remodel but these processes did not label with neurofilament or calretinin antibodies. Finally, 

while the ipRGCs have been shown to have synaptic vesicles at the junctions with amacrine 

and bipolar cells in the mouse retina (Belenky et al., 2003), they do not appear to label with 

anti-SV2 in the ERMs.

Rod neurite sprouting was first described in vivo in the disease retinitis pigmentosa (Li 

et al., 1995), where in human donor retinas they found long rod opsin positive neurites that 

extended to the ganglion cell layer (Li et al., 1995). Since then rod neurite sprouting has 

been described within the retinal layers in many different models of retinal dystrophy in both 

animals models and humans (Fariss et al., 2000; Lewis et al., 2003; Marc et al., 2003; Jones 

et al., 2003; Jones and Marc, 2005; Fisher et al., 2005; Beltran et al., 2006; Wickham et al., 

2006), but the growth of the neurites has not previously been shown to continue outside the 

retina into an ERM. The fact that rod neurites grow the entire thickness of the retina and into 

idiopathic membranes suggests that there need not be significant changes to photoreceptors, 

as in the retinal dystrophies and degenerations or retinal detachment to stimulate their 

growth. Moreover, since vision can return to normal after epiretinal membrane removal 

surgery it would appear that the rewiring has a minimal effect on vision. Rod opsin labelling 

was not observed co-localized with neurofilament as would be expected since these proteins 

do not overlap in the retina. However, we did observe synaptophysin to be co-localised to the 

rod neurites. The presence of synaptophysin in elongated rod neurites within the retina was 

also seen in a feline model of retinal detachment (Lewis et al., 2003), in the canine model of 

X linked retinitis pigmentosa (Beltran et al., 2006) and in human retinitis pigmentosa (Li et 

al., 1995; Milam et al., 1996; Fariss et al., 2000) indicating that this is not an uncommon 

phenomenon.

The fact that neurite growth was observed in all the membranes examined indicates that 

it may not require significant disruption of the retina to induce their growth. Certainly, many 
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types of ERMs can cause wrinkling and detachment of the retina, however, idiopathic ERMs 

cause relatively little retinal disruption and are removed from the eye only when they impede 

or distort the light entering the retina, causing visual symptoms. The presence of neurites is 

quite frequent in the idiopathic membranes, indicating that significant disturbance of the 

retina is not necessary to induce neurite growth. While it is not known what initiates neurite 

growth, it appears that molecules in the membranes, and in particular associated with Müller 

cells, may be acting as an attractant for their growth. Indeed, neurites in various pathologies 

have been shown to grow preferentially on a substrate of Müller cell glia (Li et al., 1995; 

Lewis et al., 1998; 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). Moreover, 

it is widely accepted that epiretinal membranes have Müller cells as one of the main cellular 

components (Jerdan et al., 1989; Morino et al., 1990; Vinores et al., 1991; Heidenkummer 

and Kampik, 1992; Heidenkummer et al., 1992). In this study, neurite-labeled processes were 

invariably observed adjacent vimentin positive Müller cells. Although the specific protein(s) 

that instigate neural growth and create the permissive environment is unknown, it has been 

shown that human idiopathic and diabetic epiretinal membranes express neural growth 

factors and receptors, such as nerve growth factor, basic fibroblast growth factor and glial cell 

line-derived growth factor and the receptors p75 neurotrophin receptor and tyrosine kinase 

receptors trkA, trkB and trkC (Harada et al., 2002; Mitamura et al., 2005; Harada et al., 

2006; Minchiotti et al., 2008), which might be possible factors involved in neurite growth. 

Conclusion

It is clear from this and other studies that adult retinal neurons retain the ability to remodel 

given the appropriate cues. Here we demonstrate the potential for growth and presence of 

rod photoreceptor neurites as well as three sub-types of retinal ganglion cell in epiretinal 

membranes. In addition, this growth appears unrelated to the particular disease condition 

since neurites were observed in all conditions examined. This illustrates that whether 

the disease is severely disruptive to the retina, such as retinal detachment with epiretinal 

proliferation and diabetic retinopathy with tractional fibrovascular membranes, or minimally 

disruptive such as idiopathic epiretinal membranes, neural outgrowth can occur. Future 

studies are aimed at identifying common factors that may be involved in initiating and 

guiding this neurite growth.



114

references

Belenky, M., Smeraski, C.A., Provencio, I., Sollars, P.J., Pickard, G.E., 2003. Melanopsin 

retinal ganglion cells receive bipolar and amacrine cell synapses. J. Comp. Neurol. 460, 380-

393.

Beltran, W., Hammond, P., Acland, G.M., Aguirre G.D., 2006. A frameshift mutation in 

RPGR exon ORF15 causes photoreceptor degeneration and inner retina remodeling in a 

model of X-linked retinitis pigmentosa. Invest. Ophthalmol. Vis. Sci. 47, 1669-1681.

