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DISSERTATION ABSTRACT 

 

Stem cell based therapies offer hope for the treatment of retinal disease. In the 

mammalian retina, Müller glia possess some stem cell-like characteristics. However, their 

capacity for neurogenesis remains limited. To identify factors influencing the neurogenic 

potential of Müller glia in vitro, a conditionally immortalized mouse Müller cell line 

(ImM10) was generated and characterized. In addition to Müller glial genes, ImM10 cells 

express some genes characteristic of retinal progenitor cells.  Following treatment with 

specific growth factors and media supplements, a subset of Müller glia acquired a more 

neuronal morphology and expressed neuronal genes. To determine the role of 

environment on Müller glia derived neurogenesis, Müller glia were cultured in three 

dimensional (3D) peptide hydrogels. Cells encapsulated within 3D hydrogels expressed 

different neuronal genes, compared to cells cultured on 2D flat plastic substrates. The 

roles of RE-1 silencing transcription factor (REST) and Notch signaling in Müller glia 

derived neurogenesis were also investigated. REST represses neuronal genes in non-

neuronal tissues, whereas Notch can promote gliogenesis during retinal development. 

Inhibition of Rest expression by RNA interference combined with pharmacological 

inhibition of Notch signaling with DAPT led to the upregulation of some additional 

neuronal genes in ImM10 Müller glia. Together, these results demonstrated a modest 

neurogenic capacity for Müller glia. A potential barrier for transplantation of these or any 

stem-like cells for therapeutic purposes is retinal remodeling of surviving cells following 

retinal disease or injury. Neuronal and synaptic remodeling was analyzed in the rd10 

mouse model of retinitis pigmentosa. Following photoreceptor degeneration, second 
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order neurons (horizontal, and bipolar cells) showed dendrite retraction, cellular 

migration, and a loss of post-synaptic elements that increased with disease progression. 

Surprisingly, the inner retina remained relatively intact even at advanced stages of 

degeneration. Furthermore, survival of small numbers of cone photoreceptors preserved 

second-order neuronal circuitry locally. This study suggests that the inner retina may 

remain receptive to interventions even at late stages of disease, and that early cellular 

transplantation may help prevent or slow retinal remodeling.           
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CHAPTER 1 

 

TOWARDS A THERAPY FOR DEGENERATIVE RETINAL DISEASE: AN 
OVERVIEW OF THE DEVELOPMENT, FUNCTION, AND STEM CELL-LIKE 

PROPERTIES OF MÜLLER GLIA  
 

Potential therapies for retinal degeneration 

Degenerative retinal diseases such as retinitis pigmentosa (RP), age-related 

macular degeneration (AMD), and glaucoma lead to blindness as a result of progressive 

neuronal cell death. Currently there are no cures and few treatment options for patients 

with these conditions. However, there are several potential therapeutic approaches on the 

horizon that offer hope. Four of these approaches include neuroprotective strategies 

(Bainbridge et al., 2006; Barnstable and Tombran-Tink, 2006; Bazan, 2006), gene 

therapy (Buch et al., 2008), prosthetic devices (Alteheld et al., 2007; Bertschinger et al., 

2008; Winter et al., 2007), and stem cell therapies (Baker and Brown, 2009; Enzmann et 

al., 2009; Ohta et al., 2008). Neuroprotective strategies involve intervening early in the 

disease to slow or halt the rate of progression, generally with a pharmacological agent. 

With gene therapy, the normal copies of the disease causing gene are inserted into the 

genome. Gene therapy is typically performed with viral vectors. Neuronal prosthetic 

devices seek to restore vision via direct electrical stimulation of the remaining retinal 

neurons. The potential sources for stem cells to treat retinal disease include embryonic 

stem cells (ESCs), induced pluripotent stem cells (iPSCs) derived from transduced 

fibroblasts, retinal stem cells (RSCs) from fetal retina, bone marrow derived stem cells, 

ciliary body and iris derived stem cells, and Müller-derived RSCs (Amabile and 
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Meissner, 2009; Baker and Brown, 2009; Enzmann et al., 2009; Lamba et al., 2010; 

Limb and Daniels, 2008; Meyer et al., 2009; Ohta et al., 2008; Reh et al., 2010). These 

cells are typically differentiated in vitro into the desired cell type, i.e. photoreceptors for 

the treatment of RP, and then transplanted into the diseased retina. However, while 

neuroprotection, gene therapy, and retinal prosthetics have reached human clinical trials 

with varying degrees of success, stem cell therapy for retinal disease remains in the 

animal testing phase.  

Challenges exist with each potential treatment strategy. Neuroprotection is the 

most well studied strategy, and the one with arguably the fewest potential serious 

complications. Neuroprotection involves slowing or stopping the degeneration if detected 

early, but cannot restore vision once lost. Furthermore, the success of neuroprotective 

intervention is hard to measure and interpret clinically, as rates of degeneration vary 

between patients and often have to be measured over the course of years to track the 

success of the treatment. While neuroprotective agents are successful in animal models of 

retinal disease (Bai et al., 2010; Dykens et al., 2004; Glybina et al., 2009; Phillips et al., 

2008), few, if any, are effective treatments for human retinal degeneration (Saylor et al., 

2009; Sena et al., 2010). 

Remarkable success has been attained using gene therapy for the treatment of one 

form of Leber’s congenital amaurosis that arises from a mutation in RPE 65 (Acland et 

al., 2001; Cai et al., 2009). However, this treatment only targets 1 of 11 known mutations 

that cause Leber’s congenital amaurosis. In comparison, RP has been linked to defects in 

as many as 100 different genes (Hartong et al., 2006). There are also risks associated with 

gene therapy, including eliciting an immune response, as well as insertional mutagenesis 
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leading to tumor formation (Romano et al., 2009). Furthermore, gene therapy currently 

can only be performed on diseases with a known mutation of a single gene.  

Retinal prosthetics transduce light into an electrical signal and stimulate the 

retina, taking advantage of the remaining neuronal circuitry. These devices have shown 

long term biocompatibility and sustained function of the prosthesis in animals (Pardue et 

al., 2006).  Several of these devices are in clinical trials, and some patients have shown 

modest visual improvement (Chader et al., 2009). However, the presence of the implant 

itself causes some degeneration and remodeling of the underlying retina (Pardue et al., 

2006). Furthermore, the improvements from retinal prosthetics could arise from a more 

generalized neuroprotective effect from the electrical stimulation itself (Corredor and 

Goldberg, 2009).  

The development of stem cell therapy is still in its infancy and faces many 

obstacles. Although embryonic stem cells and fetal retinal stem cells show the greatest 

capacity for regeneration, ethical issues surrounding the use embryonic and fetal tissue 

could limit their therapeutic application. iPSCs and adult-derived tissue specific stem 

cells avoid these ethical dilemmas, as well as offering autologous cell sources to avoid 

immune rejection. However, both stem cell sources have a much more limited capacity to 

differentiate in terms of both the types and numbers of neurons generated when compared 

to embryonic stem cells (Das et al., 2006a; Lamba et al., 2010; Lawrence et al., 2007b; 

Meyer et al., 2009; Reh et al., 2010). ESCs and iPSCs also often generate teratomas 

(Blum and Benvenisty, 2009; Knoepfler, 2009): tumors consisting of cell types derived 

from all 3 developmental germ layers formed in vitro or following transplantation. A 

recent study shows that iPSCs often generate teratomas regardless of tissue injection site 
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(Gutierrez-Aranda et al., 2010). Transplantation of various stem cell sources into 

neurodegenerative animal models of retinal disease does promote a small degree of 

functional preservation, although of the cells transplanted, only a small percentage 

migrate and survive over time (Aftab et al., 2009; Bull et al., 2008; Francis et al., 2009; 

Gamm et al., 2007; Lamba et al., 2009; Lu et al., 2010; Singhal et al., 2008; Wang et al., 

2008). For stem cell therapy to be a viable treatment for neurodegenerative retinal 

disorders, large numbers of retinal neurons (photoreceptors or ganglion cells) will need to 

be generated and integrated into the retina.  

An additional impediment to both prosthetic strategies and stem cell strategies is 

retinal remodeling. In response to retinal disease, detachment, light damage, or toxic 

insult, the remaining retina undergoes progressive remodeling, which can include 

dendrite retraction, ectopic process formation, neuronal migration, loss of post-synaptic 

receptors, and reactive gliosis (Jones and Marc, 2005; Marc et al., 2003). Following the 

primary insult (i.e., photoreceptor cell death in RP and AMD), plastic changes in the 

remaining second- and third-order retinal circuitry may hamper the retina’s ability to 

respond to signals from prosthetic devices or transplanted cells, and to faithfully relay 

this message to the brain. The phenomenon of retinal remodeling is covered in detail in 

Chapter 5. 

Although all of these therapeutic strategies have the potential to lead to new 

treatments for retinal disease, stem cell therapy could actually restore vision rather than 

simply preserve it. Moreover, stem cell therapies could be used to treat a wide range of 

diseases rather than treat a single gene mutation, and potentially could recreate the natural 
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anatomy and circuitry of the retina, without need for the use of external electrical 

stimulation.  

 

Towards a therapeutic intervention—Why Müller glia-derived stem cells? 

Of the many potential therapies for the treatment of retinal disease, Müller glia-

derived RSCs offer advantages for the development of stem-cell and regenerative 

therapies. First, they are adult derived and avoid the ethical concerns involved with 

embryonic stem cells and retinal progenitors. Second, in contrast to other ocular sources 

of adult stem cells that have been suggested to generate retinal neurons including 

pigmented iris epithelium (Haruta et al., 2001; Sun et al., 2006), ciliary body epithelium 

(Das et al., 2005; Das et al., 2006b; Tropepe et al., 2000), and even corneal limbal stem 

cells (Zhao et al., 2008), only Müller glia are of retinal origin. Müller glia arise from the 

same common progenitor as all retinal neurons including photoreceptors, which should 

make them more biased towards the generation of retinal neurons than potential adult 

derived stem cells of other tissue types. In fact, the existence of ciliary body stem cells in 

mammals has recently come under intense scrutiny (Cicero et al., 2009; Gualdoni et al., 

2010), calling into question the results of previous reports. There are very few published 

reports on the neurogenic potential of iris pigmented epithelium and limbal stem cells, 

while there is a rapidly growing literature examining Müller glia derived neurogenesis. 

The stem cell characteristics of Müller cells have been demonstrated in vivo in fish 

(Bernardos et al., 2007), birds (Reh and Fischer, 2001), and, to a lesser extent in 

mammals including rat (Ooto et al., 2004) and mouse retina (Karl et al., 2008). Human 

Müller cells have also shown stem cell characteristics in vitro (Lawrence et al., 2007a). 
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Despite the growing evidence of stem cell-like characteristics of Müller cells, 

neurogenesis achieved from differentiation of mammalian Müller-derived stem cells has 

thus far remained extremely low, both in vitro and in vivo (Das et al., 2006; Florian et al., 

2008; Karl et al., 2008; Lawrence et al., 2007; Nickerson et al., 2008; Ooto et al., 2004).  

Before delving in depth into the more recently discovered role for Müller cells as 

retinal stem cells in lower vertebrates and in mammals, a more general overview of 

Müller cells will be provided. This discussion will include Müller cell development, their 

functions in the healthy and diseased or injured retina, their potential role in retinal 

remodeling, and the possible existence of subtypes of Müller cells.   

 

Müller glia development 

Müller glia are generated from a common progenitor that also generates all 

neurons within the retina (Turner and Cepko, 1987). Cells are born within the retina in a 

conserved order, including an early born cohort of ganglion cells, horizontal cells, cone 

photoreceptors, and amacrine cells, and a late born cohort of bipolar cells, rod 

photoreceptors, and Müller glia, the last born retinal cell (Carter-Dawson and LaVail, 

1979; Turner and Cepko, 1987; Young, 1985a). In the mouse retina, Müller cell birth has 

been suggested to begin at ~ embryonic day 16 (E16) and peak at postnatal day 3 (P3), 

with the last Müller cells born at P10-11 (Cepko et al., 1996; Young, 1985a). However, 

the exact timing of initiation of Müller glia cell birth and differentiation remains 

controversial, as traditional Müller glia markers such as glutamine synthetase, cellular 

retinaldehyde-binding protein (CRALBP), and the glutamate transporter GLAST 

expression are not detected until after birth in the murine retina (De Leeuw et al., 1990; 
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Linser et al., 1984; Pow and Barnett, 1999). Although radial glia serve as neuronal 

migration scaffolds in the cerebral cortex, there is no direct evidence that Müller glia 

serve the same function in the developing retina. Müller glia may act as migration 

scaffolds to late born retinal neurons, although this remains to be demonstrated. In the 

mature mouse retina, roughly 5-6% of cells are Müller glia (Jeon et al., 1998; Young, 

1985b).    

Although a single “master gene” has not been identified for Müller glia 

specification, Notch1 signaling has been previously shown to play a key role in Müller 

differentiation and may serve as a glial versus neuronal cell fate determinant in the 

developing fish and rodent retina (Bernardos et al., 2005; Furukawa et al., 2000; Vetter 

and Moore, 2001). Inhibition of the Notch pathway increases neurogenesis at the expense 

of gliogenesis in cultured rat early postnatal progenitors (Bhattacharya et al., 2008). 

Introduction of a constitutively active form of Notch into the developing rat and zebrafish 

retina leads to overproduction of glia (Bao and Cepko, 1997; Scheer et al., 2001). Using 

the CRE-LoxP system to knock out Notch1 in late development of mouse retina, rod 

photoreceptors are produced at the expense of Müller glia (Jadhav et al., 2006). However, 

Notch1 plays multiple roles in the developing retina as it is expressed throughout 

development, prior to the development of Müller glia (Bao and Cepko, 1997). Notch 

signaling has also been implicated in the proliferation and maintenance of retinal 

progenitors, and its inhibition has been implicated in the differentiation of early and late 

born retinal neurons (Bao and Cepko, 1997; Bhattacharya et al., 2007; Das et al., 2008; 

Das et al., 2007; Jadhav et al., 2006; Perron and Harris, 2000). Knockout of Notch1 early 

in development leads to increased production of cone photoreceptors (Jadhav et al., 



 

 
10

2006). Notch likely acts through its downstream effectors, the negative basic helix-loop-

helix (bHLH) transcription factors Hes1, Hes5, and Hey2, all of which have been 

demonstrated to modulate Müller glial cell fate specification (Furukawa et al., 2000; 

Hojo et al., 2000; Satow et al., 2001). 

In contrast to proglial Notch signaling, proneuronal bHLH transcription factors 

also negatively modulate Müller gliogenesis. In zebrafish, ectopic expression of NeuroD 

in multipotent progenitors leads to increased production of rod photoreceptors at the 

expense of Müller glia (Ochocinska and Hitchcock, 2009). In the rodent retina, NeuroD 

null mice exhibit a 3-4 fold increase in Müller glia, while forced expression of NeuroD 

blocks gliogenesis (Morrow et al., 1999). A similar role for other proneuronal bHLH 

transcription factors has been described including Ash1/Mash1, Math3, and Math5 

(Hatakeyama et al., 2001; Inoue et al., 2002; Le et al., 2006; Mao et al., 2009). 

Therefore, gliogenesis likely depends on a combination of events: the expression of 

proglial factors such as Notch1 and activation of Notch1 downstream effectors, the 

repression of proneuronal bHLH transcription factors, and extracellular signals, such as 

CNTF, that has been suggested to drive late born progenitors towards a Müller glia cell 

fate (Bhattacharya et al., 2008; Goureau et al., 2004).  

 

Müller cells in the healthy retina 

Müller cells perform many functions in the retina. As with most glia, Müller cells 

were originally thought only to provide a supportive function for retinal neurons. Müller 

cells are specialized radial glia that span the width of the retina and form the inner and 

outer limiting membranes. These cells contact all retinal neurons and ensheath their 
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processes in the plexiform layers. They provide numerous supportive functions, including 

removal of metabolic waste products, neurotransmitter uptake via glutamate and GABA 

transporters, glutamate recycling via glutamine synthetase, free radical scavenging via the 

release of the antioxidant glutathione, potassium buffering, transport water, maintain 

retinal pH, and they contribute to the blood-retina barrier (Bringmann et al., 2006). They 

also are involved in recycling cone photopigment through their expression of cellular 

retinaldehyde protein, CRALBP (Anderson et al., 1986; Das et al., 1992; Fleisch et al., 

2008). Aside from their supportive role, Müller cells may have numerous other functions. 

Recently it was demonstrated that Müller glia may function as optical fibers that guide 

light from the inner retina to the photoreceptors with minimal distortion (Franze et al., 

2007; Labin and Ribak, 2010). This is in part due to their radial nature and higher index 

of refraction than surrounding neurons. Müller glia may also play a role in modulating 

neuronal activity, through release of neuroactive molecules such as glutamate, D-serine, 

and ATP (Newman, 2004; Stevens et al., 2003). Müller cells also signal each other via 

ATP release, which triggers glial calcium waves in the young adult rat retina; the 

frequency of which increase with age (Kurth-Nelson et al., 2009). The significance of 

Müller glia calcium waves have yet to be determined.  

 

Müller cell gliosis 

 While the functions of Müller cells in the healthy retina are clearly beneficial and 

critical for retinal homeostasis, the response of Müller cells to injury or disease is not as 

clear cut, as they may contribute both to the protection and damage of neurons. Following 

the onset of disease or retinal injury, Müller cells undergo a complex, multifaceted 
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process termed gliosis. This process includes hypertrophy of Müller cell processes, as 

well as a limited amount of proliferation and formation of a glial scar (Bringmann et al., 

2006). A hallmark of gliosis is increased expression of the intermediate filament, glial 

fibrillary acidic protein (GFAP) (Lewis and Fisher, 2003). With gliosis progression, 

Müller cells show a reduction of inwardly rectifying K+ currents (Bringmann et al., 

2000). Aquaporin 4 is expressed in Müller cells and is necessary for retinal water 

transport (Goodyear et al., 2009; Nagelhus et al., 1998), and its expression has been 

shown to be altered in diabetes, retinal vein occlusion, light damage and ischemia 

(Iandiev et al., 2008; Iandiev et al., 2007; Kuhrt et al., 2008; Rehak et al., 2009), and is 

likely to be involved in the vacuole formation reported with RP (Jones and Marc, 2005). 

Müller cells secrete chondroitin sulphate proteoglycans, an inhibitor of neurite outgrowth 

(Aquino et al., 1984; Inatani et al., 2000). In addition, Müller glia play a role in 

endogenous neuroprotection through the release of numerous neurotrophic factors 

including fibroblast growth factor 2 (FGF-2), brain derived growth factor (BDNF), nerve 

growth factor (NGF), glial derived neurotrophic factor (GDNF) and ciliary neurotrophic 

factor (CNTF) (Bringmann et al., 2009).  Müller cells also release vascular endothelial 

growth factor (VEGF), which may induce neovascularisation and blood vessel leakage 

(Amin et al., 1997).  Müller cells can also contribute to the formation of epiretinal 

membranes, and are likely involved in the fibrocontrative disorder proliferative 

vitreoretinopathy (Guidry, 2005).  While the precise signal that initiates gliosis is unclear, 

release of ATP from dying neurons and activation of P2Y receptors on Müller cells has 

been proposed to trigger early gliotic events (Ward et al., 2010).   
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 The glial scar may serve as a barrier for cellular transplantation, as GFAP-/-, 

vimentin -/- double knockout retinas show increased integration of neuronal transplants 

in the retina (Kinouchi et al., 2003), and increased neurogenesis and astrogenesis from 

progenitor cell transplants into the hippocampus (Widestrand et al., 2007).  Disrupting 

Müller cell junctional complexes that form the outer limiting membrane also increases 

integration of retinal transplants (Pearson et al., 2010; West et al., 2008). Furthermore, 

inhibition of gliosis in the retina may affect Müller glia derived neurogenesis, as the 

GFAP-/-, vimentin -/- mice exhibit increased proliferation and neurogenesis in the 

hippocampal dentate gyrus of aged mice (Larsson et al., 2004). 

 

The potential role of Müller glia in retinal remodeling 

Müller cell gliosis is one component of a large number of changes associated with 

retinal remodeling that occurs following disease or injury.  Additional facets of retinal 

remodeling include dendrite retraction, cellular migration, cell death, ectopic process 

extension, and ectopic synapse formation (Jones et al., 2005; Marc et al., 2003). While 

Müller cell gliosis occurs with retinal remodeling, it is unclear if gliosis compounds 

neuronal retinal remodeling or if it tempers the process. It has been suggested that 

hypertrophic Müller glia may serve as migration columns for neurons in the diseased 

retina at advanced stages, as well as seal off the distal retina from the choroidal blood 

supply (Marc et al., 2003). The effects of Müller cell gliosis on the neuronal components 

of retinal remodeling has been partially assessed using the GFAP -/-, vimentin -/- double 

knockout mouse, which cannot undergo the hypertrophy associated with gliosis. In the 

uninjured retina, Müller glia lacking vimentin and GFAP show a roughly normal 
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morphology and organization (Nakazawa et al., 2007; Verardo et al., 2008). GFAP-/-, 

vimentin -/- retinas show an attenuated gliotic response, and a decrease in photoreceptor 

cell death 3 days after retinal detachment (Nakazawa et al., 2007). In a follow up study 

which tracked changes at 7 and 28 days post retinal detachment, there was a greater 

degree of distortion in the ONL of GFAP -/-, vimentin -/- retinas versus wildtype, and 

second order bipolar and horizontal cells had dendritic sprouting that was 

indistinguishable from controls (Verardo et al., 2008). This suggests that GFAP and 

vimentin contribute to Müller cell process hypertrophy and glial scar formation, but may 

have a limited contribution to short term neuronal remodeling.  Further studies are needed 

to evaluate the Müller cell’s long-term role in retinal remodeling in the months following 

retinal detachment. It would also be useful to cross GFAP-/-, vimentin -/- mice with other 

mouse models of retinal degeneration to evaluate the impact of gliosis on retinal 

remodeling found in retinal disease.  

 

The potential heterogeneity of Müller cells 

Historically, while rigorous efforts have been made to stringently classify retinal 

neurons into a large number of distinct subsets based upon morphology, function, and 

gene expression, it has generally been accepted that only a single homogenous population 

of Müller glia cells exists. However, recent studies cast doubt on this presumption. In the 

central chick retina, subsets of Müller cells express the transcription factor PAX2 (Boije 

et al., 2010; Stanke et al., 2010), a gene previously thought to be strictly expressed by 

astrocytes in the retina. A mixed population of PAX2 positive and PAX2 negative Müller 

glia subsets proliferate following NMDA injection (Boije et al., 2010). Subsets of PAX2 
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positive Müller glia were also found in zebrafish and dog retina (Boije et al., 2010; 

Stanke et al., 2010). Furthermore, only a subset of Müller glia express the homeodomain 

transcription factor Chx10, (Bhattacharya et al., 2008; Roesch et al., 2008) a critical gene 

in retinal development. A recent single cell microarray study of Müller cells 

demonstrated a degree of heterogeneity in the transcriptome of individual Müller cells 

(Roesch et al., 2008). Differences in gene expression in subsets of glial cells may explain 

why the vast majority of Müller cells become gliotic following retinal injury or disease, 

while a small fraction will undergo neurogenesis. Further studies are needed to 

investigate the potential subtypes of Müller cells. 

 

Müller cells as a source of stem cells in fish and birds 

It is well established that the retinas of some non-mammalian vertebrates are 

neurogenic throughout much, or all of, adult life, and are also capable of retinal neuron 

regeneration in response to physical lesion or neurotoxic damage. These animals include 

the teleost fish, amphibians, and some birds (Hitchcock et al., 2004; Reh and Fischer, 

2006). Regenerated cells originate predominately from retinal pigmented epithelium in 

amphibians (Mitashov, 1996), but arise from Müller glia in both fish (Bernardos et al., 

2007) and birds (Reh and Fischer, 2001). In the post-hatch chicken retina, Müller glia 

respond to acute retinal damage by proliferating and expressing genes associated with 

retinal progenitors, including PAX6, CHX10 and SIX3 (Fischer, 2005; Fischer and Reh, 

2001). While many of these cells remain undifferentiated, some go on to become retinal 

neurons. This neurogenic response in birds is mimicked with the injection of FGF-2 and 

insulin (Fischer et al., 2002).  Proliferation of avian Müller glia following NMDA 
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injection is blocked with CNTF and BMP4 (Fischer et al., 2004). In addition, inhibition 

of Notch, an essential gene for Müller glia development, restricts the Müller glia 

neurogenic response that is normally elicited following in vivo NMDA injection into the 

avian eye (Hayes et al., 2007).  

 While young birds display a moderate degree of retinal regeneration, this 

phenomenon is much more robust throughout life in the teleost fish retina, where all 

types of retinal neurons can be regenerated following injury (Hitchcock et al., 2004; 

Otteson and Hitchcock, 2003; Stenkamp, 2007). Recently it was shown that Müller glia 

express low levels of PAX6 and are the source of rod precursors in the postembryonic 

zebrafish retina, and that, following light lesion, Müller glia will de-differentiate and 

regenerate cone photoreceptors (Bernardos et al., 2007). Achaete-scute complex-like 1a 

(ascl1a) is necessary for the activation of Müller glia into actively dividing retinal 

progenitors (Fausett et al., 2008). Beta-galactoside binding protein Galectin 1-like 2 

(DRGAL1-L2) secreted from actively proliferating Müller  glia is necessary for rod 

photoreceptor, but not cone photoreceptor neurogenesis following retinal injury (Craig et 

al., 2010). In contrast, microarray gene profiling analysis of Müller glia derived RSCs 

revealed a role for heat shock 60-kDa protein 1 (hspd1) and monopolar spindle 1 (mps1) 

in cone photoreceptor neurogenesis specifically (Qin et al., 2009). Insulin-like growth 

factor signaling regulated by growth hormone has also been shown to drive neurogenesis 

in the fish retina (Otteson et al., 2002). Studies detailing the intrinsic and extrinsic factors 

driving Müller glia derived neurogenesis in the avian and fish retina may uncover 

conserved mechanisms for mammalian retinal regeneration. 
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Müller cells as stem cells in the mammalian retina 

The neurogenic potential of Müller glia in the mammalian retina was first 

suggested by Takashi’s group in 2004 (Ooto et al., 2004). Following neurotoxic injection 

of N-methyl-D-aspartate (NMDA) into the adult rat retina, Müller cells were shown to 

proliferate and express genes characteristic of bipolar cells and rod photoreceptors (Ooto 

et al., 2004). Mouse Müller glia will also express photoreceptor markers following 

injection of the gliotoxin alpha-aminoadipate (Takeda et al., 2008). Following N-methyl-

N-nitrosourea (MNU) injection into the adult rodent retina which leads to complete loss 

of photoreceptors, Müller glia proliferate and express rhodopsin and and the synaptic 

protein, synaptophysin (Wan et al., 2008). In addition to expressing retinal neuronal 

markers consistent with the Müller cell’s late born developmental cohort (rod 

photoreceptors and bipolar cells), Müller glia have also been shown to generate retinal 

neurons from the early born cohort, such as amacrine cells, following NMDA injection 

(Karl et al., 2008). However, not all injury models elicit neuronal transdifferentiation of 

Müller cells, as no Müller glia derived neurogenesis was noted following laser damage of 

the mouse retina (Tackenberg et al., 2009). Currently, Müller glia derived neurogenesis 

has only been documented in injury models, and has not been shown to occur with 

hereditary neurodegeration.  

Several secreted molecules have been implicated in Müller glia derived 

neurogenesis including WNT, SHH, and CNTF. Treatment of rodent retinal explant 

cultures with WNT3a lead to ~20 increase in Müller glia proliferation in the 

photoreceptor damaged retina, and a subset of their progeny go on to express 



 

 
18

photoreceptor genes (Osakada et al., 2007). Likewise, SHH injected into the 

photoreceptor damaged eye leads to an increase in Müller glia derived rod photoreceptors 

(Wan et al., 2007).   

Dye efflux is a suggested feature of stem cells in the blood, heart, and brain 

(Hermann et al., 2006; Hulspas and Quesenberry, 2000; Nagato et al., 2005). Iqbal 

Ahmad’s group uses the Hoechst dye efflux assay to isolate a side population of Müller 

glia that have neurogenic potential in vitro (Das et al., 2006a). Notch and Wnt pathway 

inhibition of the damaged retina leads to a reduction in the number Müller cells that can 

be isolated as a side population of cells using the Hoechst dye efflux assay (Das et al., 

2006a). Injection of Wnt2b leads to an increase in the number of side population cells 

(Das et al., 2006a).  

In response to EGF and/or FGF2 stimulation, cultured mammalian Müller cells 

form proliferating neurospheres (Das et al., 2006a; Florian et al., 2008; Lawrence et al., 

2007b; Nickerson et al., 2008), a hallmark of cultured neural stem cells (Bazan et al., 

2004; Deleyrolle and Reynolds, 2009). They express many genes associated with retinal 

progenitor cells including SOX2, PAX6, CHX10, NOTCH1, Musashi1, and Nestin (Das 

et al., 2006a; Florian et al., 2008; Lawrence et al., 2007b; Nickerson et al., 2008; Otteson 

and Phillips, 2010).  In human retinal explants, a subset of Müller cells will proliferate in 

response to EGF stimulation, and a number of these cells express markers typical of 

retinal progenitors including Nestin, SOX2, CHX10, SHH, and NOTCH1 (Bhatia et al., 

2009). Expression of these genes is enhanced in glia found in the retinal periphery 

(Bhatia et al., 2009). However, recent studies have confirmed Müller cell expression of 

SOX2, PAX6 and NOTCH1 by immunocytochemistry in the uninjured adult mammalian 
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Müller glia (Bhatia et al., 2009; Fischer et al., 2010; Lin et al., 2009), and gene 

expression profiling of these cells have suggested a large overlap in gene expression 

between Müller glia and retinal progenitor cells (Blackshaw et al., 2004; Roesch et al., 

2008). Although Müller cells that undergo neurogenesis in vivo primarily express 

photoreceptor genes, cultured Müller cells stimulated with various morphogens have 

been shown to express an array of neuronal genes associated with multiple retina 

neuronal cell types including calbindin, Beta III tubulin, PKCα, rhodopsin, MAP2, 

BRN3B, CRX, mGluR6, S-opsin, and peripherin (Das et al., 2006a; Florian et al., 2008; 

Lawrence et al., 2007b; Nickerson et al., 2008). However, none of the protocols used in 

these studies appear to guide Müller cells preferentially towards a specific retinal neuron 

cell fate.  