Bernhardt, R., Matus, A. 1984. Light and electron microscopic studies of the distribution 

of microtubule-associated protein 2 in rat brain: a difference between dendritic and axonal 

cytoskeletons. J. Comp. Neurol. 226, 203-21.

Berson, D.M., Dunn, F.A., Takao, M., 2002. Phototransduction by retinal ganglion cells that 

set the circadian clock. Science 295, 1070-3.

Bringmann, A., Pannicke, T., Grosche, J., Francke, M., Wiedemann, P., Skatchkov, S.N., 

Osborne, N.N., Reichenbach, A., 2006. Müller cells in the healthy and diseased retina., Prog. 

Retin. Eye Res. 25, 397-424.

Coblentz, F.E., Radeke, M.J., Lewis, G.P., Fisher, S.K., 2003. Evidence that ganglion cells 

react to retinal detachment. Exp. Eye Res. 76, 333-42.

Eisenfeld, A., Bunt-Milam, A.H., Sarthy, P.V., 1984. Müller cell expression of GFAP after 

genetic and experimental degeneration of the rat retina. Invest. Ophthalmol. Vis. Sci. 25, 

1321-1328.

Eliasieh, K., Liets, L.C., Chalupa, L.M., 2007. Cellular reorganisation in the human retina 

during normal aging. Invest. Ophthalmol. Vis. Sci. 48, 2824-2830.

Fariss, R., Li, Z.Y., Milam, A.H., 2000. Abnormalities in rod photoreceptors, amacrine cells, 

and horizontal cells in human retinas with retinitis pigmentosa. Am. J. Ophthalmol. 129, 

215-23.

Fei, Y., 2008. Cone neurite sprouting: An early onset abnormality of the cone photoreceptors 

in the retinal degeneration mouse. Mol. Vis. 8, 306-14.

Fisher, S.K., Lewis, G.P., 2003. Müller cell and neuronal remodelling in retinal detachment 

and reattachment and their potential consequences for visual recovery: a review and 

reconsideration of recent data. Vision Res. 43, 887-897.



115

Fisher, S.K., Lewis, G.P., Linberg, K.A., Verardo, M.R., 2005. Cellular remodelling in 

mammalian retina: results from studies of experimental retinal detachment. Prog. Retin. Eye 

Res. 24, 395-431.

Gastinger, M., Kunselman, A.R., Conboy, E.E., Bronson, S.K., Barber, A.J., 2008. Dendrite 

remodelling and other abnormalities in the retinal ganglion cells of Ins2Akita diabetic mice. 

Invest. Ophthalmol. Vis. Sci. 49, 2635-2642.

Goebel, D., Pourcho, R., 1997. Calretinin in the cat retina: Colocalisations with other 

calcium binding proteins, GABA and glycine. Vis. Neurosc. 14, 311-322.

Gooley, J., Lu, J., Chou, T.C., Scammell, T.E., Saper, C.B., 2001. Melanopsin in cells of 

origin of the retinohypothalamic tract. Nat. Neurosci. 4, 1165.

Guerin, C.J., Wolfshagen, R.W., Eifrig, D.E., Anderson, D.H., 1990. Immunocytochemical 

identification of Müller’s cell glia as a component of human epiretinal membranes. Invest. 

Ophthalmol. Vis. Sci. 31, 1483-1491.

Hannibal, J., Hindersson, P., Knudsen, S.M., Georg, B., Fahrenkrug, J., 2002. The 

photopigment melanopsin is exclusively present in pituitary adenylate cyclise-activating 

polypeptide containing retinal ganglion cells of the retinohypothalamic tract. J. Neurosc. 22, 

RC191 (1-7).

Harada, T., Harada, C., Mitamura, Y., Akazawa, C., Ohtsuka, K., Ohno, S., Takeuchi, S., 

Wada, K., 2002. Neurotrophic factor receptors in epiretinal membranes after human diabetic 

retinopathy. Diabetes Care 25, 1060-5.

Harada, C., Mitamura, Y., Harada, T., 2006. The role of cytokines and trophic factors in 

epiretinal membranes: involvement of signal transduction in glial cells. Prog. Retin. Eye Res. 

25, 149-64.

Hattar, S., Liao, H.W., Takao, M., Berson, D.M., Yau, K.W., 2002. Melanopsin-Containing 

Retinal Ganglion Cells: Architecture, Projections, and Intrinsic Photosensitivity. Science 

295, 1065-70.

Heidenkummer, H.P., Kampik, A., Petrovski, B., 1992. Proliferative activity in epiretinal 

membranes. The use of the monoclonal antibody Ki-67 in proliferative vitreoretinal diseases. 

Retina 12, 52-8.