Astrid Limb’s group has demonstrated the stem cell characteristics of human 

Müller cells in vitro (Lawrence et al., 2007b). When these cells are transplanted into the 

dystrophic RCS rat retina (Lawrence et al., 2007b; Singhal et al., 2008) or into a laser-

induced glaucoma model in the adult rat retina (Bull et al., 2008), Müller glia derived 

RSCs migrate into the host tissue and some of them express neuronal markers. The 

migration and survival of cells within the host retina is enhanced with inhibitors of 

chondroitin sulfate proteoglycans (CSPs) and microglial activation in the RCS rat 

(Singhal et al., 2008), and with inhibition of microglial activation alone in the NMDA 

damaged retina (Singhal et al., 2010). A similar phenomenon is seen with CSPs inhibitors 

and erythropoietin in a glaucoma model (Bull et al., 2008). A small number of Müller 

glia derived RSCs from rat have also been shown to migrate into the developing retina 

when injected intravitreally (Das et al., 2006a).  To date, no definitive synapse formation 
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or functional rescue has been demonstrated by mammalian Müller glia derived RSCs that 

have either been enriched in vitro and transplanted, or from Müller glia derived RSCs 

that have been activated in vivo following injury.   

 

Discussion 

To investigate the stem cell-like properties of mammalian Müller glia, first I 

describe the isolation and characterization of a conditionally immortalized mouse Müller 

glia cell line (ImM10) that also expresses genes associated with retinal progenitor cells in 

Chapter 2. In Chapter 3, I investigate the influence of environment on the neurogenic 

potential of ImM10 Müller glia using two dimensional and three dimensional hydrogel 

cultures. In Chapter 4, I demonstrate the roles of repressor element-1 silencing 

transcription factor (REST) and Notch on neuronal gene expression in Müller cells. In 

Chapter 5, I examine an impediment to all therapeutic interventions including stem cell 

based therapies, retinal remodeling, in a mouse model of autosomal recessive RP, the 

rd10 mouse. In the final chapter, I discuss the implications of my findings and the future 

directions of the field, as well my own potential future research pursuits.    
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CHAPTER II 

  

A CONDITIONAL IMMORTALIZED MOUSE MÜLLER GLIAL CELL LINE 
EXPRESSING GLIAL AND RETINAL STEM CELL GENES 

 
 
*** Note: This paper was previously published: Otteson DC and Phillips MJ. 2010. A 
conditional immortalized mouse Müller glial cell line expressing glial and retinal stem-
cell genes. Investigative ophthalmology & visual science (In press, e-published May 26, 
2010). 
The ImM10 cell line was isolated and described by DCO (Fig. 2.1, 2.2, 2.4), while I 
isolated the C57M10 cell line. I performed most of the characterization experiments of 
ImM10 and C57M10 cells using qRT-PCR and immunohistochemistry (Figs. 2.3, 2.5, 
2.6, 2.7), analyzed data, generated figures, and made a major contribution to the writing 
of the manuscript. *** 
 

 

ABSTRACT 

Purpose: Müller glia have multiple functions in the retina including synthesis of 

neurotrophic factors, uptake and metabolism of neurotransmitters, spatial buffering of 

ions, maintaining the blood/retinal barrier and injury response. A population of Müller 

glia possesses some stem cell-like characteristics both in vivo and in vitro. The purpose of 

this study was to generate and characterize novel Müller glial cell lines from the postnatal 

mouse retina. 

Methods: Cells were cultured from postnatal day 10 (P10) double heterozygous 

transgenic (H-2Kb-tsA58/+; HRhoGFP/+) or C57BL/6 mice following papain 

dissociation. Interferon gamma (IFNγ) induction of the SV40 T-antigen (TAg) was 

assayed by immunohistochemistry and western blot. Proliferation was assayed by BrdU 
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uptake and cell counts of CalceinAM/ethidium bromide stained cells. Gene expression 

was analyzed by RT-PCR and immunohistochemistry.  

Results: Conditionally immortalized (ImM10, Immortmouse Müller P10) and 

spontaneously immortalized (C57M10, C57BL/6 Müller cells P10) Müller glial cell lines 

were selected by differential adherence to laminin and both consisted of adherent flat 

cells with large, diffusely staining nuclei and an epithelial morphology. TAg induction 

stimulated BrdU uptake by Müller glia in mixed retinal cultures from H-2Kb-

tsA58/+;HRhoGFP/+ mice and increased proliferation of ImM10 cells. ImM10 and 

C57M10 cells expressed genes characteristic of Müller glia, but not genes characteristic 

of differentiated retinal neurons. ImM10 cells also expressed retinal stem cell genes. 

Conclusions: The ImM10 cell line is a novel, conditionally immortalized Müller glial cell 

line isolated from the P10 mouse retina that expresses genes characteristic of Müller glia 

and retinal stem cells.  

 

INTRODUCTION 

 Müller glia, the radial glia of the neural retina, function to maintain retinal 

homeostasis through synthesis of neurotrophic factors, uptake and metabolism of 

neurotransmitters, spatial buffering of ions during retinal activity and maintenance of the 

blood/retinal barrier (Bringmann et al., 2006; de Melo Reis et al., 2008). In the mature 

retina in mammals, Müller glia proliferate in the context of retinal injury or disease, 

contributing to gliosis and formation of glial scars (Dyer and Cepko, 2000). In addition, a 

subset of Müller glia show some stem cell characteristics and upregulate stem cell-

associated genes, although their inherent regenerative ability is extremely limited in vivo 
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(Dyer and Cepko, 2000; Karl et al., 2008; Wohl et al., 2009). In contrast, Müller glia are 

the source of retinal stem cells in the inner retina of teleost fish where they generate rod 

photoreceptors during normal growth and regenerate all types of retinal neurons 

following injury (Bernardos et al., 2007; Otteson et al., 2001; Vihtelic and Hyde, 2000). 

The robust neurogenic capacity of Müller glia in fish and, to a more limited extent, in 

birds (Fischer and Reh, 2003) has sparked research to understand the stem cell properties 

and neurogenic potential of Müller glia in the mammalian retina both in vitro and in vivo 

(Das et al., 2006; Fischer and Reh, 2003; Jadhav et al., 2009; Kubota et al., 2006; 

Lawrence et al., 2007; Monnin et al., 2007; Walcott and Provis, 2003).  

 Cell culture is useful for studying basic cellular and molecular processes 

including cell-cell interactions, cell movements and regulation of gene expression. The 

ability to generate large numbers of cells in vitro has utility for high throughput assays 

for drug development and tissue engineering applications. For studies of differentiation 

and regeneration, in vitro culture systems enables precise control of the cellular 

environment and removes cells from inhibitory constraints that may limit their 

regenerative capacity in vivo. The use of primary cells for studying basic cellular and 

molecular processes is hampered by the low number of cells that can be isolated, 

difficulty in obtaining pure populations of cells and the lack of inherent proliferative 

capacity of adult, mammalian retinal cells. To overcome these problems, immortalized 

cell lines have been generated from tumors [e.g. Y79 and Weri-Rb1 retinoblastoma cell 

lines (McFall et al., 1977; Reid et al., 1974)], by constitutive over-expression of 

exogenous oncogenes in primary cells (Krishnamoorthy et al., 2001; Sarthy et al., 1998; 

Seigel, 1999) or by spontaneous immortalization (Limb et al., 2002). The increased 
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proliferative capacity of transformed cells enables generation of large numbers of cells. 

However, permanent immortalization alters the innate characteristics of primary cells, 

and, if used for in vivo transplantation, there are concerns that unregulated proliferation 

could generate tumors.  

 Conditional immortalization using inducible oncogenes enables precise control 

over the timing of immortalization (Hodges et al., 2007). H-2Kb-tsA58 transgenic mice 

(Immortomouse, Jackson Laboratories; hereafter designated tsA58) carry a transgene 

encoding an inducible, thermolabile simian virus 40-large T-antigen (TAg) under control 

of the mouse major histocompatibility complex H-2kb class 1 promoter (Jat et al., 1991). 

Induction by interferon-gamma (IFNγ) up-regulates TAg expression and immortalizes 

cells cultured at the permissive temperature (33oC). Removal of IFNγ represses transgene 

expression and incubation at physiological temperatures (37-39oC) inactivates residual 

TAg, permitting differentiation. Conditionally immortalized cell lines have been 

generated from both neuronal and non-neuronal cells isolated from tsA58 mice and rats. 

Conditionally immortalized, retinal cell lines described to date include rat Müller glia 

(Tomi et al., 2003), retinal capillary endothelial cells (Hosoya et al., 2001) and pericytes 

(Kondo et al., 2003) and mouse retinal endothelial cells (Su et al., 2003) and astrocytes 

(Scheef et al., 2005).  

 To generate novel cell lines from the postnatal mouse retina (Jat et al., 1991), we 

isolated retinal cells from transgenic mice heterozygous for the tsA58 and HRhoGFP 

transgenes and from C57BL/6 mice. The HRhoGFP transgene encodes a human 

rhodopsin-GFP fusion protein under the control of the endogenous rhodopsin promoter 

(Chan et al., 2004) and is expressed specifically in post-mitotic rod photoreceptors. This 
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enables longitudinal imaging of living photoreceptors in culture and could prove useful in 

future studies of the neurogenic potential of conditionally immortalized Müller glia. We 

report the isolation and characterization of two novel Müller-glia cell lines from the 

postnatal day 10 (P10) mouse retina: conditionally immortalized ImM10 (Immortmouse 

Müller postnatal day 10) and spontaneously immortalized C57M10 (C57BL/6 Müller 

postnatal day 10).  

 

METHODS 

 

Mice 

All mice were handled and euthanized according to the Animal Care and Use 

Policies of the University of Houston and Johns Hopkins University School of Medicine 

and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. 

The following strains were used: C57BL/6 (Jackson Laboratories; Bar Harbor, ME), 

HRhoGFP (Chan et al., 2004) (generous gift of Dr. T. Wensel), and H-2 Kb-tsA58 

transgenic (tsA58; Immortomouse; Charles River Laboratories; Wilmington, MA) (Jat et 

al., 1991). Homozygous tsA58 males were bred to homozygous HRhoGFP females to 

generate double heterozygous mice (tsA58/+; HRhoGFP/+) used for retinal dissociation 

and cell culture.  

 

Retinal dissociation 

P10 pups were euthanized by halothane or CO2 inhalation, enucleated and retinas 

were dissected free of the pigmented epithelium and dissociated by incubation in 
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phosphate buffered saline (PBS) containing 16.5 U/ml activated papain (Worthington; 

Lakewood, NJ) and 124 U/ml DNAse (Sigma/Aldrich; St Louis, MO) for 30 minutes at 

37oC with gentle trituration. Digestion was stopped by addition of ovomucoid 

(Worthington; Lakewood, NJ); cells were pelleted by centrifugation (800 rpm, 8 min) and 

resuspended in Neurobasal medium containing B27 supplement, 20 mM L-glutamine and 

Pen/Strep antibiotics. Cell culture media, supplements and reagents were obtained from 

Gibco/Invitrogen (Carlsbad, CA, USA) unless otherwise indicated. 

 

Cell culture 

  Dissociated primary retinal cells were plated on poly-D-lysine/laminin coated 

multiwell plates or 100 mm culture dishes and maintained in cell culture incubators at 

5.5% CO2. To select Müller glia from mixed cultures, papain dissociated retinal cells 

were allowed to settle on 12-well dishes coated with poly-D-lysine/laminin for 3 hours; 

subsequently, non-adherent cells were transferred to empty, poly-D-lysine/laminin coated 

wells and, after an overnight incubation, remaining non-adherent cells were transferred to 

empty wells. After plating, adherent cells were maintained for 7 days at 37oC in plating 

medium under non-immortalizing conditions [Neurobasal medium with B27 supplement, 

20 mM L-glutamine and Pen/Strep antibiotics] and subsequently transferred to 

immortalizing conditions in growth medium (GM) consisting of Neurobasal medium with 

2% fetal bovine serum (FBS), B27 supplement, 20 mM L-glutamine and Pen/Strep 

antibiotics and incubated at 33oC with 100% media changes at 3-5 day intervals. For 

growth under immortalizing conditions, GM was supplemented with mouse recombinant 

IFNγ (Peprotech; Rocky Hill NJ) at 50U/ml, unless otherwise indicated. To eliminate 
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tsA58 transgene expression (non-immortalizing conditions), primary cultures of mixed 

retinal cells and ImM10 Müller cells were cultured in GM without IFNγ and incubated at 

37oC to 39oC. Primary cells from C57BL/6 were isolated following the same method, but 

were maintained at 37oC in DMEM/F12 medium containing 10% FBS and Pen/Strep 

antibiotics. During the initial isolation of both ImM10 and C57Bl/6 Müller cells, we used 

poly-D-lysine/laminin coated plates. For maintenance and subsequent analyses, cells 

were grown on uncoated tissue culture dishes. 

 

BrdU assay 

Cells were plated in GM+IFNγ containing 10 μM BrdU and incubated at 33oC for 

17 hours. Cells were washed in PBS, fixed in 10% formalin for 10 minutes, washed in 

PBS, incubated in 2N HCl in PBS for 30 minutes prior to immunostaining. 

 

Immunohistochemistry 

For immunostaining, tissues or cells were fixed in 4% paraformaldehyde or 10% 

formalin (for BrdU immunostaining) for 30 minutes. Samples for PAX2 immunostaining 

were fixed for 5 minutes in 4% paraformaldehyde. Samples were washed in PBS, 

incubated in 1% sodium borohydride (2 min) followed by blocking with either PBS 

containing 20% normal goat serum, 0.5% TritonX-100 or PBS containing 10% normal 

goat serum, 0.5% Triton-X100, 1% fish gelatin, 5% bovine serum albumin for 2 hours. 

Primary antibodies (Supplemental Table 2.1) were applied overnight at 4ºC. Secondary 

antibodies conjugated to AlexaFluor488, AlexaFluor543, AlexaFluor633 (Molecular 

Probes; Eugene, OR) or TRITC (Sigma; St. Louis, MO) were diluted 1:200 and incubated 
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for 1-2 hours at room temperature. For BrdU labeling, a Cy3 conjugated primary 

antibody was used. Cells were counterstained with Hoechst 33342 or 4’, 6-diamidino-2-

phenylindole (DAPI). Specificity of labeling was confirmed by omitting primary 

antibody or by substituting normal serum for the species used to generate the primary 

antibody. Immunostained cells were imaged with an Olympus IX71 inverted microscope 

with a monochrome, cooled CCD digital camera (Rolera-XR; Q-Imaging). Images were 

subsequently pseudocolored and adjusted for contrast using Adobe Photoshop software. 

Images used for comparison of staining intensity (BrdU, SV40TAg, PAX2 

immunostaining) were photographed at a uniform exposure setting and prepared as a 

montage with brightness and color adjusted simultaneously for all images. 

 

Western blot 

ImM10 cells in GM containing 0-200 U/ml IFNγ were grown on 100 mm plates 

for 6 days at 33oC, with 100% media changes every 2 days. Cells were harvested in PBS 

and sonicated. Cell lysates quantified by bicinchoninic acid assay (BCA-1; 

Sigma/Aldrich; St Louis, MO), diluted in Laemmli buffer (2x final concentration) and 

loaded at 15 μg/lane onto duplicate, polyacrylamide gels (BioRad; Hercules, CA, USA). 

After electrophoresis at 100 V, proteins were transferred to nitrocellulose (NT8017, 

Sigma/Aldrich; St Louis, MO) by electroblotting and processed for immunodetection 

using anti-TAg antibodies (RDI; Fitzgerald Industries, Concord, MA) at 1:250 and 

enhanced chemi-luminescence (ECL, Amersham Biosciences, Pittsburg, PA). Duplicate 

gels run in parallel and stained using Gel-Code Blue (Pierce; Rockford, IL) were used to 

compare protein loading.  
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Cell counts 

 Proliferation assays used a Bioanalyzer 2100 Cell Module (Agilent; Foster City, 

CA). ImM10 cells were plated in 12-well dishes at 1 x 105 cells per well on duplicate 

plates, cultured at 33oC in GM+ IFNγ and at 39oC in GM without IFNγ. For cell counts, 

three individual wells for each condition were stained with 2.5 μM Calcein AM and 2.5 

μM ethidium bromide homodimer (Live-Dead Stain; Invitrogen; Carlsbad, CA) in PBS 

for 30 minutes. Cells were pelleted, resuspended in 30 μl cell buffer (Cell Kit #5067-

1519; Agilent; Santa Clara, CA) and 10 μl of resuspended cells from each sample was 

loaded into individual wells of a cell chip. Fluorescence on the two channels 

(CalceinAM: excitation 470 nm/emission 535 nm; ethidium: excitation 630 nm/emission 

680 nm) were read for 6 minutes per well. Wells that gave low counts in the Calcein 

channel were examined microscopically and those with bubbles or blockage in the 

microfluidics channels were repeated on a second chip using the rest of the sample. The 

threshold for Calcein fluorescence intensity for a “live cell” (>0.7 x 101) was determined 

empirically using Calcein staining of methanol killed cells and unstained cells. For 

passages 4-7, the entire experiment was repeated twice; for passages 14-17, the entire 

experiment was repeated three times.  

 

 

RNA isolation and RT-PCR 

 RNA was harvested from ImM10 and C57M10 cells and whole mouse retina 

using RNeasy columns (Qiagen; Valencia, CA) following manufacturer’s instructions. 



 

 
43

Briefly, cells were washed in RNAse/DNAse free PBS, lysed in a guanidinium 

thiocyanate containing buffer, sheared using a 20 gauge needle prior to loading onto an 

RNA affinity spin column. Total RNA was eluted in RNAse free water, quantified by 

spectrophotometry (Nanodrop; Thermo Scientific, Wilmington, DE) and quality assessed 

using an RNAnano Chip on an Agilent Bioanalyzer 2100. RNA samples with quality 

scores >9.5 were used for analysis.  

 For analysis of gene expression by quantitative RT-PCR, total RNA (200 

nanograms) was reverse transcribed using oligo-dT primers and Affinityscript QPCR 

cDNA synthesis kit (Stratagene; La Jolla, CA). Primers (IDT; Coralville, IA) were 

designed to target the 3’ end of genes and span introns when possible (Supplemental 

Table 2.2). Primers were optimized using total retinal RNA and analyzed by melting 

curve analysis and gel electrophoresis to verify amplification of a single product of the 

predicted size. Standard curves were generated to determine amplification efficiency and 

the linear range of amplification. Amplification on an MX3005p instrument using 

Brilliant II SYBR Green kit (Stratagene; La Jolla, CA) consisted of a 10 minute 

incubation at 95oC followed by 40 cycles of 30 sec 95oC (denature), 30 sec 60oC (anneal) 

and 30 sec 72oC (extension). Reactions were done in triplicate on three independent RNA 

samples per condition. Fold-differences in gene expression were calculated using the 

ΔΔCt method, corrected for amplification efficiency. Statistical analysis was performed 

using pair-wise fixed reallocation randomization using Relative Expression Software 

Tool (REST) [http://www.gene-quantification.de/rest.html] (Pfaffl et al., 2002). 

Additional samples amplified without the melting curve analysis were separated by gel 

http://www.gene-quantification.de/rest.html
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electrophoresis (1.0% agarose, 0.5x TBE) stained with ethidium bromide and 

photographed.  

 

RESULTS 

 

Mixed retinal cultures from tsA58/Rho-GFP transgenic mice 

 Under immortalizing conditions (plating medium at 33oC, with 50U/ml IFNγ), 

cultures of total retinal cells from PN10 retina of tsA58/+; HRhoGFP/+ mice consisted 

of multiple, morphologically distinct populations. One population consisted of large, flat, 

adherent cells that were vimentin-positive and contained large nuclei containing diffuse, 

lightly stained chromatin and prominent nucleoli (Fig.2.1 A, C). The second population 

consisted of abundant, small, spherical cells with intensely staining nuclei that, by 4 days 

in culture, were almost exclusively clustered on the surface of the adherent cells (Fig.2.1 

A-D). The spherical cells were vimentin-negative and most were HRhoGFP+ rod 

photoreceptors, as evidenced by the fluorescence of the GFP-tagged rhodopsin in their 

cell membranes and the polarized accumulation of HRhoGFP at the cell surface (small 

arrows in Fig.2.1 B). A subpopulation of the HRhoGFP-negative spherical cells were 

immunostained by antibodies against PKC (large arrowhead, Fig.2.1 E-H) consistent with 

a rod bipolar cell identity. In mixed cultures, rare pigmented epithelial cells were present 

at the initial plating and were identifiable as adherent cells containing distinct melanin 

granules. Melanin-containing cells were never associated with the large flat cells and 

were not observed in long-term cultures (data not shown). 
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 The adherent flat cells and small spherical cells survived up to 50 days in mixed 

cultures. Over time, the flat cells covered increasing areas of the substrate, whereas the 

spherical cells did not appear to increase in number. This was confirmed using BrdU 

incorporation to assay DNA synthesis. Following 17 hours of BrdU exposure, mixed 

retinal cultures (tsA58/+; HRhoGFP/+) grown in the presence of IFNγ at 33oC, BrdU 

immunoreactivity was detected exclusively in the large, nuclei of the adherent cells 

(arrowheads in Fig.2 A-C).  

 To examine TAg expression, mixed retinal cells were cultured at 33oC for 4 days 

with or without 50 U/ml mouse recombinant IFNγ and analyzed by 

immunohistochemistry (Fig.2 G-L). TAg immunoreactivity was detected in cells cultured 

in the presence of IFNγ in both GFP-negative cells (non-rod photoreceptors; small arrows 

in Fig.2.2 G-I) and HRhoGFP-expressing rod photoreceptors (large arrowheads in Fig.2.2 

G-I), although some rod photoreceptors lacked distinct TAg immunoreactivity (small 

arrowheads in Fig.2.2 G-I).  

 

Purification of ImM10 cell line 

 We used preferential adhesion to laminin-coated substrates to enrich for the 

adherent cell population in primary cultures (Supplemental Fig. 2.1). After 26 days in 

culture, the adherent cells reached confluence. Only low numbers of HRhoGFP-positive 

cells were present following the initial enrichment and were rarely detected after the first 

passage. By the third passage, all cells in the culture were GFP-negative, adherent cells 

with large nuclei containing prominent nucleoli typical of Müller glia (Fig.3 A-H) (Hicks 

and Courtois, 1990; Sarthy et al., 1998). This new cell line, named ImM10 
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(Immortomouse-Müller cells from P10 retina), has been maintained for up to 50 passages 

under immortalizing conditions. 

 Using the same approach, we also generated a cell line from non-transgenic 

C57BL/6 mice (P10) for comparison of gene expression with the conditionally 

immortalized cell line. Adherent cells from C57BL/6 mice showed similar morphology 

(Fig.2.3 I), but to obtain sufficient numbers of cells for RNA isolation, we expanded the 

primary cultures in F12/DMEM medium supplemented with 10% FBS. After an initial 

period of slow growth, the adherent cells began to proliferate robustly. Because of their 

transition from slow to robust proliferation, we consider them to be spontaneously 

immortalized, rather than true primary cultures. The C57Bl/6 Müller cell line, named 

C57M10 (C57BL/6 Müller cells from P10), has been maintained for more than 50 

passages.  

 

TAg induction and growth characteristics of ImM10 cells 

 By western blot, TAg induction by IFNγ in ImM10 cells (passage 6) was detected 

at all concentrations of IFNγ tested (25-200 U/ml) and did not show an obvious dose-

response (Fig.2.2 M-N). Only minimal expression of the TAg was detected in the absence 

of IFNγ (Fig.2.2 N). Based on these results and previously published methods (Jat et al., 

1991), we used 50 U/ml IFNγ to induce TAg expression in all subsequent experiments.  

 To test the effects of conditional immortalization on cell proliferation, we 

compared proliferation of ImM10 cells grown in GM under TAg-inducing conditions 

(33oC with 50U/ml IFNγ) and non-inducing conditions (39oC without IFNγ) (Fig.2.4). 

ImM10 cells at early passages (4-7) cultured under immortalizing conditions (33oC with 
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50U/ml IFNγ) showed minimal changes in cell numbers during the first week in culture, 

followed by a rapid increase in cell numbers, with cell counts increased nearly 8-fold (3 

population doublings) by 10 days in culture. Early passage ImM10 cells cultured under 

non-immortalizing conditions (39oC without IFNγ), showed a similar lag in growth 

during the first week, but achieved only two population doublings after 10 days in culture 

(Fig.2.4 A). Overall proliferation rates increased at later passages (Fig.2.4 B; passage 16-

18), although ImM10 cells cultured under immortalizing conditions consistently grew 

more rapidly than those under non-immortalizing conditions.  

 

Gene expression in ImM10 cells 

 Quantitative RT-PCR using a panel of primer pairs for 8 genes expressed in 

Müller cells showed that ImM10 cells expressed vimentin, glutamine synthetase, 

clusterin, Dkk3, nestin, Pax6, Six3 and Hes1, with no significant differences in gene 

expression between immortalizing and non-immortalizing conditions (Fig.2.4 C). We 

also analyzed expression of additional genes characteristic of Müller glia or other retinal 

cell types in ImM10 cells grown under immortalizing conditions, cultures of 

spontaneously immortalized Müller glia from C57BL/6 mice (DMEM/F12; 10% FBS, 

37oC)  using RT-PCR (Fig.2.5 M). Both ImM10 and C57M10 adherent cell cultures 

expressed the Müller cell genes vimentin, glutamine synthetase, retinaldehyde binding 

protein 1 (Rlbp1/CRALBP), GLAST and cyclin D3. There were some differences in gene 

expression patterns between the ImM10 and C57M10 Müller cell lines. Primers for glial 

fibrillary acidic protein (Gfap) amplified a faint band from reverse transcribed RNA from 

ImM10 cells, but no visible product was amplified from C57M10 cells. Although 
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transcripts for carbonic anhydrase 14 were detected in C57M10 cells (Passage 5), no 

expression was detected in ImM10 cells or in later passages of C57M10 cells (Passage 

20).  

 Immunostaining of ImM10 cells confirmed the RT-PCR results and revealed 

uniform expression of Müller-glial proteins in all cells. Antibodies against glial glutamate 

aspartate transporter (GLAST) revealed a typical punctate pattern throughout the 

cytoplasm, with the most intense staining in the perinuclear region (Fig.2.5 A-C). 

Antibodies against the intermediate filament protein vimentin stained a characteristic 

network of filaments throughout the cytoplasm with strong perinuclear staining (Fig.2.5 

D-F) (Wang et al., 2009). Antibodies against glutamine synthetase labeled the entire cell 

including processes and nuclei (Fig.2.5 G-I), similar to what is observed in histological 

sections of the retina (Wang et al., 2009). Antibodies against cellular retinaldehyde 

binding protein (CRALBP) showed relatively diffuse cytoplasmic staining, with some 

perinuclear enrichment (Fig.2.5 J-L) as typical for Müller glia (Bunt-Milam and Saari, 

1983; Sarthy et al., 1998). Antibodies against cyclin D3 showed predominantly nuclear 

staining, characteristic of Müller glia in the adult retina (Dyer and Cepko, 2000).  

 In addition to expressing genes characteristic of Müller glia, neither ImM10 nor 

C57M10 cell lines expressed genes characteristic of other differentiated retinal cell types 

(Fig.2.5 P). By RT-PCR, both cell lines were negative for genes expressed in 

photoreceptors (rhodopsin/Rho, medium wavelength cone opsin/Opn1mw, cone-rod 

homeobox/Crx), horizontal cells (calbindin/Calb1), bipolar cells (metabotropic glutamate 

receptor mGluR6/Grm6, calcium binding protein 5, Cabp5), ganglion cells 

(Pou4f3/Brn3c) and photosensitive ganglion cells (melanopsin/Opn4). Both cell lines 
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were also negative for the microglial marker, Iba1. Antibodies against PAX2 showed no 

nuclear staining in ImM10 cells (Fig.2.6 A-F), although some cytoplasmic 

immunoreactivity was present. In contrast, strong nuclear staining was present in retinal 

astrocytes in the inner retina (Fig.2.6 G-M). We cannot attribute the Pax2 

immunoreactivity in ImM10 cells solely to non-specific staining, because by quantitative 

RT-PCR, low levels of Pax2 mRNA were detected in ImM10 cells (mean Ct values 31.11 

+/-1.18 SEM) under immortalizing conditions and in C57M10 (mean Ct values 34.38 +/- 

1.10 SEM). For comparison, the mean Ct values for Six3  (24.65 +/- 0.08 SEM) and Pax6 

(24.63 +/-1.35 SEM) were 6.5 cycles lower for ImM10 cells under immortalizing 

conditions, corresponding to approximately 90-fold higher expression of Six3 and Pax6 

compared to Pax2.   

 

Expression of retinal stem cell genes in ImM10 cell line 

  Using RT-PCR, we showed that ImM10 cells expressed mRNA for Nestin 

(Fig.2.7), as well as the transcription factors Pax6, Six3 and Hes1. We confirmed 

expression of Nestin and PAX6 using immunohistochemistry (Fig.2.7 A-F). By 

immunostaining, ImM10 cells also express SOX2 (Fig.2.7 G-I). As expected, PAX6 and 

SOX2 were primarily localized in the nucleus. By RT-PCR, ImM10 cells expressed other 

genes characteristic of retinal progenitors including the RNA binding protein musashi-1 

(Msi1), nucleostemin (Gnl3) and cyclin D1(Ccnd1) (Fig.2.7 J). In contrast, secreted 

frizzled related protein 2 (Sfrp2), fibroblast growth factor 15 (Fgf15) and retinal and 

anterior neural fold homeobox (Rax) are expressed in retinal progenitors during 
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development, but not in mature Müller glia (Blackshaw et al., 2004), and expression of 

these three genes was not detected by RT-PCR in RNA isolated from ImM10 cells.  

 

DISCUSSION 

 

 We report the isolation and characterization of two novel cell lines isolated from 

the P10 mouse retina: ImM10, a conditionally immortalized Müller glial cell line 

generated from tsA58/+; HRhoGFP/+ mice, and C57M10, a spontaneously immortalized 

cell line from C57BL/6 mice. Several mammalian Müller glial cell lines have been 

previously described, including a conditionally immortalized Müller glia from rat retina 

[TR-MUL5(Tomi et al., 2003)], non-conditional, SV40 TAg immortalized cell lines from 

rat [rMC-1 (Sarthy et al., 1998)] and spontaneously immortalized Müller glia from post-

mortem human retinas(Lawrence et al., 2007; Limb et al., 2002). Untransformed mouse 

Müller glia have been reported to survive in vitro for at least 7 passages (Florian et al., 

2008). However, this is the first report of a conditionally immortalized Müller glia cell 

line from mouse that maintains Müller glial characteristics for over 50 passages in vitro. 

Moreover, consistent with recent evidence that Müller cells in vivo express retinal stem 

cell genes (Bhatia et al., 2009; Blackshaw et al., 2004; Roesch et al., 2008), the ImM10 

cell line is the first with demonstrated expression of multiple retinal stem cell genes when 

cultured as adherent monolayers.  

 ImM10 and C57M10 cells show the typical morphology of cultured Müller glia: 

large adherent cells with large, diffusely staining nuclei containing prominent nucleoli, 

and an epithelioid morphology with multiple broad processes with distinct lamellapodia 
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(Hicks and Courtois, 1990). This is consistent with the morphology of primary and 

immortalized Müller glia from other species including rat (Monnin et al., 2007; Sarthy et 

al., 1998; Wan et al., 2007), mouse (Florian et al., 2008) and human (Limb et al., 2002). 

ImM10 and C57M10 cells express a combination of genes typical of mature Müller glia 

including Vim, Rlbp1, Dkk3, Clu and Glu1 and we found no significant differences in 

gene expression between ImM10 cells cultured under immortalizing or non-

immortalizing conditions. Carbonic anhydrase 14 (Car14), a gene typically expressed in 

Müller glia in vivo, was not detected in mRNA from ImM10 cells, whereas C57M10 cells 

expressed low levels of Car14 mRNA at early passages, but not at later passages. Down-

regulation of proteins involved glial physiological functions has previously been reported 

in cultured Müller glia and is thought to reflect adaptation to in vitro conditions (Hauck et 

al., 2003). Thus, the absence of Car14 expression in ImM10 cells is most likely 

associated with adaptation to in vitro culture, rather than a consequence of conditional 

immortalization.  

 The ImM10 and C57M10 cell lines were not clonally derived and although we 

cannot completely exclude the possibility that they consist of mixed populations, no 

heterogeneity was observed in the patterns of immunostaining. However, both Müller 

glia and retinal astrocytes express many of the same genes and show similar 

morphologies in culture. CRALBP expression is characteristic of Müller glia and has 

been used in by other groups to identify cultured Müller glia (Florian et al., 2008; Geller 

et al., 2008; Hauck et al., 2003; Lawrence et al., 2007; Limb et al., 2002; Lupien et al., 

2007; Monnin et al., 2007). Although developing retinal astrocytes transiently express 

CRALBP as they migrate from the optic nerve head, they down-regulate expression in 
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the postnatal retina with the protein no longer detectable by P7 (Johnson et al., 1997), 

prior to the age when we isolated these cell lines. Consistent with a Müller glial identity, 

Rlbp1 mRNA was expressed in both ImM10 and C57M10 cell lines and immunostaining 

revealed uniform and robust expression of CRALBP protein in 100% of the ImM10 cells. 

Furthermore, ImM10 cells also uniformly expressed cyclin D3, which is specifically 

expressed by Müller glia in the mature retina (Dyer and Cepko, 2000).  

 PAX2 is a marker of retinal astrocytes and previous reports describing 

conditionally immortalized retinal astrocytes from the Immortomouse show distinct 

nuclear staining for PAX2 (Scheef et al., 2005). In ImM10 cells, PAX2 immunoreactivity 

was present, but consistently showed cytoplasmic rather than nuclear localization 

(Fig.2.6).  Although cytoplasmic accumulation of PAX2 protein has been previously 

reported in mammary gland (Silberstein et al., 2006), the significance of cytoplasmic 

PAX2 is unclear. This may reflect non-specific staining, as we have previously observed 

non-specific staining of nerve fibers in mouse embryos using these antibodies (Otteson et 

al., 1998). However, multiple dilutions of the PAX2 antibodies all resulted in similar 

staining patterns. Likewise, omission of the primary antibodies revealed no non-specific 

staining by the secondary antibodies. Because ImM10 cells expressed low levels of Pax2 

mRNA by qRT-PCR, we cannot exclude the possibility that the cytoplasmic staining may 

reflect the presence of PAX2 protein. PAX2 expression is not detected in Müller glia in 

the intact retina of mammals including mice, although a few PAX2-positive glial cells 

have been observed in the peripheral retinas in older dogs (Stanke et al., 2010). In 

contrast, in the chick retina, FGF2 treatment followed by excitotoxic injury up-regulates 

PAX2 expression in Müller glia that re-enter the cell cycle, suggesting a potential role in 
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the glial-stem cell switch in Müller glia (Stanke et al., 2010).  To our knowledge, 

expression patterns of PAX2 have not been reported for other Müller glial cell lines, 

therefore it is not apparent whether a low level of cytoplasmic PAX2 is unique to this cell 

line or is a more general property of Müller glia in culture.  

 The low expression level of GFAP expression in ImM10 and C57M10 cells is 

also consistent with identification as Müller glia, rather than retinal astrocytes. In the 

retina, Müller glia express low levels of Gfap in the absence of injury or disease, whereas 

retinal astrocytes constitutively express high levels of Gfap (Sarthy et al., 1991). 

Consistent with this, the SAGE tag ratio of Vimentin to Gfap in two human Müller glial 

cell lines was 164:1 (Lupien et al., 2004) and by immunohistochemistry, human Müller 

glial cell lines (Limb et al., 2002) and primary rat Müller glial cultures (Hicks and 

Courtois, 1990) also express very low levels of GFAP. In contrast to ImM10 and 

C57M10 cells, mouse Müller cells (mMCI and mMCII) cultured from P5-12 mice 

express high levels of Gfap and low levels vimentin by RT-PCR (Florian et al., 2008) 

and the rat rMC-1 cell line (Sarthy et al., 1998) and some primary human Müller cell 

cultures (Aotaki-Keen et al., 1991) show robust immunoreactivity for the GFAP protein. 

Although the basis for these differences is not clear, up-regulation of GFAP is 

characteristic of Müller glial activation following injury and in disease (Chen and Weber, 

2002; Okada et al., 1990). The rMC-1 cell line was generated from light-damaged 

retinas; therefore, injury-induced up-regulation of Gfap prior to cell isolation is one 

possibility. Because only some of the previously characterized human Müller cell 

cultures have elevated Gfap expression, pre-existing injury or disease in human donor 
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eyes may have contributed to higher than expected Gfap expression in these particular 

cultures (Aotaki-Keen et al., 1991). 

 ImM10 cells also express multiple genes characteristic of both embryonic retinal 

stem cells and Müller glia in vivo, including the transcriptional regulators Pax6, Hes1 and 

Sox2 (Bhatia et al., 2009; Blackshaw et al., 2004; Roesch et al., 2008). However, ImM10 

cells did not express Sfrp2, Fgf15 and Rax, which are characteristically expressed in early 

retinal progenitors. These results are consistent with detailed gene expression profiling of 

single Müller glial cells (Roesch et al., 2008) that showed co-expression of Pax6, Hes1 

and Sox2 in ImM10 cells, but  no significant expression of Sfrp2 or Rax (Roesch et al., 

2008). Although over-expression of Rax can promote differentiation of Müller glia 

(Furukawa et al., 2000), activity of the Rax promoter in Müller glia is down-regulated as 

Müller glia differentiate (Matsuda and Cepko, 2007) and is absent in Müller glia in the 

mature retina (Blackshaw et al., 2004). Sfrp2 and Fgf15 are also down-regulated as 

differentiation proceeds and, by SAGE tag counts and in situ hybridization, both Sfrp2 

and Fgf15 are undetectable in the adult retina (Blackshaw et al., 2004) The absence of 

Sfrp2, Fgf15 and Rax expression in ImM10 cells appears to be consistent with their 

identification as Müller glia, despite expression of multiple genes characteristic of retinal 

stem cells.   

 Expression of retinal stem cell-associated genes in ImM10 cells differs from the 

previously described mMCI and mMCII mouse Müller cells (Florian et al., 2008), which 

expressed only low levels of retinal stem cell genes when cultured as adherent cultures. 

Interestingly, mMCI cells upregulate nestin when induced to generate neurospheres by 

culturing in serum-free, FGF2/EGF supplemented medium (Florian et al., 2008). 
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Similarly, following growth factor stimulation, human MIO-M1 cells (Lawrence et al., 

2007) and primary Müller glia from rat (Das et al., 2006) and mouse retinas (Nickerson 

et al., 2008) generate neurospheres that express stem cell genes including Pax6, Sox2 and 

nestin. However, many published reports do not describe gene expression patterns in 

Müller glial cultures grown under non-neurosphere conditions. Thus, it is unclear if 

expression of retinal stem cell genes in neurospheres generated using other Müller cell 

lines represents de novo up-regulation or persistent expression of genes that were 

expressed prior to neurosphere induction.  

 Multiple immortalized retinal cell lines characterized as neuronal in origin have 

been generated from embryonic or fetal tissue (Dutt and Cao, 2009; Pessac et al., 1983; 

Seigel, 1996). In contrast, few have been generated from post-mitotic retinal neurons, 

suggesting that retinal progenitors are more amenable to immortalization. We observed 

that post-mitotic neurons from the Immortomouse survived in mixed cultures, although 

cells with neuronal morphologies did not incorporate BrdU and did not increase in 

number over time in culture even with induction of TAg expression. Müller glial cell 

lines from multiple species have been generated from a variety of ages by both 

spontaneous immortalization and over-expression of viral oncogenes (Lawrence et al., 

2007; Limb et al., 2002; Lupien et al., 2004; Sarthy et al., 1998; Tomi et al., 2003). This 

likely reflects the inherent proliferative ability of Müller glia in vivo and potentially, the 

limited stem cell-like properties of some Müller glia both in vivo and in vitro (Jadhav et 

al., 2009).  

 We conclude that the morphological and gene expression profile of the ImM10 

and C57M10 cell lines are consistent with their identification as Müller glia. These 
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mouse cell lines will facilitate research on the physiology and function Müller glia and 

will complement the numerous genetic mouse models of retinal disease currently in use. 

In light of the growing evidence that some Müller glia may possess stem-like 

characteristics both in vivo and in vitro, evaluation of the neurogenic capacity of ImM10 

cells is currently underway. 
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Figure 2.1 Immunostaining of mixed retinal cultures from P10, tsA58/+; 
HRhoGFP/+ mice. 
 
Upper panel shows cryosections of the retina of an adult HRhoGFP mouse showing 
hematoxylin staining (left), HRhoGFP epifluorescence of the eGFP-tagged human 
rhodopsin transgene in the rod photoreceptors (center) and immunostaining for rhodopsin 
(right). Prominent fluorescence of the rhodopsin-GFP and rhodopsin immunostaining is 
present in the outer segments and plasma membranes of the rod photoreceptor cell bodies 
in the outer nuclear layer. Lower panel shows epifluorescence photomicrographs of 
mixed retinal cultures from dissociated retinas of PN10 tsA58/+; HRhoGFP/+ double 
heterozygous mice. (A) Vimentin immunostaining, (B) same as panel A showing 
HRhoGFP fluorescence of rod photoreceptors, (C) overlay of panel A and Hoechst 
nuclear staining. (D) Overlay of panel B and Hoechst. In A-D, large arrowheads indicate 
nuclei of vimentin positive, adherent cells; arrows indicate HRhoGFP-positive rod 
photoreceptors and small arrowheads indicate vimentin-negative, HRhoGFP-negative 
cells. (E) Protein Kinase C alpha (PKC) immunostaining; (F) same as panel E showing 
HRhoGFP fluorescent rod photoreceptors; (G) overlay of panels E and F; (H) overlay of 
panel E and Hoechst nuclear staining. In E-G, large arrowheads indicate PKC+; 
HRhoGFP-negative cells; arrows indicate PKC-negative; HRhoGFP-positive cells and 
small arrowheads indicate cells that are positive for both PKC and HRhoGFP. Scale bars 
= 50 μm. 
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Figure 2.2 
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Figure 2.2 BrdU labeling and TAg expression in conditionally immortalized retinal 
cells. 

(A-F) BrdU immunostaining of primary, mixed retinal cultures in growth medium with 
50 U/ml IFNγ at 33oC showing (A, D) BrdU, (B, E) Hoechst and (C, F) overlay. (A-C) 
BrdU (10 μM) added 17 hours prior to fixation and immunostaining. Large arrowheads 
indicate large BrdU-positive nuclei with typical diffuse Hoechst staining; arrows indicate 
small BrdU-negative nuclei with uniform and intense Hoechst staining. (D-F) control 
wells grown in parallel without BrdU. (G-L) Photomicrographs of mixed retinal cultures 
showing (G, J) immunostaining for SV40-TAg and (H, K) green fluorescent protein 
(HRhoGFP) expression; (I, L) overlay. (G-I) Cells cultured with 50 U/ml IFNγ at 33oC 
for 4 days. Arrows indicate TAg-positive, HRhoGFP-negative (non-photoreceptor) cells; 
large arrowheads indicate TAg-positive, HRhoGFP-positive (rod photoreceptors) cells; 
small arrowheads indicate TAg-negative, HRhoGFP-positive cells. (J-L) Cells cultured 
with 0 U/ml IFNγ at 39oC for 4 days showing. Scale bars = 50 μm. (M) Western blot 
analysis of TAg expression in ImM10 cells cultured in growth medium containing 0-200 
U/ml IFNγ for 4 days in presence of 0-200 U/ml IFNγ and in HEK293 cells (negative 
control); (N) Longer exposure of blot shown in A reveals trace levels of TAg expression 
in ImM10 cells cultured without IFNγ, but none in HEK293. Increased intensity of TAg 
expression at 100U/ml reflects increased loading of total proteins in that lane.  
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Figure 2.3 Photomicrographs of representative cultures of ImM10 and C57M10 cell 
lines in culture.  
 
(A) Calcein stained ImM10 cells, passage 14, cultured under immortalizing conditions 
(GM with 50U/ml IFNγ, 33oC). (B) Calcein stained ImM10 cells, passage 14, plated in 
parallel cultured under non-immortalizing conditions (GM without IFNγ, 39oC). (C, D) 
DIC images of ImM10 cells, passage 5, cultured under immortalizing conditions. (E, F) 
ImM10 cells, passage 5, cultured under non-immortalizing conditions. (G) ImM10 cells, 
passage 37, cultured under immortalizing conditions. (H) ImM10 cells, passage 37, 
plated in parallel cultured under non-immortalizing conditions. (I) Spontaneously 
immortalized Müller cells from retinas of PN10 C57Bl/6 mice, passage 47, cultured in 
DMEM with 10% FBS. Scale bar, 500 μm in A-B; 200 μm in C-I. 
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Figure 2.4 Comparison of proliferation T-Ag induced and non-induced ImM10 cells 
in culture.  
 
(A) passages 4-7 and (B) passages 16-18 cultured under immortalizing (open squares: 
33oC, GM+IFNγ) or non-immortalizing (closed squares: 39oC, GM without IFNγ) 
conditions showing mean fold-change in live cells (Calcein AM positive, Ethidium 
bromide homodimer negative). Error bars show standard error of mean. Early passage 
cells were not counted on days 1-6 days because visual observations and pilot studies 
showed minimal changes in cell number prior to 7 days in culture. (C)  Quantitative RT-
PCR comparing mRNA expression between cells cultured under immortalizing 
conditions (33oC) and non-immortalizing conditions (39oC). Image shows ethidium 
bromide stained agarose gels of amplicons with table showing fold change and p-values. 
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Figure 2.5 Immunostaining and quantitative RT-PCR analysis of gene expression in 
ImM10 cells cultured in GM with 50U/ml IFNγ at 33oC.  
 
In each row, the first panel shows antibody staining, the second panel shows 4’, 6-
diamidino-2-phenylindole (DAPI) staining of nuclei, the third panel shows the overlay of 
the first two images. (A-C) glial glutamate aspartate transporter (GLAST); (D-F) 
vimentin; (G-I) glutamine synthetase (GS); (J-L) cellular retinaldehyde binding protein 
(CRALBP); (M-O) Cyclin D3. Scale bar in K= 50 μm for all panels. (P) Ethidium 
bromide stained agarose gels showing amplicons from quantitative RT-PCR analysis of 
[I] ImM10 cells, C57M10 cells at [M5] passage 5 and [M20] passage 20 and [R] whole 
adult C57BL/6 mouse retina. Vimentin (Vim); glutamine synthetase (Glu1); glial 
fibrillary acidic protein (Gfap); cellular retinaldehyde binding protein (Rlbp1); calbindin 
(Calb1); medium wavelength cone opsin (Opn1mw); metabotropic glutamate receptor 
mGluR6 (Grm6); POU domain, class 4 transcription factor 3 (Pou4f3; Brn3c); 
melanopsin (Opn4); calcium binding protein 5 (Cabp5); carbonic anhydrase 14 (Car14) 
rhodopsin (Rho); inflammatory factor-1 (Iba1); cone-rod homeobox (Crx); acidic 
ribosomal phosphoprotein P0 (Rplp0) was used as normalizing gene (Simpson et al., 
2000).  
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Figure 2.6 PAX2 immunostaining in ImM10 cells and mouse retina.  
 
In each row, the first panel shows PAX2 antibody staining, the second panel shows 4’, 6-
diamidino-2-phenylindole (DAPI) staining of nuclei, the third panel shows the overlay of 
the first two images. (A-C) PAX2 immunostaining of ImM10 cells cultured at 33oC 
shows cytoplasmic, but not nuclear staining. Boxed area in A is shown at higher 
magnification in (D-F). Arrowheads indicate nuclei. (G-I) PAX2 immunostaining of adult 
C57BL/6 mouse retina shows nuclear staining in retinal astrocytes in the inner retina 
(arrowheads). Boxed area in G is shown at higher magnification in (J-L). Scale bars = 50 
μm in A-F, 100 μm in G-M. 
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Figure 2.7 Immunostaining and RT-PCR analysis of retinal stem cell associated 
gene expression in ImM10 cells cultured in GM with 50U/ml IFNγ at 33oC.  
 
(A-I) In each row, the first panel shows antibody staining, the second panel shows 4’, 6-
diamidino-2-phenylindole (DAPI) staining of nuclei, the third panel shows the overlay of 
the first two images. (A-C) Nestin; (D-F) PAX6; (G-I) SOX2. Scale bar = 50 μm. (J) 
Ethidium bromide stained agarose gels showing PCR amplicons generated from reverse 
transcribed total RNA from [I] ImM10 cells passage 14 cultured in GM with IFNγ at 
33oC, [R] C57BL/6 adult mouse retina and [E] whole mouse embryo at embryonic day 
12.5. The following genes were analyzed: musashi 1 (Msi1); nucleostemin (guanine 
nucleotide binding protein-like 3; Gnl3); hairy and enhancer of split homolog 1 (Hes1); 
Clusterin (Clu); paired box gene 6 (Pax6); nestin (Nes); sine oculis-related homeobox 
homolog 3 (Six3); cyclin D1 (Ccnd1); fibroblast growth factor 15 (Fgf15); secreted 
frizzled related protein 2 (Sfrp2); retinal and anterior neural fold homeobox (Rax). Acidic 
ribosomal phosphoprotein P0 (Rplp0) was used as normalizing gene (Simpson et al., 
2000). I = Imm10 cells; R = adult retina; E = whole embryo. 
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Supplemental Figure 2.1  

 

Supplemental Figure 2.1 Photomicrographs showing differential selection of 
adherent and non-adherent cells from tAs58/+; HRhoGFP/+.  
 
(A, C, E) Phase contrast; (B, D, F) Epifluorescence. Arrows indicate HRhoGFP (GFP) 
positive cells; arrowheads indicate round, refractile cells lacking HRhoGFP expression. 
(A, B) Cells selected from dissociated P10 retina by differential adherence to laminin 
substrate and cultured for 4 days. (C, D) Non-adherent cells removed 3 hours after initial 
plating and cultured in parallel for 4 days. (E, F) Adherent cells after 26 days in culture 
grown under TAg inducing conditions (GM+IFNγ, 33oC). Scale bar= 100 μm (A-D); 50 
μm (E, F). 
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Supplemental Table 2.1 Antibodies used 
 

Target 
recognized 

Cell Type  Dilution Species Product Number Source 

BrdU 
(Alexa594 
conjugated) 

BrdU 
incorporating  

1:25 mouse A21304; clone 
PRB-1 

Invitrogen 

CRALBP Müller glia, 
pigmented 
epithelium 

1:100 mouse AB15051 AbCam 

GLAST Müller glia 1:500 guinea pig AB1782 Chemicon 

Glutamine 
synthetase 

Müller glia 1:400 mouse MAB302, 
cloneG56 

Chemicon 
International 

Nestin neural stem 
cells, Müller 
glia 

1:100 mouse MAB353 Chemicon 

Pax6 retinal stem 
cells; amacrine, 
ganglion cells, 
Müller glia 

1:800  rabbit AB5790 Abcam 

PKC rod bipolar 1: 500 mouse P5704 (MC5) Sigma-
Aldrich 

Rhodopsin rod 
photoreceptors 

 1:10,000 mouse O4886; clone 
RetP1 

Sigma-
Aldrich 

Sox2 stem cells, 
Müller glia 

1:1000 rabbit AB5603 Chemicon 

T-Ag tsA58 
expressing 

5 ug/ml mouse RDI-SV40Labm-
101  

RDI 

Vimentin Müller glia 1:200 mouse V6389; clone V9 Sigma-
Aldrich 
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Supplemental Table 2.2 Genes analyzed by RT-PCR 
Gene information,  retinal expression, primer and pcr information for genes analyzed using RT-PCR.  All primer pairs span introns. Accession numbers indicate sequences used to design primer pairs. 
Gene  Retinal  Forward Primer (5’-3’) Reverse Primer (5’-3’) Anneal Product Size Accession  
(name) expression     temp (oC) (bp)  Number 

Aif1 / Iba1 microglia CTGGAGAAACTTGGGGTTCC GACATCCACCTCCAATCAGG 60 240 NM_019467 
(allograft inflammatory factor 1) 

Cabp5 bipolar cells GATTGGTGTCCAGGAGATGC AAGGCAGCAGGTGTCTGG  60 245 NM_013877  
(calcium binding protein 5) 

Calb1 horizontal cells AGCTGGAACTGACAGAGATGG CACACAGATCTTTCAGCAAAGC 60 177 NM_009788 
(calbindin) 

Car14  Müller glia GATGCTGGGTCTAGGTGTGG GTTCACGCCTCTGTGGTAGC  60 150 NM_011797 
(carbonic anhydrase 14) 
 
Ccnd1  Retinal progenitors GCACAACGCACTTTCTTTCC CAGCCTCTTCCTCCACTTCC  61        162      NM_007631 
(cyclin D1) Müller glia following injury  
 
Clu Müller glia GTGTCACTGAGGTGGTGGTG GATTCCCTCCCAGACACTCC                 60         196     NM_013492 
(clusterin)  

Crx cone,  rod GGATGTGTATGCACGTGAGG   GTAGAGGGTCTCGGGGATGT 60 296 NM_007770  
(cone rod homeobox)  photoreceptors 
 
Dkk3 Müller glia  CTGCTGGATCTCATCACCTG TCCCCTATGAAGCCAACATC 60          206    NM_015814 
(Dickkopf 3) RGC 
 
Fgf15 Retinal progenitors GAAGACGATTGCCATCAAGG GTCCTGGAGCTGTTCTCTGG       60  208      NM_008003 
(fibroblast Growth Factor 15)  
 

Gfap  activated  AAGCTCCAAGATGAAACCAACCTGA CTTGGCCACATCCATCTCCA  60 225 NM_010277 
(glial fibrillary acidic protein)   Müller glia; astrocytes 

GluI Müller glia GGATAGCCCGTTTTATCTTGC GTGGTACTGGTGCCTCTTGC  60 197 NM_008131 
(glutamine synthetase; GS) 
 
Gnl3 Retinal progenitors AGACAAACAGGATGCTGACG CTTGACTCGCTCTATCCAAGG 60  195 NM_153547 
(nucleostemin) 

Grm6 ON-bipolar cells TACGGTGTATGCCATCAAGG CAGTCAGTGTGGTCGTTTGG 60 170 NM_173372 
(metabotropic glutamate  
receptor 6; mGluR6)  

Hes1 Retinal progentiors TGAAAACACTGATTTTGGATGC  GTGTTAACGCCCTCACACG  60         229 NM_008235 
(hairy-enhancer of split1) (Müller cell differentiation) 
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Msi1  Retinal progenitors GGGTCAGCAGTTACATCAGC TTGAGGGACAGGCAGTAGC  58  182 NM_008629 
(musashi1) Müller cells, astrocytes,  oligodendroctyes 

Nes  neural stem cells;   GATCGCTCAGATCCTGGAAG GTGCTGGTCCTCTGGTATCC  60 199 NM_016701 
(nestin) Müller glia 

Opn1mw1  cone  TTTGCATGCTTTGCTACTGC AGCTTTGATGGATGGGACAG 60 218 NM_008106 
(m cone opsin) photoreceptors 

Opn4 photo-sensitive GACCTCAGCTGGATCTCTGG AGGACTGTCCACTTGCTTGC  60 124 AF147789 
 (melanopsin)  retinal ganglion cells 
 
Pax6  Retinal progenitors CACATCAGGTTCCATGTTGG ACTTGGACGGGAACTGACAC 60       294 NM_013627 
(paired box gene 6) RGC, amacrine 
 
Pax2 retinal astrocytes  CGTGATATGACGAGCACCAC ACTTAGTAAGGCGGGGTTGC 60 189 NM_011037 
(paired box gene 2)  

Pou4f3 retinal ganglion cells  TGCAAGAACCCAAATTCTCC TGGGCGAGGTAGAAGTGC  60 234 NM_138945  
(Pou domain, class 4  
transcription factor 3; Brn3c) 
 
Rax Retinal progenitors AGGAGAGGAGGGGAGAATCC CCTTCGAGAAGTCCCACTACC         60          224      NM_013833 
(retinal and anterior  (immature rods) 
homeobox gene) 

Rlbp1 Müller glia;  TGCTGGAAAATGAGGAAACC CAAGAAGGGCTTGACCACAT 60 214 NM_011254  
(cellular retinaldehyde  immature retinal   
binding protein; CRALBP) astrocytes 

Rho  rod photoreceptors  TCTGCTGGCTTCCCTACG  ATCTCCCAGTGGATTCTTGC  60 203 NM_145383 
(rhodopsin)  

Rplp0 all cells CGACCTGGAAGTCCAACTAC ATCTGCTGCATCTGCTTG  60 109 NM_022402  
(acidic ribosomal  normalizer  
phosphoprotein PI)  
 
Six3 Retinal progenitors CTCACCCCCACACAAGTAGG TACCGAGAGGATCGAAGTGC             60         237      NM_011381 
(sine oculus homeobox 3) RGC, some INL cells 
 scattered ONL cells 
 
Sfrp2  Retinal progenitors  CAAGAATGAGGACGACAACG ACAGCACGGATTTCTTCAGG        60         182      NM_009144 
(secreted Frizzle-related  protein 2) 

Vim Müller glia ACGGTTGAGACCAGAGATGG TGCTGGTACTGCACTGTTGC  60 104 NM_011701  
(vimentin) astrocytes 
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CHAPTER III 

DIFFERENTIAL EXPRESSION OF NEURONAL GENES IN MÜLLER GLIA IN 
TWO- AND THREE- DIMENSIONAL CULTURES 

 

ABSTRACT 

Purpose: Müller glia in the mammalian retina possess some stem cell-like 

characteristics, although their capacity for neurogenesis remains limited both in vivo and 

in vitro. In vitro studies to date have used traditional two-dimensional (2D) cell culture to 

assess neuronal differentiation of Müller glia. The purpose of this study was to compare 

the effects of 2D and three-dimensional (3D) environments on Müller glial gene 

expression following growth factor stimulation.  

Methods: Conditionally immortalized mouse Müller glia cells (ImM10) were cultured 

under non-immortalizing conditions with EGF/FGF2 to generate spheres that were 

differentiated in vitro on uncoated culture dishes (2D) or encapsulated in self-assembling, 

RADA-16 peptide hydrogels (3D) under identical media and growth factor 

supplementation conditions. Gene expression was analyzed using quantitative RT-PCR 

and immunocytochemistry. Cellular morphology was analyzed with light and confocal 

microscopy; sphere ultrastructure was analyzed with transmission electron microscopy. 

Results: ImM10 Müller cells express numerous genes associated with neural stem cells 

and retinal progenitors in both normal growth conditions and sphere forming conditions. 

When encapsulated in the 3D hydrogel, cells can migrate and send processes into the 

hydrogel. Many genes associated with neurogenesis, as well as retinal neuron specific 

genes, are differentially expressed in 2D and 3D differentiation conditions.  
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Conclusions: ImM10 Müller glia up-regulate genes characteristic of retinal neurons 

following growth factor stimulation in vitro and gene expression patterns are altered in 

3D hydrogel cultures.  