Heidenkummer, H.P., Kampik, A., 1992. Proliferative activity and immunohistochemical 

cell differentiation in human epiretinal membranes. German J. Ophthalmol. 1, 170-5.



116

Hiscott, P.S., Grierson, I., McLeod, D., 1985. Natural history of fibrocellular epiretinal 

membranes: a quantative, audioradiographic and immunohistochemical study. Br. J. 

Ophthalmol. 69, 810-823.

Hui, Y.N., Goodnight, R., Zhang, X.J., Sorgente, N., Ryan, S.J., 1988. Glial epiretinal 

membranes and contraction. Immunohistochemical and morphological studies. Arch. 

Ophthalmol. 106, 1280-1285.

Jeon, M., Jeon, C., 1998. Immunocytochemical localisation of calretinin containing neurons 

in retina from rabbit, cat and dog. Neurosc. Res. 32, 75-85

Jerdan, J.A., Pepose, J.S., Michels, R.G., Hayashi, H., de Bustros, S., Sebag, M., Glaser, 

B.M., 1989. Proliferative vitreoretinopathy membranes. An immunohistochemical study. 

Ophthalmology. 96, 801-10.

Jones, B., Watt, C.B., Frederick, J.M., Baehr, W., Chen, C.K., Levine, E.M., Milam, 

A.H., Lavail, M.M., Marc, R.E., 2003. Retinal remodelling triggered by photoreceptor 

degenerations. J. Comp. Neurol. 464, 1-16.

Jones, B., Marc, R., 2005. Retinal remodelling during retinal degeneration. Exp. Eye Res. 

81, 123-137.

Lesnik Oberstein, S.Y., Lewis, G.P., Chapin, E.A., Fisher, S.K., 2008. Ganglion cell neurites 

in human idiopathic epiretinal membranes, Br. J. Ophthalmol 92, 981-985.

Lewis, G.P., Matsumoto, B., Fisher, S.K., 1995. Changes in the organization and expression 

of cytoskeletal proteins during retinal degeneration induced by retinal detachment. Invest. 

Ophthalmol. Vis. Sci. 36, 2404-16.

Lewis, G.P., Linberg, K.A., Fisher, S.K., 1998. Neurite outgrowth from bipolar and horizontal 

cells after experimental retinal detachment. Invest. Ophthalmol. Vis. Sci. 39, 424-434.

Lewis, G.P., Betts, K.E., Sethi, C.S., Charteris, D.G., Lesnik-Oberstein, S.Y., Avery, R.L., 

Fisher, S.K., 2007. Identification of ganglion cell neurites in human subretinal and epiretinal 

membranes. Br. J. Ophthalmol. 91, 1234-1238.

Li, Z.Y., Kljavin, I.J., Milam, A.H., 1995. Rod photoreceptor neurite sprouting in retinintis 

pigmentosa. J. Neurosc. 15, 5429-5438.

Liets, L.C., Eliasieh, K., van der List, D.A., Chalupa, L.M., 2006. Dendrites of Rod bipolar 

cells sprout in normal aging retina. Proc. Natl. Acad. Sci. U.S.A. 103, 12156-12160.



117

Linberg, K., Lewis, G.P., Matsumoto, B., Fisher, S.K., 2006. Immunocytochemical evidence 

that rod connected horizontal cell axon terminals remodel in response to experimental retinal 

detachment in the cat. Mol. Vis. 12, 1674-86.

Marc, R.E., Murry, R.F., Fisher, S.K., Linberg, K.A., Lewis, G.P., Kalloniatis, M., 1998. 

Amino acid signatures in the detached cat retina. Invest. Ophthalmol. Vis. Sci. 39, 1694-

1702.

Marc, R.E., Jones, B.W., Watt, C.B., Strettoi, E., 2003. Neural remodelling in retinal 

degeneration. Prog. Retin. Eye Res. 22, 607-655.

Meyer-Rüsenberg, B., Pavlidis, M., Stupp, T., Thanos, S., 2007. Pathological changes in 

human retinal ganglion cells associated with diabetic and hypertensive retinopathy. Graefes 

Arch. Clin. Exp. Ophthalmol. 245, 1009-1018.

Milam, A.H., Li, Z.Y., Fariss, R.N., 1998. Histopathology of the human retina in retinitis 

pigmentosa. Prog. Retin. Eye Res. 17, 175-205.

Minchiotti, S., Stampachiacchiere, B., Micera, A., Lambiase, A., Ripandelli, G., Billi, B., 

Bonini, S., 2008. Human idiopathic epiretinal membranes express NGF and NGF receptors. 

Retina 28, 628-37.

Mitamura, Y., Harada, C., Harada, T., 2005. Role of cytokines and trophic factors in the 

pathogenesis of diabetic retinopathy. Curr. Diabetes Rev. 1, 73-81. 