 

INTRODUCTION 

 

There is increasing interest in developing stem cell-based therapies for retinal disease. 

Sources for stem-like cells under investigation include embryonic stem cells, induced 

pluripotent stem cells, and a variety of tissue-specific stem cells including those from 

bone marrow, embryonic and fetal retina, ciliary body and iris, and Müller glia (Amabile 

and Meissner, 2009; Baker and Brown, 2009; Enzmann et al., 2009; Limb and Daniels, 

2008; Ohta et al., 2008). The potential advantages of Müller-derived retinal stem cells 

include that they arise from the same progenitor pool as retinal neurons, which should 

bias them towards generation of retinal cell types. Because Müller glia are resident within 

the retina, they could provide an endogenous stem cell source. Alternatively, Müller glia 

from adult retinas can be expanded in vitro for transplantation, thereby avoiding ethical 

concerns associated with use of embryonic and fetal cells.  

In teleost fish, Müller glia are the source of retinal stem cells capable of regenerating 

all types of retinal neurons (Bernardos et al., 2007). In birds (Reh and Fischer, 2001) and 

to a lesser extent in rats (Ooto et al., 2004) and mice (Karl et al., 2008), Müller glia 

proliferate following retinal injury and a subset of Müller cells up-regulate genes 

characteristic of retinal neurons. Müller glia in the periphery of the human retina also 

show some retinal progenitor cell characteristics, including expression of the genes Sox2, 
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Notch1, Chx10, Shh, and Nestin (Bhatia et al., 2009). Müller glial dedifferentiation and 

subsequent neurogenesis can be enhanced in vitro using specific media conditions, 

supplements, growth factors, and pharmacological agents (Das et al., 2006; Florian et al., 

2008; Lawrence et al., 2007; Nickerson et al., 2008; Takeda et al., 2008). However, only 

a fraction of Müller glia in the mammalian retina appear capable of generating cells with 

neuronal characteristics either in vivo or in vitro.  

 The mechanisms restricting the neurogenic potential of mammalian Müller glia are 

not well understood. In the adult retina, an inhibitory environment potentially maintains 

Müller cells in a differentiated state and represses their stem cell characteristics. Most in 

vitro studies of retinal stem cells have focused on identification of growth factors and 

signaling molecules to promote neurosphere formation and differentiation. Less is known 

about the role of the physical environment on retinal stem cell growth and differentiation. 

During normal development, proliferation, cell migration and differentiation all occur in 

three dimensions (3D) with cells interacting with neighboring cells and the extracellular 

matrix. In vitro, cells are typically maintained on flat, two-dimensional (2D) surfaces that 

lack the three dimensional architecture of the normal retinal environment. Biocompatible 

hydrogel polymers can provide a 3D environment for cultured cells and have been shown 

to promote proliferation and differentiation of embryonic (Levenberg et al., 2003) and 

neural stem cells (Gelain et al., 2006) and enhance neurite outgrowth and synapse 

formation (Holmes et al., 2000). Polymer scaffolds can also enhance survival, migration, 

and differentiation of post-natal day 0-3 mouse retinal progenitors following 

transplantation, compared to injection of dissociated cells (Lavik et al., 2005; Neeley et 

al., 2008; Redenti et al., 2009; Tomita et al., 2005).  
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 This study assesses the effects of RADA-16 hydrogel scaffolds on the neurogenic 

response of conditionally immortalized mouse Müller cells, the ImM10 cell line (Otteson 

and Phillips, in press). RADA-16 hydrogels consist of 10 nm diameter peptides of 

repeating amino acids [Arginine (R)-Alanine (A)-Aspartate (D)-Alanine (A)] that self-

assemble into nano-scale scaffolds with pores between 5-200 nm, similar to the 

extracellular matrix (ECM) in vivo (Gelain et al., 2006; Gelain et al., 2007; Yokoi et al., 

2005). RADA-16 hydrogels provide a chemically defined 3D environment that avoids the 

influence of undefined and potentially variable components including growth factors and 

structural and adhesive molecules, and eliminates the risk of animal borne contaminants 

or disease associated with native ECM preparations (Kleinman and Martin, 2005; 

Vukicevic et al., 1992). Using quantitative RT-PCR and immunocytochemistry, we show 

that genes associated with neurogenesis and differentiation of multiple classes of retinal 

neurons are differentially expressed by ImM10 Müller glia cultured in 2D vs. 3D 

conditions following identical growth factor stimulation.  

 

METHODS 

 

ImM10 cell line 

The isolation and characterization of the conditionally immortalized, mouse Müller 

glial cell line, ImM10, has been previously described (Otteson and Phillips, in press). 

ImM10 Müller cells carry a transgene for a temperature-sensitive, interferon-gamma 

(IFNγ) inducible SV40 Large T antigen (TAg) that immortalizes the cells when 

maintained at 33oC in the presence of IFNγ (Jat et al., 1991). Removal of IFNγ from the 
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culture medium stops TAg production and any residual TAg is inactivated by culturing 

the cells at or above normal body temperatures, enabling the cells to differentiate. For 

maintenance, ImM10 cells were cultured in immortalizing conditions in Growth Media 

[NeuroBasal medium, 2% fetal bovine serum, B27 supplement, 20 mM L-glutamine, 

50U/ml IFNγ (Peprotech; Rocky Hill, NJ), penicillin/streptomycin antibiotics] at 33oC. 

Cells used in this study ranged from passage 5 to 16. Cell culture media and supplements 

were obtained from Gibco/Invitrogen (Carlsbad, CA) or Sigma/Aldrich (St. Louis, MO) 

unless otherwise noted. 

 

Sphere and differentiation cultures 

All experiments were performed in non-immortalizing conditions (39°C, without 

IFNγ) in defined, serum-free media. To generate spheres, ImM10 cells were harvested by 

trypsinization and cultured for 7 days in Sphere Forming Media [NeuroBasal, 

supplemented with Fibroblast Growth Factor-2 (FGF-2, 20 ng/ml; Peprotech), Epidermal 

Growth Factor (EGF, 20 ng/ml; Peprotech), B27 supplement, L-glutamine (20mM), 

biotin (100mg/L), human transferrin (5000mg/L), insulin (500mg/L), hydrocortisone 

(0.36mg/L), selenite (0.52mg/L), and penicillin/streptomycin antibiotics].  

For 2D cultures, spheres were transferred to uncoated 100 mm dishes/plates and 

grown for 5 days in Priming Medium [Neurobasal, FGF-2 (20 ng/ml), L-glutamine 

(20mM), biotin (100mg/L), transferrin (5000mg/L), insulin (500mg/L), hydrocortisone 

(0.36mg/L), selenite (0.52mg/L), and penicillin/streptomycin]. To promote 

differentiation, priming media was replaced with Differentiation Media [Neurobasal, B27 

supplement, L-Glutamine and penicillin/streptomycin] for 5 days.  
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 For sphere formation in 3D cultures, ImM10 cells were harvested, embedded in 

0.15% RADA-16 hydrogels at 1 x 105 cells/ml and cultured in sphere forming medium 

for 7 days. For differentiation in 3D cultures, spheres grown in 100 mm dishes for 7 days 

were embedded in 0.15% RADA-16 hydrogel (Puramatrix; Becton Dickenson; Franklin 

Lakes, NJ), cast in hanging transwell inserts with 8 micron pores (Millipore; Billerica, 

MA) in 24 well plates. RADA-16 hydrogel cures and becomes firm in the presence of 

physiological salt concentrations (i.e. culture media). Cells encapsulated as spheres were 

cultured in priming medium for 5 days prior to transfer to differentiation medium for an 

additional 5 days.  

 

Sphere measurements 

 To assess changes in sphere size, ImM10 cells were plated ~1 x 104/ml in sphere 

forming media in 100 mm plates and incubated for 9 days at 39oC. Wells were imaged in 

5-10 random fields per plate using a 10x objective on an inverted microscope (Olympus; 

Center Valley, PA) equipped with a cooled CCD digital camera (Rolera; QImaging, 

Surrey, BC, Canada). Using Image-Pro software, the diameter of non-adherent spheres 

(>4 cells) was measured across the longest axis; if two distinct spheres were touching, 

each sphere was measured separately. Images from four independent experiments were 

analyzed, with each time point represented by >20 spheres from at least one experiment. 

For statistical analysis, sphere diameters were log converted to achieve a normal 

distribution prior to analysis by Pearson correlation (SPSS for Windows 9.0, Chicago, 

IL), with p<0.05 considered statistically significant. 
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RNA isolation 

RNA was isolated from ImM10 cells in 2D cultures using affinity spin columns 

according to manufacturer’s protocol (RNeasy Mini; Qiagen, Valencia, CA). Cells in 3D 

cultures were removed from the matrix by gentle trituration followed by centrifugation 

and trypsinization. The cell/matrix mixture was rewashed, triturated again, cells were 

pelleted by centrifugation, and RNA was isolated using affinity columns (RNeasyPlus 

Micro; Qiagen). RNA yields were quantified by spectrophotometry (ND-1000, 

NanoDrop Products, Wilmington DE) and RNA quality was assessed by microfluidics 

gel electrophoresis (RNA Nano LabChip; 2100 Bioanalyzer; Agilent Technologies, Santa 

Clara, CA). Although the overall RNA yield was lower for cells from 3D cultures, all 

samples had an RNA integrity number (RIN) of 9.7 to 10. 

 

Quantitative reverse transcriptase PCR (qRT-PCR) 

 First strand cDNA was synthesized from total RNA using the oligo dT primers 

(Stratascript; Agilent, Santa Clara, CA) and amplified using optimized primers 

(Supplemental Table 3.1) with Sybr green chemistry (Brilliant SYBR Green QPCR 

Master Mix; Stratagene). PCR reactions were performed in triplicate on an thermocycler 

(MX3005p; Stratagene) using the following cycling conditions: denature 95°C for 10 

minutes; 40 cycles of 95°C for 30 seconds, 60°C for 30 seconds, 72°C for 30 seconds; 

and a dissociation curve. All qRT-PCR results were normalized to acidic ribosomal 

phosphoprotein P0 (Rplp0), a reference gene that is stably expressed in the retina 

(Simpson et al., 2000). Fold-differences in gene expression were calculated relative to 

control samples (ImM10 cells in growth conditions) using the ΔΔCT method, corrected 
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for amplification efficiency. Statistical analysis was performed using Pair Wise Fixed 

Reallocation Randomization Test (REST) software [(http://www.gene-

quantification.de/rest.html); Pfaffl et al., 2002]. For each treatment condition, three 

biological replicates were analyzed. 

 

Neurogenesis and neural stem cell targeted PCR arrays 

 Targeted neurogenesis and neural stem cell PCR arrays (SABiosciences/Qiagen; 

Frederick, MD) were used to analyze expression of 84 genes involved in neurogenesis 

(see www.sabiosciences.com for array gene list). First strand cDNA was synthesized and 

qRT PCR reactions were performed according to manufacturer’s instructions. Array data 

was analyzed with RT2 Profiler PCR Array Data Analysis software (SABiosciences) and 

normalized to three reference genes: glucuronidase β (Gusb), hypoxanthine guanine 

phosphoribosyl transferase 1 (Hprt1), and heat shock protein 1 β (Hspcb). For each 

treatment condition, three biological replicates were analyzed. 

 

Immunocytochemistry 

2D cultured cells: Immunocytochemistry was performed using previously established 

protocols (Otteson and Phillips, in press). Supplemental Table 3.2 lists all primary 

antibodies and dilutions. Cells were fixed in 4% paraformaldehyde (0.1M cacodylate 

buffer, pH 7.4) for 30 minutes. Fixed spheres were embedded in optimal cutting 

temperature medium (OCT; TissueTek), frozen and sectioned on a cryostat prior to 

immunostaining; differentiated cells were fixed and immunostained in their culture 

dishes. Fixed cells were incubated in blocking buffer (10% normal goat serum, 0.5% 

http://www.gene-quantification.de/rest.html
http://www.gene-quantification.de/rest.html
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Triton-X, 1% fish gelatin, 5% bovine serum albumin) for 2 hours at room temperature 

(RT) prior to application of primary antibodies and overnight incubation at 4ºC. 

Secondary antibodies conjugated to AlexaFluor488 or AlexaFlour543 (Molecular Probes, 

Eugene, OR), were diluted in blocking buffer (1:200) and applied for 1 hr RT. Specificity 

of labeling was confirmed by omitting primary antibody or substituting normal serum for 

the species used to generate the primary antibody. Nuclei were counterstained with 

Hoechst 33342 and imaged by epifluorescence microscopy. 

3D cultures: Cells were fixed with 4% paraformaldehyde in 0.1M cacodylate buffer 

for 1 hour in the hydrogel matrix on transwell inserts, washed in PBS, and incubated in 

blocking buffer for 16 hours with multiple changes. Blocker was removed and primary 

antibodies were applied for 3 days at 4ºC to allow full penetration of the antibodies into 

the hydrogel. Cells were incubated in secondary antibodies for 4 hours RT and nuclei 

were counterstained with Draq-5 (Biostatus Limited; Shepshed, Leicestershire, UK). For 

imaging, the transwell insert containing the matrix encapsulated cells was placed directly 

onto a coverslip, with mounting medium (Prolong GoldMolecular Probes; Eugene, OR) 

applied to both sides of the matrix to retard bleaching of the fluorescent labels and 

imaged using confocal microscopy.  

 

Phalloidin labeling 

 RADA-16 encapsulated cells were fixed in 4% paraformaldehyde in 0.1M cacodylate 

buffer for 1 hour and incubated overnight with rhodamine-conjugated phalloidin (1:300) 

at room temperature (Invitrogen). Cells were washed, nuclei counterstained with Draq-5 

and encapsulated cells within the matrix were imaged using confocal microscopy. 
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Confocal microscopy 

 Cells in 3D cultures were imaged by confocal microscopy (Leica TCS-SP2; Leica 

Microsystems; Exton, PA). Bleed-through between fluorescence channels was eliminated 

by scanning channels sequentially. Images were captured with a 63X oil immersion 

objective and frame averaged to reduce noise. In all cases, image scale was calibrated, 

and brightness and contrast were adjusted as necessary to highlight specific labeling.  

 

Electron microscopy 

Non-adherent spheres were pelleted and fixed in 0.1 M sodium cacodylate buffer, pH 

7.2, containing 2.5% glutaraldehyde for 2 hours, post-fixed in 5% tannic acid for 5 

minutes, followed by 1% osmium tetroxide. Spheres were dehydrated in a graded alcohol 

series and embedded in Araldite resin. Thin sections (80-100nm) were cut on an 

ultramicrotome and imaged by transmission electron microscopy (FEI Tecnai Spirit 

transmission electron microscope; FEI, Hillsboro, OR). 

 

Live/Dead stain 

 Cell viability was determined by staining with CalceinAM (10μM), ethidium bromide 

homodimer1 (10 μM) (Live/Dead; Invitrogen) and Hoechst 33342 (1:2000; Invitrogen) 

for 30 minutes, followed by PBS washes prior to imaging using epifluorescence 

illumination. 
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RESULTS 

 

Sphere formation and gene expression by ImM10 Müller cells 

 We have previously characterized the conditionally immortalized ImM10 Müller glial 

cell line.(Otteson and Phillips, in press) When cultured under immortalizing, growth 

media conditions, ImM10 Müller cells adhered to the dish, extended processes and 

proliferated (Fig.3.1 A-D). When cultured under non-immortalizing conditions in sphere 

forming medium containing EGF and FGF-2, ImM10 cells detached from the dish and 

formed non-adherent spheres that increased in size over time (Fig.3.1 E-K, Q). Although 

there was variation in the sphere size at all time points analyzed, there was a statistically 

significant correlation between sphere diameter and days in culture (Pearson 

correlation=0.425, p<0.001). While other groups have demonstrated the formation of 

spheres following exogenous growth factor stimulation of cultured Müller  cells, (Das et 

al., 2006; Florian et al., 2008; Lawrence et al., 2007; Nickerson et al., 2008) the 

ultrastructure of Müller glial-derived spheres has not been previously examined. Electron 

microscopy of spheres revealed the presence of junctional complexes, including 

numerous desmosomes (Fig.3.1 M, N, arrowheads) and gap junctions (Fig.3.1 O bracket, 

enlarged in panel P). The desmosomes (arrowheads, Fig.3.1 M and N) showed the typical 

gap between the plasma membranes of the juxtaposed cells with underlying electron 

dense plaques in the cytoplasm. In contrast, the gap junctions were characterized by fused 

membranes with a pentilaminar structure that result from fusion of the 2 phospholipid 

bilayers (Fig.3.1 P).  
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 Consistent with previous studies (Das et al., 2006; Lawrence et al., 2007), the 

majority of cells in spheres generated from EGF/FGF2 treated ImM10 cells expressed 

nestin and SOX2, as well as PAX6 (Fig.3.2 A-I). By RT-PCR, sphere cells also 

expressed many of the genes characteristically co-expressed in retinal progenitor cells, 

including Msi1, Gnl3, Pax6, Nestin, Ccnd1, and Six3 (Fig.3.2 J). In contrast, Fgf15, 

Sfrp2, and Rax were not expressed. qPCR showed that Nestin was significantly down-

regulated in spheres (fold change= -8.04, p= 0.025 vs. growth conditions). Compared to 

ImM10 cells in immortalizing growth conditions, there were no statistically significant 

changes in mRNA expression in sphere cultures for Pax6 (fold change= -1.64, p=0.726), 

Notch1 (fold change=1.75, p=0.759), Msi1 (fold change=1.51, p=0.967, Hes1 (fold 

change=1.25, p=0.991) or Gnl3 (fold change= -1.27, p=0.962).  

 

Morphology and gene expression in 2D differentiation conditions 

 Following sphere formation, cells were transferred to FGF-2 containing priming 

medium for 5 days, and then to differentiation medium for 5 days (Fig.3.3 A) based upon 

the culture conditions described by Merhi-Soussi and colleagues (Merhi-Soussi et al., 

2006). Spheres in priming medium re-adhered to the dish and individual cells migrated 

out (Fig.3.3 C, arrowhead). After subsequent incubation in differentiation medium for 5 

days (2D conditions), a subset of cells acquired a non-glial morphology, characterized by 

small cell bodies, compact nuclei with dense chromatin and thin, branching neurite-like 

processes (Fig.3.3 D, arrowheads). Under differentiation conditions, some cells up-

regulated expression of general neuronal and retinal cell-specific markers. MAP1, a 

marker of differentiated neurons that is expressed by retinal ganglion cells, was present in 
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a small number of differentiated ImM10 cells that often appeared in clusters (Fig.3.4 A-

C). CaBP1, expressed in OFF cone bipolars, and subsets of amacrine cells (Haeseleer et 

al., 2000), showed diffuse cytoplasmic immunostaining in cells that retained a glial 

morphology (Fig.3.4 D). In addition, robust CaBP1 immunoreactivity was visible in 

distinctly linear structures within the cytoplasm, potentially associated with the 

cytoskeleton (Fig.3.4 D-F, arrowheads). In differentiation conditions, small clusters of 

cells with small nuclei were robustly stained by antibodies against Goα (Fig.3.4 G-I), a 

gene expressed in rod bipolar cells and ON cone bipolar cells (Dhingra et al., 2000). 

Some cells with diffusely stained nuclei cells expressed vesicular glutamate transporter 1 

(VGluT1) which often appeared to be localized to the membranes between juxtaposed 

cells (Fig.3.4 J-L, arrowheads). Under both immortalizing growth conditions (Otteson 

and Phillips, in press) and non-immortalizing, sphere-forming conditions (Fig.3.4), all 

ImM10 cells expressed PAX6. In contrast, under differentiation conditions, only a subset 

of cells continued to express PAX6 (Fig.3.4 M-O).  

 Many of the cells expressing differentiated neuronal markers had small nuclei with 

intensely stained chromatin (Fig.3.4 B, G). To determine whether these were pyknotic 

cells, differentiation cultures were stained using CalceinAM to label live cells, ethidium 

bromide homodimer to label dead cells and Hoechst 33342 to label all nuclei, both live 

and dead. Whereas scattered ethidium positive nuclei were detected under these 

conditions, the majority of cells with small nuclei were CalceinAM positive and 

ethidium-negative (Arrowhead, Fig.3.5 A-D). The majority of cells, both those with 

typical glial morphologies (large, flat cells with large nuclei containing diffusely stained 

chromatin) and those with non-glial morphologies (small cell bodies with thin processes 
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and small nuclei containing densely stained chromatin; arrowheads in Fig.3.5 E-H), were 

CalceinAM positive and ethidium bromide negative.  

 

Morphology in 3D cultures 

 DIC imaging of live cells at the light microscope level allowed gross examination of 

cell morphology and migration in 3D culture during differentiation conditions (Fig.3.3 E-

G). To examine the morphology, process extension and cytoskeletal arrangement of cells 

within the hydrogel, rhodamine-conjugated phalloidin was used to stain F-actin. ImM10 

cells encapsulated within the RADA-16 hydrogels and grown for 2 days with growth 

media (immortalizing conditions) extended processes into the matrix (Fig.3.6 A, B). 

When ImM10 cells were cast as single cells in RADA-16 hydrogels and then cultured in 

sphere forming media containing EGF and FGF2 under non-immortalizing conditions, a 

large number of cells formed spheres (Fig.3.6 C, D). For differentiation experiments, 

ImM10 spheres were encapsulated within the RADA-16 hydrogel and cultured in FGF-2 

containing priming media for 5 days, followed by differentiation media for 5 days. At 1 

day post-encapsulation, cells at the margins of the spheres began to extend processes 

(Fig.3.3 E arrowhead) and after 5 days, many cells had migrated from the sphere (Fig.3.3 

F, arrowheads). By day 10, most, but not all, cells had migrated from the neurospheres 

(Fig.3.3 G, arrowheads).  

 

 

 

 



 

 
89

Gene expression in 2D and 3D differentiation cultures 

 ImM10 Müller cells grown under non-immortalizing, differentiation conditions in 2D 

and 3D cultures showed significant changes in expression of multiple genes 

characteristically expressed in neural stem cells or during neurogenesis compared to 

ImM10 Müller cells cultured in growth media under immortalizing conditions (Table 

3.1). Many of these genes were differentially expressed between 2D and 3D 

differentiation conditions. The most highly up-regulated genes in 2D cultures were 

apolipoprotein E (Apoe; 14.27-fold), Neuronal Pentraxin 1 (Nptx1: 13.2-fold), fibroblast 

growth factor 2 (Fgf2: 6.64-fold) and brain-specific angiogenesis inhibitor 1 (Bai1; 5.47-

fold). Some genes were expressed only in 2D differentiation conditions, but not in any 

other treatment conditions or growth media conditions, therefore a fold-change could not 

be calculated. These included odd Oz/ten-m homolog 1 (Odz1), Hairy/enhancer-of-split 

related with YRPW motif-like protein (Heyl), Bone morphogenetic protein 15 (Bmp15), 

and SRY (sex-determining region Y) box 3 (Sox3). Genes that were expressed in all 

conditions, but were significantly up-regulated only in 2D differentiation conditions, 

included Apoe, Bai1, glutamate [NMDA] receptor subunit zeta-1 (Grin1), amyloid beta 

A4 precursor protein-binding family B member 2 (Apbb2), paired box gene 6 (Pax6), 

midkine (Mdk), and Egf. 

 In 3D conditions, the most highly up-regulated genes were Nptx1 (165.4 fold), 

chemokine (C-X-C motif) ligand 1 (Cxcl1: 6.9 fold), Fgf2 (6.03-fold) and delta-like 1 

(Dll1; 5.87-fold). Myocyte enhancer factor 2C (Mef2C) and bone morphogenic protein 2 

(Bmp2) were only expressed in 3D conditions, whereas Delta-like 1 (Dll1) and 
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pleiotrophin (Ptn) were expressed in all cells, but only up-regulated in 3D differentiation 

conditions.  

 Although many genes were differentially expressed in 2D and 3D differentiation 

conditions, several genes were up-regulated in both conditions. These genes included 

Nrcam, the neuronal cellular adhesion molecule involved in axonal pathfinding (Stoeckli 

and Landmesser, 1998), which was only detected in differentiation conditions. Nptx1, a 

gene involved in synaptic refinement (Bjartmar et al., 2006) was upregulated in both, but 

more robustly increased in 3D conditions. Other genes were up-regulated to similar levels 

in both 2D and 3D cultures including Fgf2, Guanine nucleotide-binding protein G(o) 

subunit alpha (Gnao1), Disks large homolog 4 (Dlg4), a post synaptic scaffolding gene 

that is expressed in neuronal processes of the retina (Koulen et al., 1998), Fasciculation 

and elongation protein zeta-1 [Fez1, a gene involved in axon outgrowth and fasciculation 

(Fujita et al., 2007)], Notch2, and Neuropilin-1 [Nrp1, a co-receptor for class 3 

semaphorins that is essential for neural development and axon guidance (Chen et al., 

2005; Pellet-Many et al., 2008)].  

 Only a few genes were down-regulated and there was no overlap in the genes that 

were significantly down-regulated in 2D and 3D differentiation conditions. Genes down-

regulated in 2D conditions included glial-derived neurotrophic factor (Gdnf), Cyclin 

dependent kinase 5 regulatory subunit associated protein 2 (Cdk5rap2), and Chemokine 

(C-X-C motif) ligand 1 (Cxcl1). Genes down-regulated in 3D conditions were 

Hairy/enhancer-of-split related with YRPW motif protein 1 (Hey1), Netrin-1 (Ntn1), 

Epidermal growth factor (Egf), Filamin-A (Flna), Brain derived neurotrophic factor 

(Bdnf), Aryl hydrocarbon receptor nuclear translocator 2 (Arnt2). 
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 We also compared changes in mRNA expression of a panel of retinal neuron-specific 

genes in ImM10 cells in growth, sphere and differentiation cultures (2D and 3D) using 

RT-PCR (Fig.3.6 E). With the exception of recoverin (Rcvrn), which was also expressed 

at low levels in growth and sphere cultures, genes characteristic of differentiated retinal 

neurons were only detected in differentiation cultures and some were differentially 

expressed in 2D and 3D cultures. By qRT-PCR, melanopsin (Opn4), and calcium binding 

protein 5 (Cabp5), rhodopsin kinase (Rhok), cone-rod homeobox (Crx) and mGluR6 

(Grm6) were only expressed in 3D differentiation conditions (Fig.3.6 E). By 

immunostaining, Goα, VGluT1, and CaBP1 were expressed in 2D differentiation 

conditions (Fig.3.4), but were not detected in 3D conditions (data not shown). M-cone 

opsin (Opn1mw) was expressed at low levels in 2D differentiation conditions, but was 

highly up-regulated in 3D conditions (Fig.3.6 E). Using immunocytochemistry, MAP1 

was expressed by a large number of cells in 3D conditions (Fig.3.6 F-H). CRX was only 

expressed in 3D conditions (Fig.3.6 I-K), although only a fraction of the 

immunoreactivity in each cell appeared to be localized to the nuclei.  

 

DISCUSSION 

 

Our results demonstrate that ImM10 conditionally immortalized Müller cells have 

some characteristics of retinal stem cells, in that they express many genes associated with 

neuronal stem cells and retinal progenitors and, following FGF2 and EGF growth factor 

stimulation, generate spheres that are morphologically similar to the neurospheres 

generated in culture by neural stem cells (Deleyrolle and Reynolds, 2009; Reynolds and 
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Weiss, 1992), retinal progenitors, and Müller glia (Florian et al., 2008; Lawrence et al., 

2007; Monnin et al., 2007). Ultrastructural analysis of ImM10 derived spheres revealed 

the presence of numerous macula adherens and gap junctions. Gap junctions are critical 

in neurosphere formation and in the dedifferentiation of embryonic stem cells (Todorova 

et al., 2008) and cortical neural progenitors, (Duval et al., 2002) and could play a role in 

the generation of Müller glia-derived spheres. When cultured in sphere forming 

conditions, ImM10 cells expressed many genes typically associated with neural stem 

cells and retinal progenitors, including Nestin, Sox2, Six3, Msi1, Pax6, Gnl3, and Ccnd1 

(Bazan et al., 2004; Blackshaw et al., 2004; Livesey et al., 2004; Trimarchi et al., 2008; 

Zhang et al., 2000). Interestingly, these genes are also expressed by ImM10 cells cultured 

in immortalizing growth conditions (Fig.3.2 J). Further, with the exception of nestin, we 

found no statistically significantly differences in mRNA expression of many genes 

typically co-expressed in retinal progenitors between growth and sphere cultures using 

quantitative RT-PCR. Gene expression in the ImM10 cell line is consistent with 

expression patterns in primary mouse Müller glia determined using serial analysis of gene 

expression [SAGE, (Blackshaw et al., 2004)], single-cell microarray analysis (Roesch et 

al., 2008) and immunocytochemistry (Bhatia et al., 2009; Fischer and Reh, 2003; Lin et 

al., 2009). Our results differ somewhat from reports of gene expression in other Müller 

glial cell lines. Spontaneously immortalized human Müller glia express Pax6, Sox2, 

Chx10, and Notch1 mRNA under growth conditions (DMEM+10% fetal calf serum), 

although only a fraction of cells are PAX6 immuno-positive (Lawrence et al., 2007). Rat 

Müller cells cultured in DMEM/F12 with N2 supplement, EGF and FGF2 generate 

spheres that robustly express SOX2, Nestin and Musashi-1, however expression was not 
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reported for the same cells cultured in adherent growth conditions (Das et al., 2006). 

Therefore it is unclear if sphere conditions specifically up-regulate retinal stem cell genes 

in rat Müller glia or simply maintain expression of genes already transcribed in these 

cells. 

Using identical media and growth factor stimulation on parallel cultures, we found 

that induction of neuronal gene expression is differentially regulated by growth on 2D vs. 