Mizutani, M., Gerhardinger, C., Lorenzi, M., 1998. Müller cell changes in human diabetic 

retinopathy. Diabetes 47, 445–449.

Morino, I., Hiscott, P., McKechnie, N., Grierson, I., 1990. Variation in epiretinal membrane 

components with clinical duration of proliferative tissue. Br. J. Ophthalmol. 74, 393-99.

Nag, T.C., Wadhwa, S., 1999. Developmental expression of calretinin immunoreactivity 

in the human retina and a comparison with two other EF hand calcium binding proteins. 

Neuroscience 91, 41-50.

Peng, Y.W., Senda, T., Hao, Y., Matsuno, K., Wong, F., 2003. Ectopic synaptogenesis during 

retinal degeneration in the royal college of surgeons rat. Neuroscience 119, 813-820.

Provencio, I., Jiang, G., De Grip, W.J., Hayes, W.P., Rollag, M.D., 1998. Melanopsin: An 

opsin in melanophores, brain and eye. Proc. Natl. Acad. Sci. U.S.A. 95, 340-245.

Provencio, I., Rodriguez, I.R., Jiang, G., Hayes, W.P., Moreira, E.F., Rollag, M.D., 2000. A 

Novel Human Opsin in the Inner Retina. J. Neurosc. 20, 600-605.



118

Rollag, M., Berson, D.M., Provencio, I., 2003. Melanopsin, ganglion cell photoreceptors, 

and mammalian photoentrainment. J. Biol. Rhythms 18, 227-34.

Rogers, J., Khan, M., Ellis, J., 1990. Calretinin and other CaBPs in the nervous system. Adv. 

Exp. Med. Biol. 269, 195-203.

Sandvig, A., Berry, M., Barrett, L.B., Butt, A., Logan, A., 2004. Myelin-, reactive glia-, and 

scar-derived CNS axon growth inhibitors: expression, receptor signaling, and correlation 

with axon regeneration. Glia 46, 225-51.

Schmidt, T.M., Kofuji, P., 2009. Functional and morphological differences among intrinsically 

photosensitive retinal ganglion cells. J. Neurosc. 29, 476-482

Sethi, C.S., Lewis, G.P., Fisher, S.K., Leitner, W.P., Mann, D.L., Luthert, P.J., Charteris, 

D.G., 2005. Glial remodelling and neural plasticity in human retinal detachment with PVR. 

Invest. Ophthalmol. Vis. Sci. 46, 329-342

Strettoi, E., Pignatelli, V., 2000. Modifications of retinal neurons in a mouse model of 

retinitis pigmentosa. Proc. Natl. Acad. Sci. U.S.A. 97:11020-11025.

Sullivan, R., Woldemussie, E., Pow, D.V., 2007. Dendritic and synaptic plasticity of neurons 

in the human age related macular degeneration retina. Invest. Ophthalmol. Vis. Sci. 48, 

2782-2791.

Vinores, S.A., Campochiaro, P.A., Conway, B.P., 1990. Ultrastructural and electron-

immunocytochemical characterization of cells in epiretinal membranes. Invest. Ophthalmol. 

Vis. Sci. 31, 14-28.

Vugler, A.A., Semo, M., Joseph, A., Jeffery, G., 2008. Survival and remodelling of melanopsin 

cells during retinal dystrophy. Vis. Neurosc. 25, 125-138.

Wickham, L., Sethi, C.S., Lewis, G.P., Fisher, S.K., McLeod, D.C., Charteris, D.G., 2006. 

Glial and neural response in short term human retinal detachment. Arch. Ophthalmol. 124, 

1779-1781.



119





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



125

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 



130

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).



146

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
Acute phase protein
In�ammatory factors
Amyloid β precursor protein
Plasminogen
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In this this thesis we have looked at different aspects of epiretinal membranes (ERM). ERMs 

are abnormal sheets of cells and extracellular matrix that can develop on the vitreal surface of 

the retina. The initial cause for these membranes may be unknown, as in idiopathic epiretinal 

membranes (iERM) or may be secondary to retinal pathology, such as retinal detachment or 

diabetes. ERMs can cause a spectrum of problems, varying from minimal metamorphopsia 

to visual disturbance or blindness due to severe traction on the retina and tractional retinal 

detachment. In Chapter 1 there is a brief introduction to ERMs and the aims of this thesis.

Removal of symptomatic ERMs or of the ILM in macular hole surgery is a challenging 

in retinal surgery, even for experienced surgeons. Using a dye to stain the ERM or ILM 

facilitates peeling of tissues by improving visualisation and contrast between the tissues. In 

principle the use of dyes should mean safer surgery. However, certain dyes have been found 

to be potentially toxic to the retina and retinal pigment epithelium. Trypan blue is considered 

a relatively safe dye, but requires a fluid-air exchange for adequate staining.

In Chapter 2 we describe a technique of modifying trypan blue for vitreoretinal surgery 

so as to be able to omit the AFX. AFX in itself increases risk for surgical complications 

including retinal tears. To eliminate the AFX, we proposed a heavy form of TB, which can be 

applied into a fluid filled eye without dispersing, by mixing trypan blue with 10% glucose.

We performed two clinical studies for ERMs and macular holes and found that heavy 

trypan blue (HTB) can be delivered efficiently to the retinal surface without the need for 

an AFX. Staining was sufficient to allow a safe and efficient peeling of ERMs and the ILM. 

By eliminating the need for a fluid air exchange repeat applications were easily performed. 

This leads to a more complete removal of the membrane without having a negative effect on 

vision.

In the study of the ERMs in Chapter 2 the use of HTB was associated with vision 

improvement and decrease in foveal thickness, and the absence of adverse events in our 

series. All patients in our study had an improvement of retinal thickness on ocular coherence 

tomography and no patients had a decrease in vision.

In Chapter 3 HTB was used in macular hole surgery for improved visualisation of the 

ILM, to facilitate peeling. In this study we had a similar result to the study in Chapter 2, 

finding that heavy trypan blue can be delivered efficiently to the retinal surface without 

the need for an AFX. Staining was sufficient to help visualise and peel the ILM. Repeat 

applications were easily performed when necessary. The macular hole closure rate was similar 

to that of other series, with a comparable visual improvement.

Due to the facilitated removal of ERMs, it became easier to collect ERMs for further 
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examination and research. We examined ERMs for proliferation of different cell types and 

for neurite proliferation.

In Chapter 4 we look at cell proliferation in different types of ERMs using Ki-67, 

an antibody that stains all proliferating cells. To identify which cells were proliferating 

antibodies were used against glial cells, RPE and immune cells, the most common cell types 

in ERMs. Using these antibodies, we show that there is active cell division in all 4 types of 

ERMs studied here, regardless of estimated duration. The data do, however, indicate that the 

amount of cell division varies. We observed that the more rapidly growing membranes, as in 

PVR, had a higher total number of cells and a significantly higher number of proliferating 

cells. This indicates that proliferation is most likely a major contributor in the expansion of 

these membranes. The older membranes had a much lower level of Ki-67 labelling indicating 

that these may be less “reactive”. This may suggest that in later stages of ERM formation, 

contraction of these cells, rather than proliferation, may be the cause of the wrinkling and 

subsequent re-detachment of the retina.

Using a Hoechst stain we show that the membranes contain thousands of nuclei, 

indicating they are much more cellular than previously thought. There appears to be a 

significant cellular inflammatory component in all epiretinal membranes, as shown by the 

ricin labelling, which may play a role in the development and continued expansion of the 

membrane. 

As has been postulated previously, there seems to be a parallel between wound healing 

and epiretinal membrane formation, where there is an early proliferative phase with a higher 

cell division rate in more reactive membranes and a slower cell division rate in the older, less 

reactive membranes, after which there might be a later contractile phase with the deposition 

and contraction of extracellular matrix.

After having looked at the proliferation rates of cells in ERMs, we investigated the 

plasticity of retinal neurons and the growth of neurites from these cells into different types 

of ERMs. Neurites have been found in sub-and epiretinal membranes in the feline model of 

RD. In the study described in Chapter 5, we have found that human peri-retinal membranes 

removed at the time of vitreoretinal surgery also contain neurites and these processes, as in 

the feline model, appear to prefer a glial substrate over other available surfaces on which 

they might grow. These neurites could be identified in both PVR and diabetic fibrovascular 

epiretinal samples. While both horizontal and ganglion cell neurites are routinely observed 

in the sub- and epiretinal membranes from the feline retina, those in the human membranes 

almost certainly originate only from ganglion cells since the neurofilament antibody is 

specific to this cell type in human retina. Neurite growth into epiretinal membranes appears 
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to be common since all of the samples contained neurofilament labeled processes. It is less 

common, however, in the subretinal membrane. The growth of neurites through glial scars in 

the retina seems to be in contrast to other regions in the CNS where gliosis usually impedes 

the growth of neurites. Our data seems to indicate that retinal glial cells form a permissive 

substrate for neurite growth, as neurites are always associated with Müller cell processes. They 

also grow out of the neural retina only at sites where Müller cells grow beyond the outer 

limiting membrane to form a glial scar.

The growth of these neurites was considered to be induced by the severe retinal trauma 

of retinal detachment or by proliferative (diabetic) retinopathy, where there are many 

inflammatory and potential (neural) growth factors present. In the study in Chapter 6 we 

show that idiopathic epiretinal membranes, removed from eyes with no previous ocular 

insult, also show the growth of neurites into ERMs indicating that trauma is not necessarily 

needed to induce their growth.