3D substrates. Mdk, a heparin binding growth factor that is important in neurogenesis, 

was expressed in all conditions, but was up-regulated only in 2D cultures. In zebrafish, 

mdk-a and mdk-b are expressed in retinal progenitors and up-regulated in proliferating 

Müller glia during the early stages of retinal regeneration (Calinescu et al., 2009). Sox3 

also regulates neurogenesis and neuronal differentiation in zebrafish (Dee et al., 2008) 

and was expressed only in 2D conditions. In contrast, Mef2c was robustly expressed only 

in 3D conditions. Mef2c is involved in early neuronal differentiation and mouse 

embryonic stem cells that express a constitutively active form of Mef2c differentiate into 

a nearly pure population of neurons (Li et al., 2008).  

Consistent with the morphological changes we observed in differentiation cultures, 

some genes associated with axon outgrowth, guidance and synapse formation were also 

significantly up-regulated in both 2D and 3D cultures (compared to growth conditions) 

consistent with a progression from neurogenesis towards differentiation. Among these, 

Bmp2 and Ptn are involved in dendrite formation and neurite outgrowth (Hocking et al., 

2008; Kerrison et al., 2005; Yanagisawa et al., 2009) were only up-regulated in 3D 

conditions. Nptx1, a gene involved in synaptic refinement (Bjartmar et al., 2006), was up-

regulated in 2D conditions, but was more robustly up-regulated in 3D conditions. ApoE 
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is synthesized by cultured Müller cells and is secreted into the vitreous by Müller cells in 

vivo (Amaratunga et al., 1996) and was expressed in all conditions, although it was up-

regulated only in 2D differentiation cultures. Apart from its well described role in 

cholesterol transport, ApoE modulates long-term potentiation in the hippocampus through 

its involvement in NMDA and AMPA receptor regulation (Rogers and Weeber, 2008). 

Grin1, the NMDA receptor subunit zeta-1, was also up-regulated in 2D conditions, and in 

the rodent retina, NMDA receptor subunits are primarily expressed on inner retinal 

amacrine and ganglion cells (Fletcher et al., 2000).  

 In addition to changes in expression of genes associated with neural stem cells and 

neurogenesis genes in general, several genes specific to retinal neurons were expressed in 

differentiation conditions. The cone-rod homeobox transcription factor (Crx) is critical to 

the development of photoreceptors (Hennig et al., 2008) and was detected only in cells in 

3D cultures using both RT-PCR and immunohistochemistry. Unexpectedly, CRX 

immunoreactivity in 3D cultures was both nuclear and cytoplasmic. Because antibody 

penetration and subsequent removal of unbound antibodies from the 3D matrix was more 

difficult than in 2D cultures, one possible explanation for the cytoplasmic staining is 

increased non-specific staining. We cannot exclude the possibility that at least some of 

the immunoreactivity reflects mis-localization of the CRX protein. Other studies of in 

vitro differentiation of retinal stem cells and Müller glia have shown aberrant cytoplasmic 

localization of proteins including Chx10 (Lawrence et al., 2007) and Hes1 (Nickerson et 

al., 2008).  

 Some Crx regulatory targets were expressed in 2D cultures in the absence of 

detectible Crx expression. Recoverin is a calcium binding protein expressed in 
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photoreceptors that is involved in inhibition of rhodopsin kinase and adaptation to light 

(Chen, 2002). Recoverin was expressed at low levels by ImM10 in all conditions, but was 

robustly up-regulated in 2D differentiation conditions. Cells in both 2D and 3D 

conditions expressed the transcripts for m-cone opsin, but it was more strongly up-

regulated in 3D conditions. Up-regulation of recoverin in 2D cultures in the absence of 

Crx expression most likely reflects positive regulation by other transcriptional regulatory 

genes, since in the retinas of Crx null mice, recoverin expression is down-regulated but 

still detectable (Furukawa et al., 1999). Although no m-opsin expression is detected in 

Crx null retinas by SAGE (Blackshaw et al., 2001), the nuclear receptor TRbeta2 is a 

regulator of M-opsin (Ng et al., 2001). Therefore, expression of TRbeta2 or other 

positive regulators of m-opsin could contribute to low levels of transcription.    

Our culture conditions were modeled on a previously published study in which FGF2 

priming followed by B27 differentiation resulted in up-regulation of photoreceptor 

markers in ~30% of retinal progenitors cultured from the neonatal (postnatal day 0-2) 

mouse retina (Merhi-Soussi et al., 2006). We observed up-regulation of some genes 

characteristic of rod photoreceptors in both 2D and 3D cultures, but did not observe cells 

with the distinct morphology of photoreceptors. Further, although markers for multiple 

classes of retinal neurons were expressed, there was no obvious bias towards gene 

expression patterns associated with any single retinal cell type in either 2D or 3D 

conditions. Variability in the neuronal genes that are up-regulated in Müller glia in vivo 

following retinal injury has also been reported. Injection of neurotoxic agents or the 

gliotoxic α–aminoadipate results in up-regulation of genes characteristic of late-born cell 

types (photoreceptor and bipolar cells) in a subset of Müller glia (Ooto et al., 2004; 
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Takeda et al., 2008; Wan et al., 2008). In contrast, following intraocular NMDA 

injection, some Müller cells acquired amacrine cell phenotypes suggesting that Müller 

cells can also generate early born retinal cell types (Karl et al., 2008). Consistent with 

this, ImM10 cells in 2D cultures up-regulated melanopsin, which is expressed in a subset 

of retinal ganglion cells. The more robust generation of rod photoreceptors in vitro from 

neonatal retinal progenitors may reflect an intrinsic bias in progenitors isolated from a 

developmental stage when they are actively generating rod photoreceptors in vivo.  

Mammalian Müller glia can up-regulate genes characteristic of retinal neurons 

following injury in vivo or growth factor stimulation in vitro. However, in all studies 

published to date, only of subset of Müller glia adopt a neuronal-like morphology. 

ImM10 cells also showed a persistence of glial morphologies and a relatively low 

frequency of differentiation. We also found that some of the cells that up-regulated 

neuronal genes such as CaBP1 and VGluT1 retained a distinctly glial morphology. This is 

consistent with reports showing that following in vitro differentiation of human Müller 

glia, protein kinase C immunoreactivity was present in cells with distinctly glial 

morphology (Lawrence et al., 2007). It remains to be determined whether the changes in 

gene expression observed in Müller glia in vitro represent aberrant expression of neuronal 

genes in glial cells or incomplete differentiation into neurons.  

To our knowledge, there are no previous studies examining the effect of three 

dimensional substrates on Müller glia. We found that the general behavior of ImM10 

Müller glia in RADA-16 hydrogels was similar to those cultured on tissue culture plastic. 

When embedded as single cells and treated with EGF/FGF2 sphere forming medium, 

ImM10 cells generated spheres within the gels. When embedded as spheres and cultured 
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in priming and differentiation conditions, cells would often completely migrate from the 

spheres and extend processes, similar to their behavior in 2D. Other researchers have 

shown that retinal progenitor cells isolated from the perinatal mouse retina can migrate 

into the network of pores within biodegradable scaffolds made of poly lactic-co-glycolic 

acid (PLGA) and/or poly-L-lactic acid (PLLA) (Lavik et al., 2005; Tomita et al., 2005). 

In contrast, in preliminary studies using a thiol-modified sodium hyaluronate and gelatin 

based hydrogel (Extracel; Glycosan Biosystems; Salt Lake City, UT), we observed 

minimal proliferation, migration or process extension (data not shown). Likewise, when 

seeded onto glycerol sebacate (PGS) polymers with pre-cast 50 micron pores, most 

perinatal retinal progenitors remained within the pores and did not migrate into the dense 

surrounding polymer (Neeley et al., 2008). Retinal progenitors cultured on micro-

patterned polycaprolactone films failed to form clusters and retained a circular or glial 

morphology, despite increased expression of recoverin and rhodopsin (Steedman et al., 

2010). Perinatal retinal progenitors cultured on PLGA/PLLA gels and then subsequently 

transplanted subretinally into rhodopsin null mice showed increased survival and 

expression of recoverin compared to cells transplanted without the gels. Differential 

migration likely reflects the physical and chemical structures of each type of polymer as 

well as differences in culture conditions and the types of cells.  

It is notable that the RADA-16 hydrogels used in our studies were not modified to 

add specific adhesion molecules, attachment motifs or growth factors and both 2D and 

3D cultures used identical culture conditions. Thus, the changes in gene expression can 

be attributed to the presence of the three-dimensional matrix. Because largely unique sets 

of neuronal genes were up-regulated in 2D and 3D cultures, we cannot conclude that one 
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method is superior to the other for promoting neuronal differentiation of Müller cells. 

Future studies comparing the effects of different matrices in combination with specific 

modifications will be necessary to identify the optimal substrate to enhance 

differentiation and promote generation of specific retinal cell types. The ability to cast 

cells into the RADA-16 hydrogel could offer advantages for generating sheets of cells for 

transplantation and our finding that cells can readily migrate within the gels would permit 

transplanted cells to integrate within the host tissue. For tissue engineering purposes, it 

may ultimately prove useful to develop combination scaffolds that incorporate patterned 

structures and chemical modifications to direct cell growth and provide specific growth 

factors or cell adhesion molecules. 

 Our results add to the mounting evidence that Müller glia express many genes 

characteristic of retinal progenitors and support the proposal that adult Müller glia could 

function as retinal progenitors or stem cells. However, the low numbers of differentiated 

cells that have thus far been generated from mammalian Müller glia, either in vitro or in 

vivo, remains insufficient for therapeutic applications. Development of cell replacement 

therapies will require additional research to identify and overcome the restrictions that 

prevent mammalian Müller glia from achieving the robust regenerative ability that they 

possess in lower vertebrates. 
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FIGURES 

Table 3.1 Genes with statistically significant changes in gene expression in 2D or 3D 
differentiation cultures. 
 
Gene expression compared to ImM10 cells in growth conditions using neurogenesis 
quantitative RT-PCR arrays. 
 

Gene ID Accession number 2D fold-change p-value 3D fold-change p-value 

Apbb1 NM_009685 3.3 0.002 + * ns †

Apoe NM_009696 14.27 0.015 + ns

Arnt2 NM_007488 + ns -2.25 0.05

Bai1 NM_174991 5.47 0.03  ns

Bdnf NM_007540 + ns -2.32 0.049

Bmp15 NM_009757 ++ ‡ -- § nd || --

Bmp2 NM_007553 nd -- ++ --

Cdk5rap2 NM_145990 -1.66 0.003 + ns

Cdk5rap3 NM_030248 1.56 0.002 + ns

Cxcl1 NM_008176 -1.63 0.029 6.9 0.006

Dlg4 NM_007864 2.76 0.003 1.49 0.01

Dll1 NM_007865 + ns 5.87 0.032

Egf NM_010113 2.01 0.041 -3.63 0.006

Erbb2 NM_001003817 1.35 0.041 + ns

Fez1 NM_183171 2.69 0.011 3.27 0.001

Fgf2 NM_008006 6.64 0.006 6.03 0.012

Flna NM_010227 + ns -2.96 0.029
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Gdnf NM_010275 -8.84 0.009 + ns

Gnao1 NM_010308 2.82 0.002 2.48 0.003

Grin1 NM_008169 3.58 0.035 + ns

Hey1 NM_010423 + ns -8 0.015

Heyl NM_013905 ++ -- nd --

Mdk NM_010784 2.1 0.025 + ns

Mef2c NM_025282 nd -- ++ --

Notch2 NM_010928 2.41 0.023 3.55 0.022

Nptx1 NM_008730 13.2 0.019 165.4 0.028

Nrcam NM_176930 ++ -- ++ --

Nrp1 NM_008737 2.39 0.004 2.14 0.004

Ntn1 NM_008744 + ns -7.36 0.03

Odz1 NM_011855 ++ -- nd --

Pard6b NM_021409 1.49 0.024 + ns

Pax6 NM_013627 2.88 0.009 + ns

Ptn NM_008973 + ns 3.93 0.008

Sox3 NM_009237 ++ -- nd --

 

* + , expressed 
 † ns, no significant change vs. growth conditions 
‡ ++, expressed in differentiation conditions only, not growth, no fold change calculated  
§ -- no p-value can be calculated for genes not expressed in ImM10 growth cultures 
|| nd, not detected
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Figure 3.1  
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Figure 3.1 ImM10 Müller cell growth and morphology in growth media and sphere 
forming cultures.  
 
A-D: Growth of ImM10 cells in immortalizing growth media conditions with IFNγ at 
33°C over 6 days in culture. E-K: Parallel cultures of ImM10 cells plated at the same 
density under non-immortalizing conditions (39°C, without IFNγ) in serum-free sphere 
forming media containing EGF and FGF2. In panels A-K, the number in lower right 
corner indicates the days post-plating. Scale bars in A-K=100 μm. L: Low magnification 
electron micrograph of a neurospheres at 7 days (N=nucleus). M, N: High magnification 
electron micrograph showing the presence of numerous desmosomes within the 
neurospheres (arrowheads). O: Gap junctions are also present within the neurospheres 
(arrow/bracket). Arrowheads point to condensed chromatin adjacent to the nuclear 
envelope. P: High magnification micrograph of the gap junction bracketed in O, showing 
the pentilaminar structure typical of gap junctions. Arrow points to the central electron 
dense, central line which consists of the juxtaposed head groups of the phospholipids 
within the outer leaflets of the plasma membranes of the adjacent cells. Q: Box plots 
showing changes in sphere diameter over time in culture. Gray boxes show the inter-
quartile range with the median indicated by the horizontal bar. Whiskers show the range 
of the data with outliers indicated by open circles and extreme values by asterisk. N = 
number of spheres measured at each time point. Y axis, sphere diameter, plotted on a log 
scale. 
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Figure 3.2. 
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Figure 3.2 Expression of stem cell genes in sphere cultures of ImM10 Müller cells.  
 
A-I: Immunolabeled Müller-glia derived neurospheres. A: There is broad 
immunoreactivity for Nestin in cells within the neurospheres. B: Hoechst labeling of all 
nuclei. C: Merged image of B and C. D: PAX6 immunoreactivity in the nuclei of sphere 
cells. E: Hoechst labeling. F: Merge of D and E showing expression of PAX6 in most 
cells. G: SOX2 immunoreactivity in the nuclei of sphere cells. H: Hoechst labeling. I: 
Merge of G and H showing expression of SOX2 in most cells. Scale bar=50�m in panels 
A-I. J: RT-PCR reveals expression of many, but not all, genes associated with neural 
stem cells and retinal progenitors in both neurospheres (S) and untreated Müller cells 
(M). Adult C57BL/6 retina (R) and E12.5 whole embryo (E) served as controls. The 
following genes were analyzed: musashi 1 (Msi1); nucleostemin (guanine nucleotide 
binding protein-like 3; Gnl3); sine oculis-related homeobox homolog 3 (Six3); paired box 
gene 6 (Pax6); nestin (Nes); cyclin D1 (Ccnd1); fibroblast growth factor 15 (Fgf15); 
secreted frizzled related protein 2 (Sfrp2); retinal and anterior neural fold homeobox 
(Rax). Acidic ribosomal phosphoprotein P0 (Rplp0) was used as normalizing gene.  
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Figure 3.3 Morphology of ImM10 cells in 2D and 3D Differentiation cultures. 
 
A: Experimental design for differentiation cultures in 2D and 3D cultures. B-D: 
Morphology of cells in 2D differentiation cultures. E-G: Morphology of cells in 3D 
differentiation cultures. B. DIC image of cells in sphere forming media for 7 days. C. 
After transfer to priming media, spheres adhere to the dish and cells begin to migrate out 
(arrowhead). D: Following 5 days in differentiation conditions, some cells acquire a more 
neuronal morphology and extend thin, neurite-like processes (arrowheads). E: One day 
after encapsulation in the 3D matrix and culturing in priming media conditions, cells at 
the margins of the spheres extend processes (arrowhead). F: After 5 days in priming 
media, many cells have migrated from the neurospheres (arrowheads). G: Following 5 
days in differentiation conditions, most, but not all cells, have migrated from the 
neurospheres (arrowheads). Scale bars = 100μm (panels B-G). 
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Figure 3.4 
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Figure 3.4 Immunostaining of ImM10 cells in 2D differentiation cultures.  
 
A: Immunolabeling reveals small subsets of cells that express the neuronal gene MAP1. 
B: Hoechst labeling. C: Merge of A and B. D: Subsets of cells immunopositive for 
CaBP1 (arrows), a gene expressed in OFF cone bipolar cells and subsets of amacrine 
cells. E: Hoechst labeling. F: Merge of D and E. G: Subsets of cells immunopositive for 
Goα, a gene expressed in rod bipolar cells and ON cone bipolars. H: Hoechst labeling. I: 
Merge of G and H. J: Subsets of cells immunopositive for VGLUT1. K: Hoechst 
labeling. L: Merge of J and K. For panels A-L, scale bar in panel L = 50μm. M: Subsets 
of cells express PAX6. N: Hoechst labeling. O: Merge of M and N. For panels M-O, 
scale bar in panel O=50μm. 
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Figure 3.5 Live/Dead assays of ImM10 cells following 2D differentiation conditions.  
 
A: Hoechst staining labels all nuclei present, both live and dead. In 2D differentiation 
conditions, cells expressing neuronal genes often appear in clusters of cells with small, 
brightly staining nuclei (arrowhead). B: CalceinAM  labels all live cells in the dish, 
including the cluster of cells identified in A (arrowhead). C: Ethidium bromide 
homodimer 1 labels all dead cells. Although some dead cells are present, the cluster of 
cells identified in A are not labeled with ethidium (arrow). D: Hoechst staining showing 
that smaller, brightly staining nuclei do not always appear in clusters (arrows). E: Cells 
identified in D are CalceinAM positive live cells (arrows). F: Cells identified in D are not 
labeled with ethidium (arrows). Scale bar=100μm. 
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Figure 3.6 
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Figure 3.6 Morphology and gene expression in 3D differentiation cultures.  
 
A-D: Rhodamine conjugated phalloidin labels cytoskeletal F-actin. A: ImM10 cells 
encapsulated in a 3D hydrogel and grown in growth media for 5 days send processes into 
the matrix. B: High magnification image of a process extending into the 3D matrix. C: 
Many, but not all, ImM10 cells encapsulated within the 3D matrix as dissociated cells 
form spheres in EGF/FGF2 containing sphere-forming media for 7 days. D: Same image 
as C, merged with Draq5 nuclear staining. Scale bars=100μm in A, C, D; 20 μm in B. E: 
RT-PCR analysis of gene expression in ImM10 cells in different culture conditions. U = 
Untreated Müller cells in growth media conditions. S = Spheres. 2D = Cells that were 
primed and differentiated in 2D conditions. 3D = Cells that were primed and 
differentiated in 3D conditions. Recoverin (Rcvrn), melanopsin (Opn4), calcium binding 
protein 5 (Cabp5), are only expressed in 2D differentiation conditions. M-cone opsin 
(Opn1mw) is only expressed in differentiation conditions, and is up-regulated in 3D 
conditions. Rhodopsin kinase (Rhok), cone-rod homeobox (Crx) and metabotropic 
glutamate receptor 6 (Grm6, commonly known as mGluR6) are only expressed in 3D 
differentiation conditions. F-K. Immunostaining of cells in 3D differentiation cultures. F: 
Many cells in 3D differentiation conditions express the neuronal marker MAP1. G: 
Draq5 labels all nuclei. H: Merge of F and G. I: Cells in 3D differentiation conditions 
express the photoreceptor gene CRX. J: Draq5 labeling. K: Merge of H and I shows some 
nuclear localization of CRX immunoreactivity (arrows), although significant staining is 
cytoplasmic. Scale bar =100 μm in panels F-K. 
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Supplemental Table 3.1 Genes analyzed by RT-PCR 
 
Gene information, retinal expression, primer and pcr information for genes analyzed using RT-PCR.  All primer pairs span introns. Accession numbers indicate sequences used to design primer pairs. 
 
Gene  Cellular   Forward Primer (5’-3’) Reverse Primer (5’-3’) Anneal Product Size Accession  
(name) expression     temp (oC) (bp)  Number 

Cabp5 bipolar cells GATTGGTGTCCAGGAGATGC AAGGCAGCAGGTGTCTGG  60 245 NM_013877  
(calcium binding protein 5) 
 
Ccnd1  Retinal progenitors GCACAACGCACTTTCTTTCC CAGCCTCTTCCTCCACTTCC  61        162      NM_007631 
(Cyclin D1)    

Crx cone, rod GGATGTGTATGCACGTGAGG   GTAGAGGGTCTCGGGGATGT 60 296 NM_007770  
(cone rod homeobox)  photoreceptors 
 
Fgf15 Retinal progenitors GAAGACGATTGCCATCAAGG GTCCTGGAGCTGTTCTCTGG       60  208      NM_008003 
(Fibroblast Growth Factor 15)  
 
Gnl3 Retinal progenitors AGACAAACAGGATGCTGACG CTTGACTCGCTCTATCCAAGG 60  195 NM_153547 
(Nucleostemin) 
 
Rhok Rods CTCAGAGCCTGTGAAGTACCC CACGTCCTGAATGTTCTTGG  60 235 NM_011881 
(rhodopsin kinase) 

Grm6 ON-bipolar cells TACGGTGTATGCCATCAAGG CAGTCAGTGTGGTCGTTTGG 60 170 NM_173372 
(metabotropic glutamate  
receptor 6; mGluR6) 
 
Hes1 retinal progenitors TGAAAACACTGATTTTGGATGC GTGTTAACGCCCTCACACG  60  229 NM_008235  
(hairy enhancer-of-split1) 
 
Msi1  Retinal progenitors GGGTCAGCAGTTACATCAGC TTGAGGGACAGGCAGTAGC  58  182 NM_008629 
(Musashi1) Müller cells, astrocytes,  oligodendroctyes 

Nes  neural stem cells;   GATCGCTCAGATCCTGGAAG GTGCTGGTCCTCTGGTATCC  60 199 NM_016701 
(Nestin) Müller glia 
 
Notch1 Retinal progenitors  AGATGCTCAGGGTGTCTTCC CAGCATCCACATTGTTCACC  60 218 NM_008714 
Notch gene homolog 1 

Opn1mw1  cone  TTTGCATGCTTTGCTACTGC AGCTTTGATGGATGGGACAG 60 218 NM_008106 
(m cone opsin) photoreceptors 

Opn4 photo-sensitive GACCTCAGCTGGATCTCTGG AGGACTGTCCACTTGCTTGC  60 124 AF147789 
 (melanopsin)  retinal ganglion cells 
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Pax6  Retinal progenitors CACATCAGGTTCCATGTTGG ACTTGGACGGGAACTGACAC 60       294 NM_013627 
(Paired-type homeobox 6) RGC, amacrine 
 
Rax Retinal progenitors AGGAGAGGAGGGGAGAATCC CCTTCGAGAAGTCCCACTACC         60          224      NM_013833 
(Retinal and anteior  (immature rods) 
homeobox gene) 
 
Rcvrn Photoreceptors TGAAAACACCCCAGAAAAGC GGATCAGTCGCAGAATTTCC  60 128 NM_009038 
(Recoverin) 

Rplp0 all cells CGACCTGGAAGTCCAACTAC ATCTGCTGCATCTGCTTG  60 109 NM_022402  
(Acidic ribosomal  normalizer  
phosphoprotein PI)  
 
Six3 Retinal progenitors CTCACCCCCACACAAGTAGG TACCGAGAGGATCGAAGTGC             60         237      NM_011381 
(Sine oculus homeobox 3) RGC, some INL cells 
 scattered ONL cells 
 
Sfrp2  Retinal progenitors  CAAGAATGAGGACGACAACG ACAGCACGGATTTCTTCAGG        60         182      NM_009144 
(Secreted Frizzle-related  
 protein 2) 
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Supplemental Table 3.2 Antibodies used. 
 

Target 
recognized 

Cell Type  Dilution Species Product Number Source 

      

Cabp1 OFF cone 
bipolars, subsets 
of amacrine and 
ganglion cells 

1:500 rabbit ---------- Gift from 
Francoise 
Haeseleer, 
University of 
Washington, 
Seattle, WA 

CRX photoreceptors 1:50 rabbit SC30150 Santa Cruz 

G0α ON bipolar cells 1:500 mouse MAB3073 Chemicon 

Map1 ganglion cells 1:500 mouse M4278 Sigma 

Nestin neural stem 
cells, Müller 
glia 

1:100 mouse MAB353 Chemicon 

Pax6 retinal stem 
cells; amacrine, 
ganglion cells, 
Müller glia 

1:800  rabbit AB5790 Abcam 

Sox2 stem cells, 
Müller glia 

1:1000 rabbit AB5603 Chemicon 

VGluT1 synapses 
ubiquitous 

1:5000 guinea pig AB5905 Chemicon 
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CHAPTER IV 

 

THE ROLE OF REPRESSOR ELEMENT-1 (RE-1) SILENCING 
TRANSCRIPTION FACTOR (REST) AND NOTCH IN MÜLLER GLIA 

DERIVED NEUROGENESIS 
 

ABSTRACT 

Purpose: Although Müller glia in the mammalian retina possess some stem cell-like 

characteristics, their capacity for neurogenesis remains limited. The purpose of this study 

was to determine the involvement of the neuronal gene repressor, RE-1 silencing 

transcription factor (Rest), and/or Notch signaling in Müller glia derived neurogenesis.  

Methods: Rest expression was analyzed in a conditionally immortalized mouse Müller 

glia cell line (ImM10) using RT-PCR and immunocytochemistry; expression of Rest in 

the developing and adult retina was analyzed by RT-PCR and immunocytochemistry. 

Rest expression was knocked down in ImM10 Müller cells using an inducible, selectable 

lentiviral construct expressing shRNAs targeting Rest for RNAi. The Notch pathway was 

inhibited with DAPT, a γ-secretase inhibitor. ImM10 Müller cells were cultured under 

non-immortalizing media conditions known to promote neuronal differentiation. Changes 

in neuronal gene expression following Rest knockdown and Notch pathway inhibition 

were analyzed using quantitative RT-PCR and immunocytochemistry. 

Results: In this study, we demonstrate the expression of Rest in cultured Müller cells, as 

well in the developing and adult retina. Rest expression was significantly knocked down 

following transduction and activation of an inducible lentiviral construct. Rest 
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knockdown and Notch pathway inhibition, both autonomously and in concert, led to the 

upregulation of genes associated with neurogenesis and mature retinal neuron function. 

Conclusions: Rest and Notch inhibit the expression of many neuronal genes in Müller 

glia derived retinal stem cells.  

 

INTRODUCTION 

 

The stem cell characteristics and neurogenic potential of Müller cells have been 

demonstrated in vivo in fish (Bernardos et al., 2007), birds (Reh and Fischer, 2001), and, 

to a lesser extent in the mammalian rat (Ooto et al., 2004; Wan et al., 2008; Wan et al., 

2007) and mouse retina (Karl et al., 2008; Takeda et al., 2008). It has also been suggested 

that human Müller glia, particularly Müller glia in the retinal periphery, may express 

genes associated with retinal progenitors (Bhatia et al., 2009). Müller cells from humans 

and rodents have also shown stem cell characteristics in vitro, including expression of 

genes associated with retinal progenitor cells (Das et al., 2006; Florian et al., 2008; 

Lawrence et al., 2007; Nickerson et al., 2008; Otteson and Phillips, 2010). Following 

morphogen stimulation, a subset of these cells express genes typical of numerous types of 

retinal neurons [(Das et al., 2006; Florian et al., 2008; Lawrence et al., 2007; Nickerson 

et al., 2008), also see Chapter 3]. Despite growing evidence of the stem cell 

characteristics of Müller cells, neurogenesis achieved from the differentiation of 

mammalian Müller-derived retinal stem cells has thus far remained extremely low, both 

in vitro and in vivo. Two potential factors that may restrict Müller glia derived 



 

 
123

neurogenesis include repressor element-1 (RE-1) silencing transcription factor (REST) 

and the Notch signaling pathway.   

REST (also known as neuron restrictive silencing factor, or NRSF) is a 

transcriptional repressor of neuronal gene expression in non-neuronal tissues (Ballas and 

Mandel, 2005; Hara et al., 2009; Hersh and Shimojo, 2003; Jones and Meech, 1999; 

Kallunki et al., 1997; Lietz et al., 2003; Lonnerberg et al., 1996; Schoenherr et al., 1996; 

Trzaska et al., 2008). The function of REST, a Krüppel-type zinc finger transcription 

factor, was originally co-discovered by Gail Mandel’s and David Anderson’s groups in 

1995 (Chong et al., 1995; Schoenherr and Anderson, 1995). REST is a regulator of gene 

expression that acts by binding to the repressor element-1 sequence (RE-1), a 21 base 

pair consensus DNA sequence that is present in the regulatory regions of ~1900 human 

and mouse genes (Bruce et al., 2004).  Many REST target genes encode proteins 

associated with neurogenesis and neuronal function, including neurotransmitter receptors, 

ion channels, growth factors, synaptic vesicle proteins, and adhesion molecules (Bruce et 

al., 2004; Schoenherr et al., 1996). REST represses gene expression epigenetically by 

recruiting a large network of chromatin modifying enzymes and corepressors through 

interaction with N- and C-terminus repressor domains. These include CoREST, mSin3, 

histone H3-K9 methyltransferase G9a, CtBP, the histone deacetylases, HDAC1 and 

HDAC2, the histone H3-K4 demethylase LSD1, the chromatin remodeling enzyme, 

BRG1, the chromatin modifying complex SWI/SNF, and the DNA-methyl-CpG binding 

protein-2 (MeCP2) (Majumder, 2006; Ooi and Wood, 2007).  

Although the role of REST is well established in other tissues, little is known 

about the role of REST in the retina. In R28 cells, an immortalized retinal progenitor cell 
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line from rat, over-expression of a mutant dominant-positive form of REST that activates, 

rather than represses, transcription of REST targets, leads to upregulation of synapsin I 

and synaptophysin (Ekici et al., 2008). Furthermore, the promoter regions of many 

MATH5-dependent genes contain REST binding sites (Mu et al., 2005). Because 

MATH5 is required for retinal ganglion cell development, this finding suggests that a 

release from REST-induced repression may be necessary for ganglion cell differentiation 

(Wang et al., 2001). If REST were to function in the retina as it functions in non-neuronal 

tissues, REST could inhibit the neurogenic response of Müller glia. The role of REST in 

the neuronal differentiation of Müller glia has not been previously examined, although a 

recent study of astrocytes isolated from early postnatal mouse cortex showed that REST 

is expressed in both developing and differentiated astrocytes, and that perturbation of 

REST in astrocytes results in ectopic expression of neuronal genes (Kohyama et al., 

2010). 