The neurites found in these idiopathic ERMs are similar in structure to those found in 

the feline detached retinas and in human PVR and PDR retinas and they behave similarly 

in that they only grow on a glial substrate. This is in contrast to neurite growth elsewhere 

in the central nervous system where glial cells are inhibitory to neurite growth. This may 

be due to differences in the specific cell types in different regions of the central nervous 

system and the neural growth factors produced by these cell populations. Astrocytes as well 

as oligodendrocytes are thought to inhibit axon growth elsewhere in the CNS, but the glia in 

the retina seem to contain factors that are conducive to neurite growth, even without obvious 

retinal disease or trauma. It is becoming clear from this and other studies that adult retinal 

neurons retain the ability to remodel given the appropriate cues.

In Chapter 5 and 6 we have shown the presence of ganglion cell neurites in different 

types of ERMs. These ganglion cell neurites were only stained with neurofilament antibody. 

To asses whether other neurons sprout neurites we used antibodies against different types of 

neuronal markers in Chapter 7.

In Chapter 7 we demonstrate the potential for growth, and presence of, rod photoreceptor 

neurites and three sub-types of retinal ganglion cell neurites in epiretinal membranes. These 

3 subtypes of ganglion cells stain with calretinin, melanopsin and neurofilament. The growth 

appears unrelated to the particular disease condition since neurites were observed in all 

conditions examined. This illustrates that whether the disease is severely disruptive, such as 

retinal detachment with epiretinal proliferation, or severe diabetic retinopathy with tractional 

fibrovascular membranes, or minimally disruptive such as idiopathic epiretinal membranes, 

neural outgrowth can occur. Most neurites showed synaptophysin nearby, however, 
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functional synapses were not found. The synaptophysin does seem to indicate the presence 

of rudimentary synaptic machinery. Future studies are aimed at identifying common factors 

that may be involved in initiating and guiding neurite growth in the retina.

The causes of and reasons for neurite growth in the retina are as yet unknown. In Chapter 

8 we review the literature and attempt to explain possible mechanisms, such as Müller cell 

glia and microglial activation, that might be involved in creating a permissive environment 

for neurite outgrowth.

The essential, as yet unanswered question, is whether these neurites can be guided in their 

growth and be functional after retinal or CNS damage.





Samenvatting
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In dit proefschrift hebben we verschillende aspecten van epiretinale membranen (ERMs) 

bekeken. ERMs zijn kleine, dunne vliesjes van abnormaal litteken weefsel, bestaand uit cellen 

en extracellulaire matrix die zich op het oppervlak van het netvlies kunnen ontwikkelen. 

Soms is de oorzaak van deze membranen niet duidelijk, zoals bij idiopathische epiretinale 

membranen (iERM) of zij kunnen ontstaan door een ziekte van het netvlies, zoals een netvlies 

loslating of diabetes. ERMs kunnen allerlei visus problemen veroorzaken, van minimale 

beeldvervorming tot ernstige tractie op het netvlies met een netvlies loslating. De 4 meest 

voorkomende soorten ERMs zijn de iERM, de membranen die zich ontwikkelen bij een 

netvlies loslating (proliferatieve vitreoretinopathie (PVR)), bij proliferatieve diabetes (PDR) 

en na een succesvolle netvlies loslatings operatie (ERMpRD). In Hoofdstuk 1 wordt een 

korte introductie gegeven over de 4 meest voorkomende soorten ERMs en de doelstellingen 

van dit proefschrift.

Het chirurgisch verwijderen van ERMs die visus klachten veroorzaken is moeilijk, ook 

voor ervaren netvlies chirurgen, doordat deze membranen erg dun en doorzichtig zijn en 

makkelijk scheuren, waardoor niet duidelijk is of het hele membraan verwijderd is. Tevens 

liggen de membranen op de macula, het meest kwetsbare deel van het netvlies. Door het 

gebruik van een aankleuring kan het makkelijker zijn om de ERMs of het bovenste laagje 

van het netvlies, het ‘inner limiting membrane’ (ILM) te zien en te verwijderen. In principe 

zou door aankleuring van de membranen de chirurgie veiliger moeten zijn. Het probleem is 

dat sommige aankleuringsstoffen giftig kunnen zijn voor zowel het netvlies als het pigment 

epitheel, de cellen die onder het netvlies liggen en het gezond houden. Trypaan blauw is een 

van de bekende veiligere aankleuringsstoffen, maar het heeft als nadeel dat er eerst lucht in 

het oog gebracht moet worden om de kleuring goed te laten werken.