Notch signaling has been previously suggested to play a role in Müller cell 

differentiation and may serve as a glial versus neuronal cell fate determinant in the 

developing retina (Bernardos et al., 2005; Furukawa et al., 2000; Vetter and Moore, 

2001). In mammals, Notch1-4 bind cell surface ligands on neighboring cells (Delta-like1, 

3, 4 and Jagged1, 2) (Borggrefe and Oswald, 2009). Notch ligand binding leads to the 

cleavage of Notch intracellular domain (NICD) by γ-secretase, where it translocates to 

the nucleus, heterodimerizes with the DNA binding protein RBP-J, and assembles a 

transcriptional complex. This complex activates downstream target genes including Hes1, 

5, and 7, Hey1 and 2, and HeyL in mammals (Borggrefe and Oswald, 2009). Inhibition of 

the Notch pathway has been suggested to increase neurogenesis at the expense of 
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gliogenesis in cultured rat early postnatal progenitors (Bhattacharya et al., 2008).  Notch 

inhibition restricts the Müller glia neurogenic response that is normally elicited following 

in vivo NMDA injection into the avian eye (Hayes et al., 2007). Inhibition of Notch and / 

or REST signaling in Müller cells could remove their neurogenic constraints, allowing 

for enhanced neurogenesis of Müller glia derived retinal stem cells. 

In this study, we investigate the roles of Rest and Notch in Müller glia derived 

neuronal neurogenesis using a conditionally immortalized mouse Müller glia cell line, 

ImM10. The stem cell characteristics and neurogenic potential of ImM10 cells has been 

shown previously [(Otteson and Phillips, 2010), also refer to Chapter 3]. To determine if 

Rest inhibits neuronal gene expression in Müller glia derived stem cells, ImM10 Müller 

glia were transduced with an inducible, selectable lentiviral construct expressing short 

hairpin RNAs (shRNAs) targeting Rest for RNA interference (RNAi) knockdown. To 

determine if Notch signaling also inhibits neuronal gene expression, ImM10 cells were 

treated with the γ-secretase inhibitor, DAPT. Neuronal gene expression in Müller glia 

derived retinal stem-like cells was assessed with quantitative RT-PCR and 

immunocytochemistry following Rest knockdown and/or Notch pathway inhibition. 

 

METHODS 

 

Animals and tissue preparation 

The timecourse of Rest expression in the retina was determined using wildtype 

C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME). Mice were kept on a 12 hour 

light: 12 hour dark cycle with food and water available ad libitum. Adult animals were 
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euthanized by cervical dislocation; early postnatal animals were euthanized by 

hypothermia followed by decapitation. For collection of embryonic tissue, mice were 

mated overnight and separated the following morning. The presence of a vaginal plug 

that morning was identified as embryonic day (E) 0.5. Eyes were enucleated and the 

retinas were removed, homogenized, and RNA was isolated using RNeasy spin columns 

(Qiagen) following manufacturers instructions. For immunocytochemistry, eyes were 

enucleated, fixed in 4% paraformaldehyde (in 0.1 M cadolylate buffer) for 45 minutes, 

and processed according to previously published reports (Phillips et al., 2010). All animal 

procedures adhered to the ARVO Statement for the Use of Animals in Ophthalmic and 

Vision Research and were approved by the University of Houston Institutional Animal 

Care and Use Committee. 

 

ImM10 Müller cell line 

Our lab has previously isolated and characterized a conditionally immortalized 

mouse Müller glial cell line designated ImM10 (Immortomouse Müller cells from P10 

retina)(Otteson and Phillips, 2010).  This cell line carries a temperature-sensitive, 

interferon-gamma (IFNγ) inducible SV40 Large T antigen (TAg) that immortalizes the 

cells when maintained at the permissive temperature (33°C). TAg production is stopped 

by removal of IFNγ and residual TAg is inactivated by culturing the cells at normal body 

temperatures, enabling cell differentiation (Jat et al., 1991). ImM10 cells were expanded 

in Growth Media (GM) under immortalizing conditions [NeuroBasal medium, 

supplemented with 2% fetal bovine serum, B27 supplement, 20 mM L-glutamine, 

50U/ml IFNγ (Peprotech; Rocky Hill, NJ), penicillin/streptomycin antibiotics, and 6 
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μg/ml puromycin] at 33°C. Experimental treatment conditions are shown in Figure 4.1. 

All experimental manipulations were performed in non-immortalizing conditions (39°C, 

without IFNγ, serum-free), in the presence of doxycycline (2 μg/ml) to activate the 

Tetracycline responsive element and subsequent shRNA and RFP transcription in 

lentiviral transduced cells. Cell culture supplements and media and were obtained from 

Sigma/Aldrich (St. Louis, MO) or Gibco/Invitrogen (Carlsbad, CA) unless otherwise 

noted.  

 

Sphere formation and differentiation 

Spheres were generated by from lentiviral transduced ImM10 cells by plating at 

~1 x 104 cells/ml on 100mm plates for subsequent RNA extraction, or on 96 well plates 

for immunocytochemistry and cultured for 7 days in Sphere Forming Media (SFM) 

[NeuroBasal medium, Fibroblastic Growth Factor-2 (FGF-2, 20 ng/ml; Peprotech), 

Epidermal Growth Factor (EGF, 20 ng/ml; Peprotech), B27 supplement, L-glutamine 

(20mM), biotin (100mg/L), transferrin (5000mg/L), insulin (500mg/L), hydrocortisone 

(0.36mg/L), selenite (0.52mg/L), pen/strep antibiotics as previously described (see 

Chapter 3). Puromycin (6 μg/ml) was added to eliminate cells without the lentiviral 

transduced transgenes and 2 μg/ml doxycycline to induce shRNA expression in 

transduced cells. Some cultures were also treated with the γ-secretase inhibitor N-[N-

(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT); 3μM]. DAPT 

targets the C-terminal fragment of presenilin, part of the γ-secretase multimeric complex 

(Morohashi et al., 2006). This concentration of DAPT has been shown previously to 

enhance neurogenesis of cultured retinal progenitors (Bhattacharya et al., 2008).  
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Spheres were subsequently cultured in Priming Media (PM) for 5 days 

[Neurobasal, FGF-2 (20 ng/ml), L-glutamine (20mM), biotin (100mg/L), transferrin 

(5000mg/L), insulin (500mg/L), hydrocortisone (0.36mg/L), selenite (0.52mg/L), and 

penicillin/streptomycin, 6 μg/ml puromycin, 2 μg/ml doxycycline, +/- DAPT (Sigma)] as 

previously described [(Merhi-Soussi et al., 2006) also see Chapter 3].  To promote 

neuronal differentiation, priming media was replaced with Differentiation Media (DM) 

[Neurobasal, B27 supplement, L-Glutamine, penicillin/streptomycin, 6 μg/ml puromycin, 

2 μg/ml doxycycline, +/- DAPT (Sigma)] for 5 days. Cells were then fixed for 

immunocytochemistry or lysed for RNA extraction using RNeasy spin columns (Qiagen) 

following manufacturer’s instructions. RNA was quantified by spectrophotometry (ND-

1000, NanoDrop Products, Wilmington DE), and RNA quality was assessed using an 

RNA Nano LabChip on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA); 

RNA samples used had a quality score of 9.5 or higher. 

 

shRNA insert subcloning 

 Three shRNAs targeted against Rest, as well as a scrambled shRNA sequence 

(non-silencing control) were subcloned into a Tetracycline-inducible, lentiviral construct 

with a red fluorescent protein (RFP) reporter (pTRIPZ vector, Open Biosystems; 

Huntsville, AL). The shRNA sense strand sequences targeting Rest are as follows: 1) 5’-

ACCCAAGACAAAGACAAGTAAA-3’, 2) 5’-AGCGGCTTCTAAGAAGTGTAAT-3’, 

3) 5’-CGCAGATAGAAGCAACTTCAAA-3’. 

Plasmids containing the shRNA inserts (9 μg) were packaged using the 

translentiviral packaging mix  (Open Biosystems, 28.5 μg) according to manufacturer’s 
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instructions and transfected into the HEK293FT cells (Invitrogen) plated on laminin 

coated 100 mm dishes (~50% confluency) using Arrest-In reagent (Open Biosystems, 

187.5 μl). After 6 hours, the media was replaced with DMEM plus 10% FBS media. 

Viral supernatant was collected at 48 and 72hrs. Lentivirus was concentrated using Lenti-

X Concentrator (Clontech; Mountain View, CA) according to manufacturer’s 

instructions. Viral titers were determined by infecting 50% confluent HEK293FT cells on 

24 well plates with serial 5-fold dilutions of viral stocks (1:5 to 1:390,625). After 4 hours 

in serum free media, media was replaced with DMEM containing 10% fetal bovine serum 

(FBS) and 1μg/ml doxycycline to induce RFP expression. RFP expressing colonies were 

counted at 72 hours and the transducing units (TU) per ml were calculated for each 

construct.  

 

ImM10 Müller cell transduction 

ImM10 cells were transduced at a multiplicity of infection (MOI) of 55 for each 

construct in serum free media for 24 hours followed by 2 days in serum-supplemented 

growth media. Transduced cells were subsequently selected by addition of 12 μg/ml 

puromycin for 4 days, followed by maintenance in 6 μg/ml puromycin. Optimal 

puromycin concentrations were derived from kill curve analysis of untransduced ImM10 

cells. To determine the efficiency of REST knockdown, expression of shRNAs and the 

RFP reporter was induced with 2μg/ml doxycycline. Knockdown efficiency was 

measured in growth media conditions, and following differentiation conditions. Only the 

shRNA with the sense strand sequence 5’-CGCAGATAGAAGCAACTTCAAA-3’ 

produced significant knockdown of REST and was used in all experiments.   
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Quantitative real-time Reverse Transcriptase PCR (qRT-PCR) 

First strand cDNA was synthesized from total RNA using the Stratascript QPCR 

cDNA synthesis kit (Stratagene / Agilent, Santa Clara, CA; n=3 biological replicates for 

each treatment condition) with oligo-dT primers. PCR amplification of cDNA was 

performed with Brilliant SYBR Green QPCR Master Mix (Stratagene) using optimized, 

intron spanning primers (Supplementary Table 1). Acidic ribosomal phosphoprotein P0 

(Rplp0), a gene shown previously to be stably expressed in the retina (Simpson et al., 

2000), was used as a normalizing control. Reactions were performed in triplicate using 

the following cycling conditions: 1 cycle of 95°C for 10 minutes; 40 cycles of 95°C for 

30 seconds, 60°C for 30 seconds, 72°C for 30 seconds; 1 cycle of 95°C for 1 minute and 

60°C for 30 seconds for dissociation curve analysis (MX3005p thermocycler; 

Stratagene). Dissociation melt curves were analyzed to verify reaction specificity, and 

amplicons were run on a 2% agarose gel to confirm amplification of a band of the 

expected size. Expression and knockdown of Rest was further confirmed with Taqman 

probes (Cat.# mm00803268; Applied Biosystems; Carlsbad, CA).  Fold differences in 

gene expression were calculated relative to an induced, non-silencing scrambled control 

in growth media conditions using the ΔΔCt method, including a correction for primer 

amplification efficiency. Statistical analysis was performed using Pair Wise Fixed 

Reallocation Randomization Test software (http://www.gene-quantification.de/rest.html), 

software that has been validated for qRT-PCR data analysis (Pfaffl et al., 2002). 

 

 

http://www.gene-quantification.de/rest.html
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Neurogenesis and neural stem cell targeted PCR arrays 

Targeted neurogenesis and neural stem cell arrays (SABiosciences / Qiagen, 

Frederick, MD) were used for analysis of 84 genes involved in neurogenesis and neural 

stem cell pathways, including cell proliferation, cell cycle, cell differentiation, 

synaptogenesis, neurogenesis, cell motility and migration, adhesion, and apoptosis (see 

www.sabiosciences.com for a complete list of genes in the array). First strand cDNA was 

synthesized using RT2 First Strand Kit (SABiosciences, n=3 biological replicates for 

each treatment condition). qRT-PCR products were normalized to 5 reference genes: 

Gusb, Hprt1, Hspcb, Gapdh, Actb. Array data was analyzed with RT2 Profiler PCR 

Array Data Analysis software (SABiosciences). 

 

Immunocytochemistry and imaging 

Immunocytochemistry was performed on retinal sections or fixed cell cultures 

based upon previously published protocols (Otteson and Phillips, 2010; Phillips et al., 

2010). Cells were fixed in 4% paraformaldehyde (0.1M cacodylate buffer, pH 7.4) for 30 

minutes; enucleated eyes were fixed for 45 minutes. Cells and sections were blocked with 

10% normal goat serum, 0.5% Triton-X, 1% fish gelatin, 5% bovine serum albumin for 2 

hours at room temperature (RT) to reduce autofluorescence. Cells were incubated in 

primary antibodies overnight at 4ºC; retinal sections were incubated in primary antibodies 

for 2 nights. Rabbit polyclonal antibodies targeting different epitopes of REST were used 

at 1:1500 (cat.#21635; Abcam; Cambridge, MA) and 1:500 (cat.#07-579; Millipore; 

Billerica, MA); mouse monoclonal anti-Co-REST was used at 1:100 (cat.#75-039; 

Neuromab; Davis, CA); mouse monoclonal anti-rhodopsin was used at 1:10,000 
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(cat.#R5403; Sigma). AlexaFluor488 or AlexaFlour543 conjugated secondary antibodies 

(Molecular Probes, Eugene, OR) were diluted in blocking buffer (1:200) and applied for 

1 hour. Nuclei were counterstained with Hoechst 33342 or Draq5 (Biostatus Limited; 

Shepshed, Leicestershire, UK). Specificity of labeling methods was confirmed by 

omitting primary antibody, or by substituting normal serum from the species used to 

generate the primary antibody. Immunostained cells were imaged using an Olympus 

inverted microscope with a cooled CCD digital camera. Retinal sections were imaged by 

confocal microscopy (Leica TCS-SP2; Leica Microsystems; Exton, PA). Bleed-through 

between fluorescence channels was eliminated by scanning channels sequentially. Images 

were captured with a 63X oil immersion objective and were frame averaged to reduce 

noise. Images were pseudo-colored, superimposed, and brightness and contrast were 

adjusted as necessary to highlight specific labeling using Photoshop software (Adobe 

Systems, San Jose, CA).  

 

RESULTS 

 

REST and Co-REST expression in the retina 

 Expression of REST and Co-REST were examined in the C57BL/6J retina at 

embryonic day 12.5 (E12.5), E15, post-natal day 1 (P1), P5, and 3.5 months. REST 

expression was analyzed using antibodies targeted against 2 different epitopes of REST. 

The antibody from Abcam is designed against residues 1050 to the C-terminus of Mouse 

REST, although the precise residues are proprietary. The Millipore antibody was 

produced with a GST fusion protein immunogen corresponding to residues 801-1097 of 
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human REST, and is predicted recognize mouse REST due to sequence homology. Little 

REST or Co-REST immunoreactivity was detected in the embryonic retina at day 12.5 

(E12.5) (Figure 2 A-H), although the Abcam REST antibody labeled some radial 

processes in the outer retina (Fig.4.2 A). At E15, low levels of REST and Co-REST 

immunoreactivity were detected, particularly in the cytoplasm of cells in the inner retina 

(Figure 4.2 I-P). At post-natal day 1 (P1), REST and Co-REST immunoreactivity was 

primarily cytoplasmic in the nuclear layers, with some enrichment in the ganglion cell 

layer, and was detected in the IPL (Fig.4.3 A-H). At P5, nuclear staining in the GCL 

increased for REST and Co-REST (Fig.4.3 I-P). In the adult retina, both REST antibodies 

demonstrated a similar staining pattern—cytoplasmic staining in the ONL, staining of 

both plexiform layers, and faint nuclear staining of the INL and GCL (Fig.4.4 A, E). Co-

REST was expressed in the cytoplasm in the ONL, with some perinuclear enrichment in 

cells in the outer ONL, possibly cones (Fig.4.4 B, F). There was nuclear staining of Co-

REST in the INL and GCL, with increased expression in cells in the outer INL, most 

likely horizontal cells or bipolars based upon their position (Fig.4.4 B, F). Unfortunately, 

staining of a conditional retinal knockout of REST obtained from William Klein’s group 

demonstrated a nearly identical staining pattern using both REST antibodies on retinal 

sections from knockout and littermate control retina, suggesting a large degree of non-

specific labeling from both antibodies (Fig.4.5).    

 

Expression of REST and its co-repressor, Co-REST, in ImM10 Müller cells 

To insure that REST was a suitable target for RNAi knockdown, we first 

examined expression of REST and Co-REST in ImM10 Müller cells. Both antibodies 
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demonstrated REST immunoreactivity in ImM10 cells. The Abcam antibody prominently 

labeled the nuclei, as well as filamentous-like processes (Fig.4.6 A). The Millipore REST 

antibody showed immunoreativity in the nucleus, as well as some diffuse labeling in the 

cytoplasm (Fig.4.6 E). Both samples were co-labeled with a mouse monoclonal antibody 

against Co-REST; expression of Co-REST was primarily confined to cell nuclei (Fig.4.6 

B, F). By merging the REST and Co-REST immunolabeling with Hoechst 33342 nuclear 

counterstain, all cells in the dish co-labeled with REST and Co-REST antibodies (Fig.4.6 

D, G). 

 

Rest mRNA expression in the retina and in ImM10 cells; Rest knockdown 

Due to the apparent non-specific binding of both antibodies against REST, Rest 

expression was confirmed at the mRNA level in the developing and adult mouse retina, 

as well as in ImM10 Müller cells. To examine expression of Rest in the C57BL/6J mouse 

retina, animals were euthanized at embryonic day 17 (E17), postnatal day 0 (P0) and at 8 

months. Both the developing and adult mouse retina expressed Rest at similar levels 

(Fig.4.7 A).  

Un-infected ImM10 Müller cells also expressed Rest. To verify that Rest was a 

potential target for RNAi in our experimental paradigm, Rest expression in untransduced 

ImM10 cells was examined following sphere formation, priming, and differentiation 

media conditions that have been previously described to encourage neuronal gene 

expression in subsets of ImM10 Müller cells (3D ref). Rest was expressed in each 

treatment condition, although Rest was slightly downregulated in sphere forming 

conditions (Fig.4.7 A).  



 

 
135

Once Rest expression was confirmed, ImM10 cells were transduced with a 

lentiviral construct expressing shRNAs targeting Rest to examine its potential role in 

repressing neuronal gene expression in Müller glia. Cells were transduced with a 

doxycycline inducible lentiviral construct expressing either shRNAs targeting Rest for 

RNAi knockdown, or with a scrambled sequence, non-silencing control. In the presence 

of doxycycline throughout the experiment, ImM10 cells were incubated in sphere 

forming media for 7 days, followed by priming media for 5 days, and then differentiation 

media for 5 days (Fig.4.1). Following differentiation conditions, the percentage of Rest 

knockdown was calculated by comparing expression in the samples expressing shRNAs 

targeting Rest to expression in the non-silencing control (Fig.4.7 B). Only 26 percent of 

mRNA expression remained (corresponding to a 3.90 fold decrease, p=0.019, n=3). This 

was comparable to knockdown in growth medium conditions (21% mRNA remaining, 

n=1). 

 

Morphological changes in different treatment conditions; RFP expression 

 Figure 4.1 shows the experimental paradigm. There were a total of 4 treatment 

conditions, all with identical media conditions. ImM10 Müller cells in Condition 1 were 

induced to express a scrambled sequence, and served as a non-silencing control. Cells in 

Condition 2 expressed shRNAs targeting Rest to determine the effects of Rest on ImM10 

Müller cell derived neurogenesis. Cells in condition 3 expressed non-silencing shRNAs, 

and the Notch pathway inhibitor, DAPT, was added to the priming and differentiation 

media to determine the role of Notch in Müller glia derived neurogenesis. Cells in 

Condition 4 expressed shRNAs targeting Rest; the Notch pathway was also inhibited with 
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DAPT. Condition 4 was included to determine the combined effects of Notch and Rest 

inhibition on Müller glia derived neurogenesis.  

Figure 4.8 shows the morphology of cells in each treatment condition. Transduced 

ImM10 Müller cells were maintained in growth media under immortalizing conditions 

without Rest knockdown. Cells in growth media were adherent flat cells with large nuclei 

and had an epithelial morphology (Fig.4.8 A), identical to the morphology of 

untransduced ImM10 Müller cells as previously reported (Otteson and Phillips, 2010). In 

sphere forming media, cells rounded up, detached from the dish, and formed proliferating 

spheres that grew over time (Fig.4.8 B, Rest knockdown condition shown). Spheres 

formed by cells expressing non-silencing shRNAs or shRNAs targeting Rest were 

morphologically indistinguishable. Gene expression in growth media and sphere forming 

conditions have been described in detail previously [(Otteson and Phillips, 2010) also see 

chapter 3]. Figure 4.8 C-J shows the morphology of cells in the 4 experimental conditions 

following differentiation media treatment. In differentiation conditions, cells have re-

adhered to the dish and a subset of cells acquired a more neuron-like morphology, 

including smaller cells bodies and neurite-like processes (Figure 4.8 E, I, arrowheads). 

However, many cells retained a glial morphology. RFP expression demonstrated that 

~99% of cells selected with puromyocin express RFP following doxycycline induction 

when compared to DIC images (Figure 8 C-J). 
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Rest knockdown and Notch inhibition affect expression of genes associated with 
neurogenesis 

 
Rest knockdown was verified with qRT-PCR (Fig.4.7). To verify inhibition of the 

Notch pathway with DAPT, expression of downstream Notch targets were analyzed by 

qRT-PCR. When comparing Hes1 gene expression between non-silencing differentiation 

conditions without DAPT, and non-silencing and Rest knockdown differentiation 

conditions with DAPT, Hes1 was significantly downregulated in both conditions 

following DAPT treatment (-1.48 fold, p=0.041; -1.49 fold, p=0.004; respectively). 

Downregulation of Hes1, a downstream effector of the Notch pathway, demonstrates 

successful inhibition of the Notch pathway with DAPT. Other downstream targets of 

Notch also showed a trend towards downregulation, although these changes did not reach 

statistical significance with either DAPT treatment alone, or DAPT treatment plus Rest 

knockdown in differentiation conditions (Hey1 -2.36 fold and -2.71 fold; Hey2 -1.51 fold 

and -1.52 fold; HeyL -1.32 fold and -1.33 fold, respectively).    

To determine the effects of Rest and and/or Notch pathway inhibition, genes 

associated with neural stem cells and neurogenesis were analyzed with qRT-PCR. Gene 

expression in differentiation conditions was first compared relative to gene expression of 

the non-silencing control in differentiation conditions (Table 4.1). Relative to this 

condition, Rest knockdown alone significantly upregulated four genes on the array, 

Cdk5r1, Inhba, Notch2, and Pard3. Notch inhibition with DAPT in the non-silencing 

condition downregulated Egf and Hes1, while slightly, but significantly, upregulating 

S100a6. Rest knockdown coupled with Notch inhibition downregulated Nrcam, Nrp2, 

Hes1, Rac1, Cdk5r1 and Pard3.    
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Overall changes in gene expression following media treatments, Rest knockdown, 

and Notch inhibition were also analyzed. For this analysis, gene expression of induced, 

non-silencing controls in growth media alone were compared relative to each of the four 

treatments following differentiation conditions depicted in Figure 4.1. Using this method 

of comparison, there were changes in a larger number of genes, and these genes showed a 

greater magnitude of change for all conditions relative to growth conditions (Table 4.2). 

Non-silencing controls following differentiation treatment conditions showed significant 

changes in several genes, when compared to non-silencing growth media conditions. 

Several genes were uniquely significantly downregulated, including Cdk5r1, Erbb2, 

Pard3, and Pard6b. Nrp2 and Slit2 were uniquely significantly upregulated.  

Rest knockdown in differentiation conditions led to a large and significant 

increase in brain derived neurotrophic factor (Bdnf, 20.46 fold). Several genes that were 

significantly upregulated in more than one differentiation condition (non-silence, Rest 

knockdown alone, non-silence plus DAPT, and/or Rest knockdown plus DAPT) were 

most robustly upregulated following Rest knockdown alone. These included Nrcam, 

Ndph, Nrp1, Egf, Cdk5r1, Mll1, Hes1, Cdk5rap1. However, Cdk5rap1 and Egf 

expression was only slightly higher following Rest knockdown than the non-silencing 

control alone. 

 DAPT treatment of non-silencing controls in differentiation led to significant 

changes in gene expression. Apbb1, Nrg, and Rtn4 were uniquely downregulated in non-

silenced, DAPT treated cells, and S100a6, S100b, and Sema4d were uniquely 

upregulated. Several genes were also uniquely upregulated following differentiation 

conditions with Rest knockdown and Notch pathway inhibition (plus DAPT) combined. 
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These genes included Fgf2, Hey1, Adora2a, Hdac4, Apoe. Fez1 and Gnao1 were 

similarly upregulated in both DAPT conditions (non-silencing and Rest knockdown with 

DAPT), and were not significantly changed in the absence of DAPT.  

 

qRT-PCR reveals gene expression changes in retinal specific genes and L1cam 

Gene expression in Figure 4.9 was compared to gene expression of the non-

silencing control in differentiation conditions as the retinal neuron-specific genes were 

not expressed in growth conditions. L1cam, a neuronal cell adhesion molecule, was 

significantly upregulated following Rest knockdown (fold change=3.86, p=0.010), and 

was more strongly upregulated when combined with DAPT (fold change=9.78, p=0.001), 

although DAPT alone in the non-silencing control had no significant effect (Fig.4.9 A). 

The bipolar gene Capb5 was expressed in all differentiation conditions and showed a 

trend towards downregulation in all conditions but was only significantly downregulated 

following Rest knockdown and DAPT treatment (fold change=-10.05, p=0.019, Fig.4.9 

B). While rhodopsin kinase was expressed in all differentiation conditions, it was only 

significantly upregulated following DAPT treatment alone (fold change=7.21, p=0.022; 

Figure 4.9 C). Rhodopsin was also expressed in all differentiation conditions, but was 

only significantly upregulated following DAPT treatment alone (fold change=2.57, 

p=0.02; Fig.4.9 D).    
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Immunocytochemistry and RT-PCR reveal neuronal gene expression in 
differentiation conditions 

 
 Rhodopsin was expressed in many, but not all cells in differentiation conditions. 

Figure 4.10 shows rhodopsin immunoreactivity in DAPT treated, non-silencing 

differentiation conditions (Fig.4.10 A-C), the condition that showed upregulation of 

rhodopsin mRNA in Figure 4.9. While numerous cells expressed rhodopsin in this 

condition, all differentiation conditions had a similar number of rhodopsin expressing 

cells (data not shown). Rhodopsin expression was primarily cytoplasmic in all 

differentiation conditions. RT-PCR expression revealed a similar trend with m-cone 

opsin expression (Opn1mw1); this gene was only upregulated in differentiation 

conditions but its expression was not significantly changed between the different 

differentiation treatment conditions (Fig.4.10 D). Nuclear receptor subfamily, group E, 

member 3 (Nr2e3), a key gene involved in photoreceptor development, was only 

upregulated in DAPT treatment conditions (Fig.4.10 D). Interestingly, the synaptic gene 

synaptophysin (Syp) was only expressed following a combination of Rest knockdown and 

DAPT treatment (Fig.4.10 D).  

 

DISCUSSION 

 

 In this study, we are the first address the role of the master transcriptional 

regulator, Rest, in Müller glia derived neurogenesis. Our results demonstrated the 

expression of the neuronal gene repressor Rest mRNA in conditionally immortalized 

mouse Müller glia, and in the developing and adult mouse retina. REST expression was 
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also examined with antibodies against REST, however these antibodies lacked specificity 

when compared to the REST knockout retina. Rest expression was robustly knocked 

down in ImM10 Müller glia using an inducible, selectable lentiviral construct expressing 

shRNAs targeting Rest for RNAi. The contribution of Notch signaling to Müller glia 

derived neurogenesis was determined through inhibition of the pathway with DAPT. The 

results demonstrated that the expression of some neuronal genes are regulated, in part, by 

Rest and Notch. 

Müller glia in the adult retina express a number of genes characteristic of retinal 

progenitors and a subset of glia will undergo neurogenesis following retinal injury or 

growth factor stimulation in vivo and in vitro [(Das et al., 2006; Florian et al., 2008; Karl 

et al., 2008; Lawrence et al., 2007; Nickerson et al., 2008; Ooto et al., 2004; Otteson and 

Phillips, 2010; Roesch et al., 2008; Wan et al., 2007), also see Chapter 3]. Previously, we 

have demonstrated the expression of many genes in ImM10 Müller cells associated with 

retinal progenitors [(Otteson and Phillips, 2010), also see Chapter 3]. We established a 

protocol for the formation of spheres, a step suggested to aid in the de-differentiation of 

Müller glia (Das et al., 2006; Lawrence et al., 2007), and a neuronal differentiation 

protocol that led to differential expression of neuronal genes in subsets of ImM10 cells in 

traditional two dimensional cell culture and when encapsulated in a three dimensional 

hydrogel [Chapter 3].  