In Hoofdstuk 2 beschrijven wij een techniek om trypaan blauw aan te passen voor 

netvlies chirurgie zodat niet eerst lucht in het oog gebracht hoeft te worden. Om van vocht 

naar lucht te gaan in het oog tijdens de operatie kan de kans complicaties en netvlies scheuren 

verhogen, hetgeen dus vermeden moet worden. Om deze stap naar lucht te vermijden hebben 

wij trypaan blauw aangepast door het te mengen met 10% glucose. Door deze menging kan 

het in een oog gevuld met vocht worden ingespoten en zakt het naar het netvlies zonder zich 

verder te verspreiden. 

Wij hebben twee klinische studies uitgevoerd, een voor ERMs en een voor macula gaten. 

Uit deze studies blijkt dat het ‘zware’ trypaan blauw (HTB) veilig en makkelijk te gebruiken 

is voor het aankleuren van de ERM of ILM zonder dat er lucht in het oog hoeft. Doordat 

er geen lucht nodig was, was het ook makkelijker om een tweede keer aan te kleuren om te 



181

bevestigen of het membraan volledig verwijderd was. Dit had geen nadelige gevolgen op de 

visus na de operatie.

Na het verwijderen van het ERM met HTB hadden alle patiënten een verbetering van de 

visus en een verminderde dikte van het centrale (foveale) deel van de macula.

In Hoofdstuk 3 is HTB gebruikt in operaties voor maculagaten om het ILM beter 

te kunnen zien en verwijderen. In deze studie hadden wij vergelijkbare resultaten als in 

Hoofdstuk 2. HTB was makkelijk in het gebruik en kwam, zonder verder door het oog te 

verspreiden, op de macula terecht om het ILM aan te kleuren. De aankleuring was voldoende 

om het ILM te zien en verwijderen. Ook hier kon het gebruik van HTB zonodig worden 

herhaald. Het succes van het dicht krijgen van de maculagaten was vergelijkbaar met andere 

studies, net als de visus verbetering.

Door het gebruik van HTB werd het verwijderen van de ERMs makkelijker en is het 

makkelijker geworden deze te verzamelen voor verder onderzoek gericht op de structuur van 

ERMs. Onder andere hebben we gekeken naar de vermenigvuldiging van cellen in ERMs en 

naar zenuw uitgroei vanuit het netvlies naar de ERMs.

In Hoofdstuk 4 is Ki-67 gebruikt om te kijken naar celvermenigvuldiging in ERMs. Ki-

67 is een anti-lichaam dat delende cellen aankleurt. Om te kijken welke cellen aan het delen 

waren hebben we ook anti-lichamen gebruikt tegen glia (de steun cellen van het netvlies), 

pigment epitheel en immuuncellen. Dit zijn de meest voorkomende cellen in ERMs. Door 

deze anti-lichamen te gebruiken kunnen we aantonen dat er actieve celdeling in de vier meest 

voorkomende typen ERMs voorkomt, onafhankelijk van hoelang ze al in het oog bestaan. 

Gebleken is dat het aantal celdelingen verschilt per ERM type. In de sneller groeiende 

membranen zijn er, in totaal, veel meer cellen aanwezig en ook veel meer delende cellen. Dit 

duidt erop dat cel vermenigvuldiging een bijdrage levert aan de groei van deze membranen. 

In de langer bestaande membranen was er veel minder aankleuring met Ki-67, waaruit blijkt 

dat deze membranen minder reactief zijn. De hypothese is dat de celvermenigvuldiging in 

het begin belangrijk is voor de groei van het membraan en dat later het samentrekken de 

extracellulaire matrix en de cellen van het membraan de visus klachten geven en mogelijk 

zelfs netvlies loslating veroorzaken.

Door een Hoechst aankleuring te gebruiken kunnen alle celkernen in een ERM worden 

aangekleurd. Dit laat zien dat ERMs veel meer cellen bevatten dan voorheen bekend was. 

Ook zijn er een groot aantal ontstekingscellen aanwezig te zijn in ERMs, hetgeen een rol zou 

kunnen spelen in de ontwikkeling en groei van het membraan.

Zoals reeds eerder in de literatuur beschreven, is er mogelijk een parallel tussen wond 

genezing en de ontwikkeling van ERMs, waarbij er een vroege celproliferatie fase is met veel 
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celdelingen in de actievere membranen en minder deling in de minder actieve membranen, 

waarna er een contractie fase is met depositie en contractie van extracellulaire matrix.

Na het onderzoeken van de proliferatie van ERMs zijn we gaan kijken naar de plasticiteit 

(mogelijkheden tot uitgroei) van zenuwcellen in het netvlies en de groei van neuriten uit deze 

cellen naar de verschillende soorten ERMs. Neuriten zijn eerder gevonden in subretinale en 

epiretinale membranen bij netvlies loslatingen in het kattenmodel van netvlies loslating. In 

de studie die wij in Hoofdstuk 5 beschrijven, vinden we dat in ERMs die tijdens netvlies 

chirurgie verwijderd zijn bij mensen ook neuriten bevatten. Deze neuriten lijken, net als de 

eerste beschrijving in het kattenmodel, met name te groeien op glia cellen. Deze neuriten 

konden we zien in membranen uit ogen van patiënten met diabetes (PDR) en bij patiënten 

met verlittekening bij netvlies loslating (proliferatieve vitreoretinopathie (PVR)). In het 

kattenmodel lijken deze neuriten uit twee soorten netvlies zenuwcel voort te komen, de 

horizontale-en de ganglioncel. Bij menselijk materiaal lijken deze neuriten alleen vanuit 

de ganglioncellen te komen omdat het neurofilament antilichaam specifiek is voor dit cel 

type bij de mens. De groei van neuriten komt vaak voor: in alle onderzochte ERMs werden 

neurofilament neuriten gevonden hebben. De groei lijkt minder vaak voor te komen in 

membranen die onder het netvlies groeien.

De groei van neuriten door glia littekenweefsel is anders dan elders in het centrale 

zenuwstelsel, waar glia littekens meestal de groei van neuriten tegenhouden. Wij 

hypothetiseren dat gliacellen van het netvlies de groei van neuriten stimuleert, gezien dat de 

neuriten zich altijd op Müllerse cel glia bevinden en alleen buiten het netvlies groeien als daar 

ook glia litteken is.

Initieel werd er gedacht dat groei van deze neuriten het gevolg was van ernstige netvlies 

schade door een netvlies loslating of door diabetes, waar veel onstekings en groeifactoren 

aanwezig zijn. Maar in de studie in Hoofdstuk 6 laten we zien dat in idiopathische epiretinale 

membranen (iERMs), waar geen eerdere oogschade is geweest, ook neuriten groei te zien is. 

Dit betekent dat trauma niet perse nodig is om de groei van neuriten te zien.

De neuriten in de iERMs hadden een vergelijkbare vezel structuur als die in het 

kattenmodel voor netvlies loslating en in de PDR en PVR membranen, en groeien ook alleen 

op Müllerse cel glia. Dit in tegenstelling tot het centrale zenuwstelsel waar glia de groei van 

neuriten tegenhoudt. Dit kan zijn door verschillen in de soorten gliacellen in verschillende 

delen van het centrale zenuwstelsel en de verschillende groeifactoren die door deze cellen 

geproduceerd worden.

De steuncellen van de hersenen, de astrocyten en oligodendrocyten, houden de groei van 

zenuwen tegen, maar de steuncellen van het netvlies bevorderen de groei van de neuriten, ook 
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zonder trauma aan het netvlies.

Deze en andere studies laten zien dat volgroeide zenuwcellen van het netvlies toch de 

mogelijkheid houden om te veranderen en uit te groeien onder bepaalde omstandigheden.

In Hoofdstuk 5 en 6 worden twee studies beschreven die aantonen dat ganglioncel 

neuriten in verschillende soorten ERMs aanwezig zijn. Deze ganglioncel neuriten zijn alleen 

aangetoond met neurofilament antilichaam. Om te kijken of andere zenuwcellen van het 

netvlies ook neuriten groei tonen hebben we andere antilichamen gebruikt tegen andere 

zenuwceleiwitten in Hoofdstuk 7.

In Hoofdstuk 7 wordt aangetoond dat er groei is van neuriten uit staafjes in het netvlies 

en van drie subtypen ganglioncellen in ERMs. De 3 subtypen ganglioncellen worden 

aangekleurd door calretinine, melanopsine en neurofilament. Dit bevestigt nogmaals dat 

neuritenuitgroei in de ERMs onafhankelijk is van de ernst van de schade die de ziekte 

veroorzaakt in het netvlies, gezien er in alle soorten membranen neuriten gezien werden. 

Bij de meeste neuriten wordt synaptophysine op of bij de neuriet gezien, maar er zijn geen 

functionerende synapsen gezien. Het vinden van synaptophysine duidt wel op de productie 

van synapseeiwitten en rudimentaire synapse bestanddelen.

De oorzaken en redenen voor neuriten groei in en vanuit het netvlies is tot nu toe 

onbekend. In Hoofdstuk 8 wordt de bestaande literatuur doorgenomen om een mogelijke 

theorie te formuleren die de neuriten groei verklaart en om te kijken naar de factoren die 

hieraan bij zouden kunnen dragen, zoals de Müllerse cel en microglia (de ontstekings cellen 

van het netvlies).

Toekomstige studies moeten focussen op het mechanisme dat ten grondslag ligt aan de 

groei van neuriten, of het de groei geleid kan worden, en of de neuriten eventueel zouden 

kunnen functioneren als volwaardige zenuwen om bij te dragen aan een functie herstel na 

schade van het netvlies of zelfs het centrale zenuwstelsel. 
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