 In the current study, we analyzed changes in neuronal gene expression of ImM10 

cells using previously established media conditions [Chapter 3], while adding additional 

steps to examine the effects of Rest and Notch inhibition. While there is some overlap in 

the neuronal gene expression changes found in the previous study, direct comparison 
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between that study and the current study are difficult. First, the cell line is altered in the 

current study, through the transduction with lentiviral vectors containing transgenes that 

express shRNAs and red fluorescent protein. Second, although the current study uses the 

same cell culture media as used previously, doxycycline and puromycin were added 

throughout the current experiments. High levels of these antibiotics may also have an 

effect on the patterns of gene expression. Finally, the cDNA template used in RT-PCR 

reactions in the previous study was of necessity much lower than the current study, 

because only small amounts of RNA could be recovered from the three dimensional 

hydrogels. A much higher concentration of RNA was recovered in this study, and a 

higher concentration was used to maximize the detection of neuronal gene expression by 

RT-PCR. Thus, this study may be more sensitive at detecting changes in gene expression.  

In this study, expression of genes associated with neurogenesis and neuronal 

function were demonstrated to be modulated, in part, by Rest and Notch in Müller glia 

derived retinal stem cells. Expression of genes associated with neurogenesis and neuronal 

function were upregulated following Rest knockdown. Changes in gene expression were 

determined using two methods of analysis: 1) Examining overall changes in gene 

expression by comparing gene expression to untreated, non-silencing cells in growth 

media conditions and 2) Examining changes in differentiation conditions specifically by 

comparing gene expression with the non-silencing controls in differentiation media. 

Many of the genes found to be upregulated by both methods of analysis included genes 

with known RE-1 sites, where REST binds to the DNA of target genes (identified by the 

UCSC genome browser at http://genome.ucsc.edu/, or previous studies (Abrajano et al., 

2009a; b; Johnson et al., 2008)).  
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Genes with RE-1 sites that were upregulated by Rest knockdown, when compared 

with cells in growth media included Nrcam, a neuronal cell adhesion molecule; Cdk5r1, a 

neuron specific cyclin dependent kinase 5 regulatory gene; Bdnf, a growth factor 

involved in ganglion cell development and survival (Cohen-Cory and Lom, 2004); Mll1, 

a chromatin remodeling factor that is critical for neurogenesis, but not gliogenesis, of 

subventricular neural stem cells, (Lim et al., 2009); and the transcription factor Hes1. 

Bdnf expression has been shown previously to be tightly regulated by REST in Hela cells 

and in rat cortical progenitors (Hara et al., 2009). The histone deacetylase gene Hdac4 

was upregulated following Rest knockdown coupled with DAPT treatment, as was the 

synaptic gene synaptophysin.  

Using the second mode of analysis, comparing gene expression to the non-

silencing cells in differentiation media also revealed upregulation of known REST 

targets. Several genes with RE-1 binding sites were significantly upregulated following 

Rest knockdown. These included Cdk5r1, Pard3, and L1cam. Capb5, which has an RE-1 

site, is a calcium binding protein expressed in rod bipolar and subsets of cone bipolar 

cells (Rieke et al., 2008). Cabp5 was expressed in all treatment groups following 

differentiation conditions but was reduced relative to non-silencing control cells. 

Surprisingly, a combination of Rest knockdown and Notch pathway inhibition induced a 

large, significant downregulation of Cabp5 in ImM10 cells. Not all of the genes that were 

upregulated following Rest knockdown have identified RE-1 binding sites. However, 

ChIP-on-Chip studies have revealed the interactions of REST with many genes that do 

not possess consensus RE-1 sites, including Inhba and Notch2 (Abrajano et al., 2009a; 

b).  
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Genes associated with neurogenesis and neuronal function were regulated by 

Notch alone. When gene expression is compared with non-silencing controls in growth 

media, several genes were upregulated including Fez1 and Nrp1, genes associated with 

neurite outgrowth and axon guidance (Chen et al., 2005; Fujita et al., 2007; Pellet-Many 

et al., 2008), Gnao1, also known as Goα, part of glutamatergic signal transduction in ON 

bipolar cells (Tian and Kammermeier, 2006), and Gpi1, a glycolytic enzyme expressed in 

retinal ganglion, amacrine, horizontal and bipolar cells (Archer et al., 2004). When gene 

expression is compared to non-silencing controls in differentiation media, only Egf, Hes1, 

and S100a6 were significantly changed with Notch inhibition. 

 Photoreceptor specific genes were regulated by Notch in ImM10 Müller cells. 

Nr2e3, a photoreceptor specific nuclear receptor, was only expressed following inhibition 

of the Notch pathway in differentiation conditions. Nr2e3 is a transcriptional target of 

NRL, a suppressor of cone genes in NRL expressing precursors, and a co-activator of rod 

genes (Swaroop et al., 2010). Surprisingly, Rest knockdown did not further upregulate 

Nr2e3 expression, although Nr2e3 is a target of REST in other glial cell subtypes, 

astrocytes and oligodendrocytes (Abrajano et al., 2009a).  Rhodopsin kinase and 

rhodopsin were expressed in all differentiation conditions; rhodopsin expression was 

confirmed by immunocytochemistry. qRT-PCR data showed that while rhodopsin and 

rhodopsin kinase were expressed in all differentiation conditions, both of these genes 

were significantly upregulated following Notch pathway inhibition alone.  

The regulation of photoreceptor genes by Notch is consistent with suggested 

functions of Notch in retinal development and in adult Müller cells. Notch1 signaling is 

involved in Müller cell differentiation and may regulate glial versus neuronal cell fate in 
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the vertebrate retina (Bernardos et al., 2005; Furukawa et al., 2000; Vetter and Moore, 

2001). Introduction of a constitutively active form of Notch into the developing rat and 

zebrafish retina leads to overproduction of glia (Bao and Cepko, 1997; Scheer et al., 

2001). Using the CRE-LoxP system to knockout Notch1 in late development of mouse 

retina, rod photoreceptors are produced at the expense of Müller glia (Jadhav et al., 

2006). Notch likely acts through its downstream effectors, negative basic helix-loop-helix 

(bHLH) transcription factors: Hes1, Hes5, and Hey2, all of which have been 

demonstrated to modulate glial cell fate specification (Furukawa et al., 2000; Hojo et al., 

2000; Satow et al., 2001).   

It has been suggested that in the injured adult mammalian retina, a sub-population 

of potentially neurogenic Müller glia can be isolated as a side population of cells using 

the Hoechst dye efflux assay (Das et al., 2006). Hoechst dye efflux and isolation of cells 

as a side population is a suggested feature of stem cells in the blood, heart, and brain 

(Hermann et al., 2006; Hulspas and Quesenberry, 2000; Nagato et al., 2005). Notch 

pathway inhibition in the damaged retina leads to a reduction in Müller cells that can be 

isolated as a side population, suggesting that Notch may be involved in the acquisition of 

stem-cell like characteristics of adult Müller cells following injury. Furthermore, Notch 

inhibition restricts Müller glia derived neurogenesis following neurotoxic NMDA 

injection into the chick eye (Hayes et al., 2007). Notch inhibition in the uninjured, adult 

chicken eye prohibits the proliferative response normally elicited by FGF2 (Ghai et al., 

2010). Collectively, studies of retinal development, Müller cell development, and Müller 

cells in the adult retina suggest the following possibilities a) Notch is involved in 

gliogenesis in development, b) Notch may be involved in maintaining a glial phenotype 
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in Müller cells in the adult retina, c) Notch may be involved in acquiring, and/or 

maintaining a retinal progenitor phenotype in the adult retina, and d) Notch 

downregulation may be necessary for Müller glia derived neurogenesis. Our results 

suggest that an inhibition of Notch signaling is necessary for the expression of 

photoreceptor genes in Müller glia. 

The combined effects of Rest and Notch inhibition regulated the expression of 

several genes examined in this study. Although no direct interaction between REST and 

Notch signaling pathways have been previously reported, there is a potential role for the 

regulation of Notch signaling by REST. REST has been shown to bind to the promoter 

region of Notch2, despite the absence of an RE-1 binding site (Abrajano et al., 2009a). 

Several downstream genes in the Notch pathway have RE-1 binding sites, including a co-

activator of the NICD/RBPJ complex, mastermind like 3 (Maml3), as do Hes1 and Hes5 

[identified by UCSC genome browser, or previous studies (Abrajano et al., 2009a; b; 

Johnson et al., 2008)]. Thus, REST appears to have the potential to inhibit the Notch 

pathway. This could explain some of our findings where genes were upregulated with 

DAPT, but that upregulation was abolished with Rest knockdown (rhodopsin and 

rhodopsin kinase expression were examples). However, this cannot explain some of the 

cumulative effects seen in this study with DAPT and Rest knockdown, such as the 

increase in L1cam and the expression of synaptophysin in DAPT plus Rest knockdown 

conditions. The mechanisms by which Rest could enhance Notch signaling, as well as 

how Notch may also influence REST mediated gene repression are less clear. Further 

studies are needed to analyze the interactions between REST and Notch. 
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The stem cell-like properties and neurogenic potential of mammalian Müller glia 

has been demonstrated previously by our lab and others [(Das et al., 2006; Florian et al., 

2008; Karl et al., 2008; Lawrence et al., 2007; Nickerson et al., 2008; Ooto et al., 2004; 

Otteson and Phillips, 2010; Roesch et al., 2008; Wan et al., 2007), also see Chapter 3]. In 

vivo injection of neurotoxins or gliotoxins leads to Müller cell proliferation and 

expression of photoreceptor and bipolar genes (Ooto et al., 2004; Takeda et al., 2008; 

Wan et al., 2008), however, expression of amacrine cell markers has also been reported 

(Karl et al., 2008). In vitro, Müller cells stimulated with various morphogens have been 

shown to express an array of neuronal genes associated with multiple retina neuronal cell 

types including calbindin, Beta III tubulin, PKCα, rhodopsin, MAP1, MAP2, Brn3b, 

CRX, mGluR6, S-cone opsin, M-cone opsin, and peripherin [(Das et al., 2006; Florian et 

al., 2008; Lawrence et al., 2007; Nickerson et al., 2008), also see Chapter 3]. While these 

results are promising, it is currently unclear if neuronal cells derived from Müller glia are 

fully differentiated and functioning neurons, or if they retain a predominately Müller glia 

phenotype while ectopically expressing neuronal genes. Immunolabeling for rhodopsin in 

our experiment demonstrated expression of rhodopsin, however it was mainly localized 

to the cytoplasm and many of the cells maintained a glial morphology. Future studies will 

need to demonstrate the function of cells expressing neuronal genes derived from Müller 

glia.  

In addition to the role of REST as a repressor of neuronal gene expression in non 

neuronal tissues, it has been suggested to have a number of additional developmental and 

cell type specific functions. In embryonic stem cells REST not only represses neural gene 

expression, but is in involved in the maintenance of pluripotency and proliferation 
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(Gopalakrishnan, 2009; Johnson et al., 2008).  While there is significant overlap in REST 

target genes across cell types, REST may target unique subsets of genes in embryonic 

stem cells, neural stems cells, and in other cell types, including astrocytes and 

oligodendrocytes (Abrajano et al., 2009a; b; Hohl and Thiel, 2005; Johnson et al., 2008; 

Kohyama et al., 2010). There are also conflicting reports describing REST as both an 

oncogene and tumor suppressor (Lv et al., 2010; Majumder, 2006; Moss et al., 2009; 

Reddy et al., 2009). REST regulates extracellular matrix composition (Sun et al., 2008), 

governs neurosecretory mechanisms (D'Alessandro et al., 2009), and REST dysfunction 

has been associated neurodegenerative disorders such as Huntington’s disease 

(Rigamonti et al., 2009).  Future studies will be needed to determine the function of 

REST in retinal development, in the mature retina, and in retinal disease. Specific 

antibodies are needed to localize the expression of REST in the retina, although 

immunolabeling with mouse monoclonal antibodies against Co-REST in this study may 

provide clues towards the cellular localization of REST. 

Our results demonstrate a modest role for Rest and Notch in the expression of 

neuronal genes in Müller glia in vitro, however it appears that neither acts a “master 

gene” for the neuronal differentiation of Müller glia. REST could function to inhibit a 

mature neuronal phenotype in Müller glia derived stem cells through the repression of 

genes associated with differentiated neurons, including genes associated with 

synaptogenesis, synaptic vesicles, ion channels and neurotransmitter receptors, all of 

which are known targets of REST (Bruce et al., 2004; Schoenherr et al., 1996). However, 

REST knockdown may be insufficient to allow re-expression of all REST target genes 

associated with neuronal function. Further steps, such as histone acetylation and DNA 
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demethylation, may be necessary to alleviate epigenetic silencing of neuronal genes in 

Müller glia.   
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FIGURES 

 
 
Table 4.1 Neurogenesis and neural stem cell qRT-PCR array data I.  
 
Fold changes in gene expression in differentiation conditions are compared to gene expression in non-silencing, differentiation 
conditions.   
 
Gene Accession Fold Change p-value Fold Change p-value Fold Change p-value 
 Number Rest KD  Non-silence  Rest KD   
    (+DAPT)  (+DAPT)   
 
Cdk5r1 NM_009871 3.49 0.006 + ns 2.27 0.030 
Egf NM_010113 + ns -2.918 0.014 + ns 
Hes1 NM_008235 + ns -1.476 0.041 -1.49 0.004   
Inhba NM_008380 1.89 0.034 + ns + ns 
Notch2 NM_010928 1.99 0.025 + ns + ns 
Nrcam NM_176930 + ns + ns -6.00 0.038 
Nrp2 NM_010939 + ns + ns -5.53 0.015 
Pard3 NM_033620 1.84 0.034 + ns 1.47 0.042 
Rac1 NM_009007 + ns + ns -1.40 0.010 
S100a6 NM_011313 + ns 1.17 0.035 + ns 
 
 
 
+   = expressed 
ns = not significant   
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Table 4.2. Neurogenesis and neural stem cell qRT-PCR array data II.  
Fold changes in gene expression in differentiation conditions are compared to gene expression in non-silencing, growth media 
conditions.   
 
Gene Accession Fold Change  p-value Fold Change p-value Fold Change p-value Fold Change p-value 
 Number Non-silence  Rest KD  Non-silence  Rest KD   
      (+DAPT)  (+DAPT)     
 
Ache NM_009599 4.50 0.016 + ns 4.56 0.018 4.60 0.005 
Adora2a NM_009630 + ns + ns + ns 2.45 0.041 
Apbb1 NM_009685 + ns + ns -2.87 0.014 + ns 
Apoe NM_009696 + ns + ns + ns 1.67 0.033 
Bdnf NM_007540 + ns 20.46 0.046 + ns + ns 
Cdk5r1 NM_009871 -1.38 0.038 3.07 0.003 + ns 2.05 0.020 
Cdk5rap1 NM_025876 1.94 0.037 2.28 0.013 + ns 1.90 0.019 
Egf NM_010113 2.46 0.002 3.08 0.013 + ns + ns 
Ep300 NM_177821 + ns 2.51 0.008 1.57 0.049 1.58 0.012 
Erbb2 NM_001003817 -2.44 0.005 + ns + ns + ns 
Fez1 NM_183171 + ns + ns 2.53 0.005 2.84 0.021 
Fgf2 NM_008006 + ns + ns + ns 6.02 0.013 
Gnao1 NM_010308 6.62 0.020 + ns 15.26 0.031 12.59 0.020 
Gpi1 NM_008155 + ns + ns 2.82 0.0001 2.37 0.0002 
Hdac4 NM_207225 + ns + ns + ns 1.78 0.036 
Hes1 NM_008235 1.54 0.0001 2.40 0.032 1.22 0.035 1.29 0.008 
Hey1 NM_010423 + ns + ns + ns 2.95 0.004 
Mdk NM_010784 2.24 0.012 2.18 0.002 2.01 0.005 2.42 0.004 
Mll1 NM_0001081049 + ns 2.82 0.003 1.79 0.006 + ns 
Ndph NM_010883 + ns 12.31 0.021 7.20 0.009 + ns 
Notch2 NM_010928 -2.28 0.013 + ns + ns -1.39 0.045 
Nrcam NM_176930 10.42 0.023 19.49 0.003 14.91 0.009 + ns 
Nrg1 NM_178591 + ns + ns -3.53 0.040 -2.46 0.046 
Nrp1 NM_008737 5.47 0.018 6.52 0.017 + ns + ns 
Nrp2 NM_010939 4.02 0.011 + ns + ns + ns 
Parah1b1 NM_013625 1.46 0.035 1.54 0.047 1.60 0.036 1.60 0.035 
Pard3 NM_033620 -1.42 0.025 1.57 0.031 + ns + ns 
Pard6b NM_021409 -1.81 0.018 + ns + ns + ns 
Rtn4 NM_194053 + ns + ns -1.26 0.038 + ns 
S100a6 NM_011313 + ns + ns 1.39 0.028 + ns 
S100b NM_009115 + ns + ns 2.33 0.012 + ns 
Sema4d NM_013660 + ns + ns 1.71 0.014 -2.06 0.023 
Slit2 NM_178804 1.68 0.005 + ns + ns + ns 
+ = expressed 
ns = not significant  
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Figure 4.1 Schematic illustration of experimental treatment conditions.  
 
All experimental treatments were performed in non-immortalizing conditions (39°C, no 
IFNγ, serum free). 
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Figure 4.2 

 

Figure 4.2 REST and Co-REST immunostaining in the embryonic retina.  
 
REST (A)= Abcam antibody; REST (M)=Millipore antibody. A-H: E12.5 retina I-P: E15 
retina. A,E,I,M: REST. B,F,J,N: Co-REST. C,G,K,O: Merge of REST and Co-REST. 
D,H,L,P: Merge of REST and Co-REST, plus Draq5 to identify nuclei. Scale bar = 20 
μm. NBL = Neuroblastic layer. L = Lens. 
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Figure 4.3 REST and Co-REST immunostaining in the early post-natal retina.  
 
REST (A)= Abcam antibody; REST (M)=Millipore antibody. A-H: P1 retina I-P: P5 
retina. A,E,I,M: REST. B,F,J,N: Co-REST. C,G,K,O: Merge of REST and Co-REST. 
D,H,L,P: Merge of REST and Co-REST, plus Draq5. Scale bar = 20μm 
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Figure 4.4 REST and Co-REST immunostaining in the adult retina, 3.5 months.  
 
REST (A)= Abcam antibody; REST (M)=Millipore antibody. A,E: REST. B,F: Co-
REST. C,G: Merge of REST and Co-REST. D,H: Merge of REST and Co-REST, plus 
Draq5. Scale bar = 20μm 
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Figure 4.5 REST immunostaining in knockout retinas and littermate controls, 3 
months old.  
 
REST (A)= Abcam antibody; REST (M)=Millipore antibody. A-C, G-I: REST Knockout 
retina. D-F, J-L: Littermate controls. A,D,G,J: REST. B,E,H,K: Draq5. C,F,I,L: Merge of 
REST and Draq5. REST knockout and littermate controls show nearly identical labeling 
patterns with both Abcam and Millipore antibodies against REST. Scale bar = 40μm 
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Figure 4.6 REST and Co-REST immunostaining in ImM10 Müller cells.  
 
A: REST immunostaining [antibody from Abcam (A)]. B: Co-REST immunostaining. C: 
Hoechst 33342 labels all nuclei. D: Merge of A-C shows co-labeling of REST and Co-
REST in all ImM10 Müller cells. E: REST immunostaining with an antibody targeting a 
different epitope of REST than shown in A [antibody from Millipore (M)]. F: Co-REST 
immunostaining. G: Hoechst 33342. H: Merge of E-G. Staining with a second REST 
antibody confirmed co-labeling of REST and Co-REST in all cells. Scale bar = 50 μm; 
applies to all panels.   
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Figure 4.7 Rest mRNA expression in the retina, un-infected ImM10 Müller cells, and 
following Rest knockdown in transduced cells.  
 
A: Rest was expressed in the developing and adult retina at embryonic day 17 (E17), post 
natal day 0, and in the 8 month old adult retina (A). Un-infected ImM10 cells expressed 
Rest in growth media (GM), slightly downregulated Rest in sphere forming media (SM); 
Rest expression returned to GM expression levels in differentiation media (DM). Acidic 
ribosomal phosphoprotein 0 (Rplp0) was a normalizing control.  B: Rest is significantly 
knocked down in differentiation conditions following doxycycline induction, compared 
to expression in the induced, non-silencing control. 
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Figure 4.8 
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Figure 4.8 Morphology and RFP expression of transduced ImM10 cells in different 
treatment conditions.  
 
A: ImM10 cells in growth media. B: Following EGF and FGF-2 stimulation in sphere 
forming media for 7 days, cells rounded up, detached from the dish, and formed 
proliferating neurospheres.  C: Cellular morphology following differentiation conditions 
in the non-silencing control. D: RFP expression of cells in C following doxycylcine 
induction revealed that nearly every cell expresses RFP. E: Morphology of cells that 
expressed shRNAs targeting Rest, also in differentiation conditions. Some cells acquired 
a more neuronal morphology, with smaller cell bodies and neurite-like processes 
(arrowheads) F: RFP expression of cells in E. G: Non-silencing cells in differentiation 
conditions with the Notch pathway inhibitor, DAPT. H: RFP expression of cells in G. I: 
Rest knockdown plus DAPT in differentiation conditions. Some cells acquired a more 
neuronal morphology (arrowhead) J: RFP expression of cells in I. Scale bar=100 μm; 
applies to all panels. 
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Figure 4.9 qRT-PCR reveals significant changes in neuronal gene expression in 
ImM10 cell in differentiation conditions.  
 
A-D: Fold changes in gene expression compared no the non-silencing control, 
differentiation conditions. A: The neuronal cell adhesion molecule, L1cam, is 
significantly upregulated following Rest knockdown (KD). Rest KD plus DAPT 
enhances the effect, largely upregulating L1cam. B: Rhodopsin kinase is significantly 
upregulated only following DAPT treatment in non-silencing conditions. C: Cabp5 is 
significantly downregulated only in Rest KD conditions with DAPT. D: Rhodopsin was 
expressed in all differentiation conditions, but was significantly upregulated only with 
DAPT treatment in non-silencing (NS) conditions. *p<0.05, **p<0.01, ***p<0.001.    
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Figure 4.10 Neuronal gene expression in differentiation conditions.  
 
A-C: Non-silencing ImM10 cells in differentiation conditions, plus DAPT. A: Rhodopsin 
expression. B: Hoechst 33342 labels all nuclei. C: Merge of A and B. Many cells show 
cytoplasmic rhodopsin expression. D: RT-PCR reveals expression of neuronal genes in 
differentiation conditions. M-cone opsin (Opn1mw1) is only expressed in differentiation 
conditions, but is expressed at similar levels regardless of Rest knockdown or Notch 
pathway inhibition. Nr2e3 is expression only with DAPT. Synaptophysin (Syp) is 
uniquely expressed following Rest knockdown and DAPT combined. Rplp0 serves as a 
normalizing control. NS=Non silencing, RK=Rest Knockdown.   
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Supplemental Table 4.1 Genes analyzed by RT-PCR 
 
Gene information, retinal expression, primer and pcr information for genes analyzed using RT-PCR.  All primer pairs span introns. Accession numbers indicate sequences used to design primer pairs. 
 
Gene  Cellular   Forward Primer (5’-3’) Reverse Primer (5’-3’) Anneal Product Size  Accession  
(name) expression     temp (oC) (bp)  Number 

Cabp5 bipolar cells GATTGGTGTCCAGGAGATGC AAGGCAGCAGGTGTCTGG  60 245 NM_013877  
(calcium binding protein 5) 
 
L1cam neuronal  GGACAAGGAGGACACTCAGG AGCCATCCTCATTGAACTGG 60 197 NM_008478 
(L1 cell adhesion 
molecule) 
 
Nr2e3 photoreceptors   GCTAAGCCAGCATAGCAAGG CTTCTCCATCGGAGTGTTCC  60 151 NM_013708 
(nuclear receptor 2e3) 
 
Opn1mw1  cone   TTTGCATGCTTTGCTACTGC AGCTTTGATGGATGGGACAG 60 218 NM_008106 
(m cone opsin) photoreceptors 
 

Rho  rod  TCTGCTGGCTTCCCTACG  ATCTCCCAGTGGATTCTTGC  60 203 NM_145383 
(rhodopsin)  photoreceptors 
 
Rhok rods CTCAGAGCCTGTGAAGTACCC CACGTCCTGAATGTTCTTGG  60 235 NM_011881 
(rhodopsin kinase) 
 
Rest retinal TTCCCCAGGAAAGTCTACACC ATGTCGGGTCACTTCATGC  60 240 NM_011263 
(Re-1 silencing  expression 
transcription factor) undetermined 
 
Rplp0 all cells CGACCTGGAAGTCCAACTAC ATCTGCTGCATCTGCTTG  60 109 NM_022402  
(Acidic ribosomal  normalizer  
phosphoprotein PI)  
 
Syp synapses ACTATGGGCAGCAAGGCTAC ACAGCAAAGACAGGGTCTCC 60  186 NM_009305 
Synaptophysin 
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CHAPTER V 

 

PROGRESSION OF NEURONAL AND SYNAPTIC REMODELING IN THE 
RD10 MOUSE MODEL OF RETINITIS PIGMENTOSA 

 
 

ABSTRACT 
 

The Pde6brd10 (rd10) mouse has a moderate rate of photoreceptor degeneration 

and serves as a valuable model for human autosomal recessive retinitis pigmentosa (RP). 

We evaluated the progression of neuronal remodeling of second- and third-order retinal 

cells and their synaptic terminals in retinas from Pde6brd10 (rd10) mice at varying stages 

of degeneration ranging from postnatal day 30 (P30) to postnatal month 9.5 (PNM9.5) 

using immunolabeling for well known cell- and synapse-specific markers. Following 

photoreceptor loss, changes occurred progressively from outer to inner retina. Horizontal 

cells and rod and cone bipolar cells underwent morphological remodeling that included 

loss of dendrites, cell body migration and the sprouting of ectopic processes. Gliosis, 

characterized by translocation of Müller cell bodies to the outer retina and thickening of 

their processes, was evident by P30 and became more pronounced as degeneration 

progressed. Following rod degeneration, continued expression of VGluT1 in the outer 

retina was associated with survival and expression of synaptic proteins by nearby second-

order neurons. Rod bipolar cell terminals showed a progressive reduction in size and 

ectopic bipolar cell processes extended into the inner nuclear layer and ganglion cell 

layer at PNM3.5. Putative ectopic conventional synapses, likely arising from amacrine 

cells, were present in the inner nuclear layer by PNM9.5. Despite these changes, the 

laminar organization of bipolar and amacrine cells and the ON-OFF organization in the 
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inner plexiform layer was largely preserved. Surviving cone and bipolar cell terminals 

continued to express the appropriate cell-specific presynaptic proteins needed for 

synaptic function up to PNM9.5. 

 

INTRODUCTION 

Retinitis pigmentosa (RP) is a degenerative retinal disease characterized by 

progressive death of rod photoreceptors and affects one in every 2000 individuals 

worldwide (Sohocki et al., 2001). A genetically heterogeneous disorder, RP can result 

from defects in as many as 100 different genes and can be inherited as an autosomal 

dominant, autosomal recessive or X-linked trait, as well as rare mitochondrial or digenic 

forms (Daiger et al., 2007). Despite the heterogeneous genetic origins of RP, the various 

forms of the disease all share a common phenotype: loss of night and peripheral vision, 

followed by a progressive loss of central vision. Although many of the genes that are 

mutated in patients with RP are expressed exclusively in rod photoreceptors, 

degeneration of rod photoreceptors is typically followed by secondary degeneration of 

cone photoreceptors (Hartong et al., 2006). 

The Pde6brd1 (rd1) and Pde6brd10 (rd10) mouse models of RP both result from 

distinct, recessive mutations in the gene encoding the rod-specific, β-phosphodiesterase 

(Pde6b). Mutations in Pde6b have also been identified in human patients with autosomal 

recessive RP or congenital stationary night blindness (Hartong et al., 2006). The rd1 

mouse, originally known as the rodless mouse (Keeler, 1924), carries a null mutation that 

renders the Pde6b protein non-functional and homozygotes have an early onset and 

rapidly progressing degeneration of rod photoreceptors (Bowes et al., 1990; Pittler et al., 
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1993). Photoreceptor degeneration begins prior to eye opening at postnatal day 14 (P14), 

with only 2% of rods remaining in the central retina by P17 (Carter-Dawson et al., 1978). 

The rd10 mouse carries a missense mutation in Pde6b that leaves the phosphodiesterase 

protein, and therefore rod photoreceptors, with some function. Rod- and cone-driven 

electroretinograms (ERGs) are present in rd10 mice when photoreceptor degeneration 

begins (P18). The ERGs initially show reduced a- and b-wave amplitudes in both dark- 

and light-adapted conditions compared to wild-type and decline by 90% at 2 months of 

age (Chang et al., 2007; Gargini et al., 2007). In the rd10 retina, photoreceptor death 

peaks at P25 and the outer nuclear layer (ONL) is reduced to a single layer of 

photoreceptor cell bodies by P35; a small number of cones persist until at least until 9 

months of age (Chang et al., 2007; Gargini et al., 2007). 

Currently there are no effective treatments for RP. Success in restoring vision will 

rely on the integrity of second- and third-order retinal neurons and their ability to reliably 

process and transmit visual signals to the brain. However, there is increasing evidence 

that the death of photoreceptors leads to secondary remodeling of neurons in the 

remaining retina. This remodeling encompasses a host of negative plastic changes that 

include loss or sprouting of neuronal processes, loss of glutamate receptors, formation of 

ectopic synapses, cellular migration and reactive gliosis (Marc and Jones, 2003; Marc et 

al., 2007). Retinal remodeling has been reported in many animal models of RP, across a 

range of pathologies and etiologies, including the rd1 and rd10 mice (Strettoi and 

Pignatelli, 2000; Strettoi et al., 2003; Gargini et al., 2007; Barhoum et al., 2008; Chua et 

al., 2009), the Royal College of Surgeons (RCS) rat (Cuenca et al., 2005), and transgenic 

swine with a mutation in Rhodopsin (Banin et al., 1999). Remodeling has also been 
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documented in human retinitis pigmentosa (Marc et al., 2007) and age-related macular 

degeneration (Johnson et al., 2005), as well as in animal models of light-induced retinal 

damage (Marc et al., 2008) and retinal detachment (Fisher et al., 2005). However, retinal 

remodeling is not associated exclusively with photoreceptor disease or injury, but also 

occurs to some degree in glaucoma (Morgan et al., 2006) and in normal aging (Liets et 

al., 2006; Eliasieh et al., 2007; Terzibasi et al., 2009). 

The origins of retinal remodeling in the rd1 retina are difficult to identify 

unequivocally, because the early onset results in a significant temporal overlap between 

degeneration and normal cellular and synaptic development (Blanks et al., 1974; Carter-

Dawson et al., 1978; Fisher, 1979; Young, 1985). In contrast, the delayed onset and 

slower progression of degeneration in the rd10 mouse retina allows analysis of 

degeneration and retinal remodeling in the context of a developed and functional retina 

(Chang et al., 2007; Gargini et al., 2007). The rd10 mouse is increasingly being used for 

research to develop new experimental therapies, including rescue through intraocular 

injection of hematopoietic stem cells (Otani et al., 2004), neuroprotective agents 

(Boatright et al., 2006; Corrochano et al., 2008; Phillips et al., 2008), antioxidants 

(Komeima et al., 2007) and gene replacement (Pang et al., 2008). Therefore, increased 

understanding of the structural, neurochemical, and functional consequences of 

remodeling will be important in developing successful interventions and evaluating their 

effectiveness. 

 Previous studies have shown that rod bipolar cells and horizontal cells in the 

retinas of rd10 mice lose their dendrites by P40 (Gargini et al., 2007; Barhoum et al., 

2008; Puthussery et al., 2009), although current information regarding changes in the 
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morphology, size or complexity of the rod bipolar cell axonal arbors at early stages of 

degeneration (P45) is contradictory. Given that the loss of photoreceptors results in a 

progressive decrease in the number of rod bipolar and horizontal cells in the rd10 retina 

(Gargini et al., 2007), it is important to determine if and how remodeling progresses at 

later stages of degeneration and to identify which specific cell types are affected. Other 

gaps exist in our current understanding of how synapses and circuits remodel, how 

remodeling progresses in the inner retina and how long the remaining or remodeled 

synapses retain function. To begin to understand how the inner retinal circuitry remodels, 

we have evaluated changes in second- and third-order retinal cells and their synaptic 

terminals in the retinas of homozygous rd10 mice (ages 1 to 9.5 months) using 

immunolabeling for specific classes of retinal neurons and their synapses. 

 

MATERIALS AND METHODS 

 

Animals and tissue preparation 

Studies were performed using retinas from homozygous rd10 mice on a 

C57BL/6J background and from age-matched wild-type C57BL/6J mice as controls (both 

strains from Jackson Laboratories, Bar Harbor, ME). Mice were kept on a 12-hour light: 

12-hour dark cycle, with food and water available ad libitum. Animals were euthanized 

by rapid cervical dislocation at the following time points: postnatal day (P) 30, P50, 

postnatal month (PNM) 3.5, and PNM9.5 (n=3 at each time point). Additional eyes from 

animals at PNM7.5 and PNM10.5 also were examined. Following enucleation, the cornea 

and lenses were removed and the eyes were immersion fixed in 4% paraformaldehyde in 
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0.1M cacodylate buffer (pH 7.4) for 1 hour at 4°C. Eyecups were rinsed in Hank’s 

Balanced Salt Solution (HBSS, pH 7.4), cryoprotected overnight in 30% sucrose in 

HBSS, embedded in Optimal Cutting Temperature medium (O.C.T.; Sakura Tissue Tek; 

VWR, West Chester, PA), and flash frozen in liquid nitrogen. Frozen sections (10-14 µm 

thickness) were collected on Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA) and 

stored at -20°C until use. All animal procedures conformed to US Public Health Service 

and Institute for Laboratory Animal Research guidelines and were approved by the 

University of Houston Institutional Animal Care and Use Committee. 

 

Antibody characterization 

 An extensive panel of well-characterized antibodies against cell- and synapse-

specific markers was used for single-, double- and triple-labeling studies. Table 1 

contains a complete list of antibodies, immunogens, manufacturers, host species and 

dilutions used. Immunostaining patterns in the retina have been previously described for 

all antibodies and, in our hands, all antibodies stained the appropriate cell types and 

showed the expected distribution in retinas from C57Bl/6 mice. 

(1) Calbindin mouse monoclonal and rabbit polyclonal antibodies recognize a single band 

of 28 kDa in Western blots of brain homogenates from wild-type mice, but no bands in 

blots from calbindin knockout mice (Celio et al., 1990; Airaksinen et al., 1997). The 

monoclonal and polyclonal antibodies against calbindin used in these studies showed the 

same pattern of staining in the mouse retina that has previously been shown to be 

horizontal cells and cholinergic amacrine cells and their processes in the IPL (Haverkamp 

and Wässle, 2000). 
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(2) Calretinin rabbit polyclonal antibodies recognize a single, 35 kDa spot on Western 

blots of 2-dimensional isoelectric focusing gels of guinea pig cerebellum; 

immunoreactivity to histological sections of guinea pig cerebellum is eliminated by 

preabsorption of antibodies with 1 μM purified calretinin (Winsky et al., 1989). The anti-

calretinin antibodies used in these studies showed the same pattern of staining in the 

mouse retina that has previously been identified as starburst and TH2 amacrine cells 

(Haverkamp and Wässle, 2000). 

(3) Glutamic Acid Decarboxylase (GAD-65) rabbit polyclonal antibodies recognize two 

bands, 65 and 67 kDa, on Western blots of mouse brain lysates (manufacturer’s technical 

information (Belichenko et al., 2009). The anti-GAD-65 antibodies used in this study 

showed the same staining pattern in the mouse retina that previous studies have identified 

as GABAergic amacrine cells (Haverkamp and Wässle, 2000) 

(4) Gγ13 rabbit polyclonal antibodies recognize a ~8 kDa band in mouse olfactory 

epithelium (Kerr et al., 2008). Immunoreactivity to murine lingual tissue is blocked by 

preincubation with 1 μM of the synthetic peptide immunogen (Huang et al., 1999). Gγ13 

antibodies used in this study showed the same staining pattern in the mouse retina that 

previous studies have identified as ON bipolar cells (rod and cone) (Huang et al., 2003). 

(5) Ionotropic glutamate receptor subunit 4 (GluR4) rabbit polyclonal antibodies 

recognize a single band of 100 kDa on Western blots of rat brain and in COS-7 cells 

transfected with GluR4 cDNA construct, but not in COS-7 cells transfected with GluR1, 

GluR2 or GluR3 (Wenthold et al., 1992). The anti-GluR4 antibodies used in this study 

showed the same pattern of staining in the mouse retina that previous studies have 

identified as horizontal and OFF-cone bipolar cells (Haverkamp and Wässle, 2000). 
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(6) Glutamine synthetase (GS) mouse monoclonal antibody recognizes a single 45 kDa 

band on Western blots of sheep and rat brain (manufacturer’s information). The GS 

antibody used in this study showed the same staining pattern in the mouse retina that 

previous studies have identified as Müller glia (Haverkamp and Wässle, 2000). 

(7) Protein kinase C-α (PKCα) polyclonal and monoclonal antibodies recognize a single 

82 kDa band on Western blots of total proteins from rat brain; immunohistochemical 

staining is abolished with the immunizing peptide (manufacturers’ information). The 

monoclonal and polyclonal antibodies against PKCα used in this study showed the same 

staining pattern in the mouse retina that previous studies have identified as rod bipolar 

cells (Haverkamp and Wässle, 2000; Ghosh et al., 2004). 

(8) SNAP-25 mouse monoclonal antibody recognizes a single band at 25 kDa on Western 

blots of rat cerebral cortices (Garbelli et al., 2008). The SNAP-25 antibody used in this 

study showed the same staining pattern in the mouse retina that previous studies have 

identified as all synapses (Greenlee et al., 2001). 

(9) Synaptic vesicle protein 2 (SV2) mouse monoclonal antibody cross reacts with all 

three SV2 isoforms and recognizes a large, diffuse band at ~90 kDa on Western blots of 

mouse brain membranes (Buckley and Kelly, 1985); in SV2A and 2B double knockout 

mice, immunoreactivity is reduced to a very faint band, reflecting remaining SV2C 

(Lynch et al., 2004). The pan SV2 monoclonal antibody used in this study showed the 

same staining pattern in the mouse retina that previous studies have identified as all 

synapses (Wang et al., 2003). 

(10) Synapsin 1 mouse monoclonal antibody recognizes a doublet consisting of synapsin 

1a and 1b at ~80 kDa band in Western blots of total homogenates and membrane 
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fractions of mouse forebrain (Martínez et al., 1998). The synapsin 1 antibody used in this 

study showed the same staining pattern in the mouse retina that previous studies have 

identified as conventional synapses (Sherry et al., 2006). 

(11) Syntaxin 3 rabbit polyclonal antibodies recognize a single 35-36 kDa band in 

Western blots of mouse retina and brain. The anti-syntaxin 3 polyclonal antibodies used 

in this study showed the same staining pattern in the mouse retina that previous studies 

have identified as ribbon synapses (Sherry et al., 2006). 

(12) Syntaxin 4 rabbit polyclonal antibodies recognize a single band of 36 kDa on a 

Western blot of retina and brain homogenates; preabsorption with the peptide 

immunogen eliminates labeling. The syntaxin 4 polyclonal antibodies used in this study 

showed the same staining pattern in the mouse retina that previous studies have identified 

as horizontal and amacrine cells (Sherry et al., 2006). 

(13) Tyrosine Hydroxylase (TH) mouse monoclonal antibody recognizes a 59-61 kDa 

band in Western blots of mouse brain lysates and does not react with dopamine-beta-

hydroxylase, phenylalanine hydroxylase, tryptophan hydroxylase, dehydropteridine 

reductase, sepiapterin reductase or phenethanolamine-N-methyl transferase 

(manufacturer’s information). The monoclonal antibody against TH used in this study 

showed the same staining pattern in the mouse retina that previous studies have identified 

as dopaminergic amacrine cells (Haverkamp and Wässle, 2000; Zhang et al., 2005).  

(14) Vesicle associated membrane protein-2 (VAMP-2) rabbit polyclonal antibodies 

recognize a 19 kDa band on Western blots of total proteins from mouse brain and retina 

(Sherry et al., 2003b). The 19 kDa band labeled by VAMP-2 antibodies in Western blots 

of total protein lysates of cultured neurons from embryonic day 18 (E18) wild-type mice 
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was absent in lysates of neurons cultured from E18 VAMP-2 knockout mice (Schoch et 

al., 2001). Polyclonal anti-VAMP2 antibodies used in this study showed the same 

staining pattern in the mouse retina that previous studies have identified as all synapses 

(Sherry et al., 2003b).  

(15) Vesicular glutamate transporter 1 (VGluT1) guinea pig polyclonal antibodies 

recognize a 60 kDa band on Western blots of synaptic membrane fractions from rat 

cerebral cortex (Melone et al., 2005); preabsorption with the immunogen peptide 

abolishes immunostaining (manufacturer’s information). Polyclonal anti-VGluT1 

antibodies used in this study showed the same staining pattern in the mouse retina that 

previous studies have identified as ribbon synapses (Bellocchio et al., 1998; Sherry et al., 

2003a). 

(16) Vesicular glutamate transporter 3 (VGluT3) guinea pig polyclonal antibodies 

recognize a doublet migrating at ~60-62 kDa in Western blots of rat astrocytes and 

preabsorption with the immunizing peptide abolishes staining in Western blots (Montana 

et al., 2004) and immunohistochemistry (manufacturer’s information). The polyclonal 

anti-VGluT3 antibodies used in this study showed the same staining pattern  in the mouse 

retina that previous studies have identified as glutamatergic amacrine cells (Haverkamp 

and Wässle, 2004; Johnson et al., 2004). 

  Secondary antibodies were raised in goat against IgGs from rabbit, mouse, guinea 

pig, or mouse IgM. Secondary antibodies were conjugated to Cy3 or Cy5 (Jackson 

Immunoresearch Laboratories, West Grove, PA), or to AlexaFluor488, AlexaFlour543, or 

AlexaFluor633 (Molecular Probes, Eugene, OR) and were used at a dilution of 1:200. 
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Immunolabeling and imaging 

Immunolabeling and imaging of cryosections were performed according to 

previously published protocols (Sherry et al., 2006). Briefly, cryosections were thawed, 

incubated in 1% NaBH4 for 2 minutes to reduce autofluorescence prior to incubation in 

blocker (10% normal goat serum or 2% donkey serum, 5% bovine serum albumin, 1% 

fish gelatin, 0.5% Triton X-100 in HBSS, pH 7.4) for 2 hours at room temperature to 

reduce non-specific labeling. After removing the blocker, the primary antibody or a 

combination of primary antibodies from different hosts diluted in blocker was applied for 

2 days at 4ºC. Sections were rinsed, incubated in secondary antibodies for 1 hour at room 

temperature, rinsed extensively and then coverslipped using Prolong Gold (Molecular 

Probes, Eugene, OR) to retard bleaching of the fluorescent labels. Specificity of labeling 

methods was confirmed by omitting primary antibody or by substituting normal serum 

from the species used to generate the specific primary antiserum. Labeling of additional 

specimens using only one primary antibody in combination with multiple secondary 

antibodies confirmed the absence of secondary antibody cross-reactivity and bleed-

through of signals between fluorescence channels. 

Confocal microscopy was performed using a Leica TCS-SP2 confocal microscope 

(Leica Microsystems, Exton, PA). Images were captured using a 63X oil immersion 

objective (N.A. 1.32) and frame-averaged to reduce noise. Bleed-through between 

fluorescence channels was eliminated by scanning channels sequentially and adjusting 

laser power and detector sensitivity. In all cases, image scale was calibrated, and 

brightness and contrast were adjusted if necessary to highlight specific labeling. To 

assess double- and triple-labeling, matching images in the AlexaFluor488, 
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Cy3/AlexaFlour543, or Cy5/AlexaFluor633 channels were captured independently, 

pseudo-colored green and purple for double-labeled specimens, or green, red, and blue 

for triple labeled specimens and superimposed using Photoshop software (Adobe 

Systems, San Jose, CA). 

 

RESULTS 

 

VGluT1 in photoreceptor and bipolar cell terminals 

 VGluT1 is responsible for loading glutamate in synaptic vesicles and is a marker 

for rod and cone photoreceptor terminals in the outer plexiform layer (OPL) and bipolar 

cell terminals in the inner plexiform layer (IPL) (Sherry et al., 2003a). In the wild-type 

retina, the VGluT1-positive synaptic terminals of photoreceptors form a continuous band 

in the OPL at all ages (Fig.5.1 A, D). As photoreceptor cells degenerated in the rd10 

retina, the number of VGluT1-immunoreactive puncta in the OPL decreased, reflecting 

the loss of photoreceptor terminals (Fig.5.1 B, C, E, F). At P30 and P50, the plexus of 

VGluT1-positive terminals in the OPL was reduced and discontinuities became evident 

(Fig.5.1 B, C). With time, the remaining sites of VGluT1 staining in the OPL became 

more widely spaced (Fig.5.1 E) and by PNM9.5, VGluT1 immunoreactivity in the OPL 

was largely absent (Fig.5.1 F). However, even at this advanced stage of degeneration, a 

few sites of VGluT1 staining persisted in the OPL. 

In contrast to the rapid loss of VGluT1 labeling in the OPL, changes in VGluT1 

labeling of bipolar cell terminals in the IPL were more subtle, particularly at early 

timepoints. VGluT1-positive, rod bipolar terminals are much larger than cone bipolar 



 

 
183

terminals and stratify in the innermost portion of the IPL, making them easily identifiable 

in both wild-type (Fig.5.1 A, D) and rd10 retinas at P30 (Fig.5.1 B). However, even at 

this early stage of degeneration, the pattern of VGluT1 immunoreactivity associated with 

rod bipolar terminals appeared disorganized in the rd10 retinas. The plexus of large 

VGluT1-positive rod bipolar terminals in the innermost IPL was substantially reduced by 

P50 (Fig.5.1 C) and could not be distinguished morphologically from VGluT1-positive 

cone-bipolar terminals at advanced stages of degeneration [PNM3.5 (Fig. 5.1 E) and 

PNM9.5 (Fig.5.1 F)]. It is important to note, however, that VGluT1-positive bipolar cell 

terminals were present throughout the IPL even at advanced stages of degeneration. 

 

Rod bipolar cells 

Protein kinase C-α (PKCα) is a marker for mouse rod bipolar cells (Haverkamp and 

Wässle, 2000) and antibodies against PKCα revealed the expected morphology of wild-

type rod bipolar cells: fine dendrites that project distally to rod terminals, a row of cell 

bodies in the distal inner nuclear layer (INL), and large, lobular axon terminals that 

stratify in the innermost portion of the IPL (Fig.5.2 A, PNM3.5 shown). In wild-type 

retinas, this pattern of immunostaining remained unchanged from P30 to PNM9.5. In the 

rd10 retina, in addition to the loss of fine dendritic processes that has been previously 

reported at early timepoints (Gargini et al., 2007; Barhoum et al., 2008; Puthussery et al., 

2009), we also found that by PNM3.5, surviving PKCα -positive, rod bipolar cells were 

often found in clusters. Rod bipolar cell clusters were specifically associated with the few 

remaining sites of VGluT1 immunoreactivity (Fig.5.2 B, F) and bipolar cells occasionally 

extended short, thickened processes towards these VGluT1-positive sites (Fig.5.2 B, F; 
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see also Fig.5.7 B). 

 Previous reports are contradictory as to whether rod bipolar cell axon terminals 

also remodel (Gargini et al., 2007; Barhoum et al., 2008). We observed a progressive 

reduction in the size of the VGluT1-positive puncta in the innermost IPL that suggested 

that rod bipolar cell terminals remodeled or were lost as degeneration progressed (Fig.5.1 

B, C, E, F). In sections of rd10 retinas double-stained for PKCα and VGluT1 at PNM3.5, 

rod bipolar axon terminals in the IPL were clearly present and retained expression of 

VGluT1, albeit at a reduced level (Fig.5.2 F). Ectopic, PKCα -positive processes also 

were present in the inner nuclear layer (INL) and ganglion cell layer (GCL) in the rd10 

retina (Fig.5.2 B), although most of these ectopic processes showed little VGluT1 

immunoreactivity (Fig.5.2 F). 

 

ON-bipolar cells 

Gγ13 is a guanine nucleotide-binding protein and is part of the heterotrimeric G-

protein complex coupled to mGluR6 (Huang et al., 2003). Antibodies against Gγ13 label 

both rod and ON-cone bipolar cells from their dendrites to their axon terminals (Fig.5.3 

A). In the rd10 retina, consistent with the known remodeling of PKCγ-positive, rod 

bipolar cell dendrites (Gargini et al., 2007; Puthussery et al., 2009), the plexus of Gγ13-

positive rod and ON-cone bipolar dendrites in the OPL became disorganized by P30 

(Fig.5.3 G). The thin ascending dendrites that normally contact photoreceptor terminals 

were notably reduced and remaining dendrites appeared abnormally thickened (Fig.5.3 

G). Despite the loss of fine dendritic processes, the Gγ13-positive plexus of ON bipolar 

dendrites extended throughout the OPL with few discontinuities at P30 and remained 
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closely associated with VGluT1 immunoreactivity (Fig.5.1 G-I). This staining pattern 

was consistent with the continued presence of ON-cone bipolar cell dendrites. By 

PNM3.5 the dendrites of both rod and ON-cone bipolar cells were largely absent from the 

OPL (data not shown). By PNM9.5, the Gγ13-positive dendritic plexus in the OPL had 

disappeared, except for large dense patches that were associated with the remaining sites 

of VGluT1 immunoreactivity (Fig.5.3 J-L). Double staining with Gγ13 and PKCα 

showed that the clusters of Gγ13-positive cells consisted of both rod bipolar cells (PKCα-

positive/Gγ13-positive) and ON-cone bipolar cells (PKCα-negative/Gγ13-positive) 

(Fig.5.3 P-R). Thus, degeneration of photoreceptors in the rd10 retina affected the 

dendritic organization of both rod bipolar and ON cone bipolar cells. 

 

Stratification of ON and OFF bipolar cell terminals 

 Double labeling for Gγ13 and VGluT1, combined with morphological features, 

allows identification of OFF-cone, ON-cone, and rod bipolar cell terminals and reveals 

their stratified organization within the IPL (Fig.5.3 A-F). In the wild-type retina, OFF-

cone bipolar cell terminals are labeled by antibodies against VGluT1, but not Gγ13, and 

normally terminate in the distal 40% of the IPL (Fig.5.3 C, F). ON-cone bipolar and rod 

bipolar cell terminals are immunopositive for both VGluT1 and Gγ13, but can be 

distinguished by position and size. The small terminals of ON-cone bipolar cells 

normally terminate in the inner 60% of the IPL, just distal to the large rod bipolar 

terminals that occupy the innermost region of the IPL (Fig.5.3 A, D). In rd10 retinas at 

P30, the stratified ON-OFF organization of bipolar cell terminals in the IPL was still 

intact (Fig.5.3 G-I) and remained largely undisturbed until at least PNM9.5 (Fig.5.3 J-L). 
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At PNM3.5 and later, Gγ13-positive terminals remaining in the IPL were still largely 

confined to the ON sublamina, as appropriate (Fig.5.3 J-L). Importantly, the terminals of 

both ON- and OFF-cone bipolar cells continued to express VGluT1, even at advanced 

stages of degeneration, suggesting that they may retain the ability to release glutamate. 

However, some remodeling of ON bipolar cells did occur, as small, spray-like processes 

showing labeling for Gγ13 were observed in the OFF sublamina at advanced stages of 

degeneration (arrowheads, Fig.5.3 J-L). Occasional ectopic Gγ13-positive processes also 

projected into the GCL at PNM9.5 and showed distinct co-localization with VGluT1 

(Fig.5.3 L). In contrast, ectopic Gγ13-positive processes in the outermost IPL showed no 

co-localization with VGluT1. 

Although double-labeling for VGluT1 and PKCα revealed that rod bipolar cell 

terminals persisted at late stages of degeneration, few of the Gγ13-positive/VGluT1-

positive puncta in the IPL could be identified as rod bipolar cell terminals on the basis of 

morphology alone by PNM9.5 (Fig.5.3 L). However, double-staining for Gγ13 and PKCα 

confirmed the presence of a reduced, but distinct sublamina of rod bipolar cell terminals 

in the innermost IPL that was appropriately located proximal to the Gγ13-positive/PKCα-

negative terminals of the ON-cone bipolar cells (Fig.5.3 R). 

 

Horizontal cells 

 There is a single horizontal cell type in the mouse retina that can be labeled using 

antibodies against calbindin (Haverkamp and Wässle, 2000). Mouse horizontal cells 

synapse with cone terminals via the dendrites and with rod terminals via the axon (Peichl 

and González-Soriano, 1994). In the retinas of wild-type mice, the fine processes of the 
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horizontal cells invaginate into the terminals of rods and cones and, when stained with 

antibodies against calbindin, appear as small distinct puncta in the OPL at all ages 

(Fig.5.4 A, D). In addition to the previously described loss of dendritic complexity at 

early stages of degeneration (Gargini et al., 2007; Barhoum et al., 2008; Puthussery et al., 

2009), some horizontal cell bodies migrated into the ONL and ectopic calbindin-positive 

processes extended into both the INL and ONL at P30 (Fig.5.4). By P50, the fine 

processes of horizontal cells in the OPL had largely disappeared and progressively fewer 

ectopic calbindin-positive cell bodies and processes were detected as degeneration 

progressed (Fig.5.4 C, E, F). As photoreceptor degeneration progressed, horizontal cells 

located near sites of VGluT1 immunoreactivity in the OPL selectively maintained their 

processes and expression of the SNARE protein, syntaxin 4 (Fig.5.5 K, L, N, O). Some 

horizontal cells that maintained dendritic processes also continued to express the AMPA 

glutamate receptor subunit, GluR4 (Supplemental Fig. 5.1). 

 

Stratification of third-order amacrine cells 

The processes of many subtypes of amacrine cells form precise strata in the IPL 

that can be identified using specific antibodies. In addition to horizontal cells, antibodies 

against calbindin stain cholinergic amacrine cells and three distinct strata in the IPL that 

contain their dendrites (Haverkamp and Wässle, 2000) (Fig.5.4 A, D). Stratification of 

calbindin-positive amacrine cell processes was preserved in the rd10 retina at PNM9.5 

(Fig.5.4 F). To further examine the distribution of the processes of several highly 

stratified amacrine cell types, we used immunolabeling for VGluT3, GAD-65, TH, and 

calretinin. Antibodies against VGluT3 label the processes of a putative glutamatergic 
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amacrine cell type that stratifies in the middle of the IPL (Fig.5.6 A). The normal pattern 

of stratification was maintained in the rd10 retina at all ages examined, including 

PNM9.5 (Fig.5.6 B). Although VGluT3 immunoreactivity appeared slightly reduced at 

PNM9.5, this was not consistent across specimens. GAD-65 catalyzes formation of 

gamma-aminobutyric acid (GABA) from L-glutamic acid and is a marker for GABAergic 

amacrine cells. In the wild-type retina, antibodies against GAD-65 labeled three 

prominent strata in the IPL that are separated by unstained strata containing the terminals 

of the cholinergic starburst amacrine cells (Fig.5.6 C). Again, no consistent changes in 

the distribution of GAD-65 were observed in the retinas of rd10 mice at PNM9.5, 

suggesting that GABAergic amacrine cell organization was largely preserved (Fig.5.6 D). 

In both wild-type and rd10 retinas, VGluT3 immunoreactivity co-stratified with the 

middle, GAD-65 plexus, as appropriate (Fig.5.6 E, F). 

  Double labeling for TH and calretinin was used to assess the organization of 

additional amacrine cell types. Antibodies against TH label type-1 dopaminergic 

amacrine cells that stratify at the INL/IPL border. In both wild-type and rd10 retinas, TH-

positive processes stratified appropriately, distal to the calretinin-positive strata of the 

cholinergic starburst amacrine cells (Fig.6 G, H). However, the TH stratum was more 

diffuse in the rd10 retinas than the wild-type retina. Antibodies against calretinin label 

the ON and OFF starburst amacrine cell plexes in the IPL, plus a third amacrine cell type 

that stratifies at the border of the ON and OFF sublaminae. The normal pattern of 

calretinin-positive amacrine cell stratification was observed in the retinas of both wild-

type and rd10 mice. Although three calretinin-positive strata persisted in the rd10 retina, 

they were appreciably more diffuse at PNM9.5, particularly the outermost, OFF-starburst 
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amacrine cell plexus. These results suggest that the ON/OFF stratification of third-order 

amacrine cells remains largely intact even at stages of advanced photoreceptor loss. 

 

Expression of presynaptic proteins 

In advanced RP, assessment of synaptic integrity and function in the inner retina 

of retinas is difficult because of the loss of light-evoked activity that occurs with severe 

photoreceptor degeneration. Previous studies showed that in rd10 retinas, ribbon 

synapses in cone pedicles are still present in the OPL until at least P20 (Puthussery et al., 

2009). If the continued expression of VGluT1 that we observed in the OPL is indicative 

of functional synaptic terminals, other presynaptic proteins associated with 

neurotransmitter release also should be present in surviving photoreceptor terminals. To 

examine expression of presynaptic proteins associated with neurotransmitter release by 

photoreceptors and bipolar cells, we used antibodies against presynaptic proteins that are 

expressed in ribbon synapses. 

Sections were immunostained with antibodies against the SNARE proteins, 

SNAP-25 or VAMP-2, in conjunction with markers for bipolar cells and ribbon synapses 

(i.e., PKCα and VGluT1 in Fig.5.7). Staining for SNAP-25 in the OPL was prominent in 

rd10 retinas at PNM9.5 and the remaining sites of VGluT1 staining in the OPL were 

localized within the SNAP-25-positive plexus (Fig.5.7 D). In both C57BL/6 and rd10 

retinas at PNM9.5, there was also strong staining for SNAP-25 in the IPL that co-

localized with VGluT1 (Fig.5.7 C-H). PKCα-positive terminals of rod bipolar cells were 

also positive for both VGluT1 and SNAP-25 (Fig.5.8 G, H). 
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In the wild-type retina, antibodies against syntaxin 3 stained the plasma 

membranes and terminals of photoreceptors in the outer retina and bipolar cells in the 

inner retina. In addition, syntaxin 3 labeling specifically co-localized with VGluT1 

immunoreactivity in the synaptic terminals of photoreceptor and bipolar cells (Fig.5.8 A-

C). In the rd10 retina at P30, the loss of photoreceptors is evident by reduced syntaxin 3 

labeling in the ONL and the thinning of the plexus of photoreceptor terminals in the OPL 

(Fig.5.9 D). However, it appeared that all surviving photoreceptor terminals in the OPL 

continue to co-express syntaxin 3 and VGluT1 at P30 (Fig.5.8 F). By PNM9.5, there 

were obvious discontinuities in the syntaxin 3-positive plexus in the OPL. Although 

VGluT1 staining in the outer retina of the rd10 retina was more restricted at PNM9.5, 

VGluT1-positive puncta in the OPL were located within the syntaxin 3-positive plexus 

(Fig.5.8 G-I). VGluT1 staining in the IPL became more diffuse in the rd10 retina at 

PNM9.5, although VGluT1 immunoreactivity in the IPL continued to show extensive co-

localization with syntaxin 3. 

The conventional synapses of amacrine cells also maintained appropriate 

expression of presynaptic proteins associated with neurotransmitter release. In wild-type 

retina, syntaxin 4 is expressed in some amacrine cell boutons in the IPL (Fig.5.5 D). 

Syntaxin 4 expression in the IPL was largely unaffected by the advanced photoreceptor 

degeneration in rd10 retinas at PNM9.5. Double labeling for VAMP-2, the principle 

synaptic vesicle SNARE in retinal synapses, and SV2, using a pan-specific antibody that 

recognizes all SV2 isoforms, showed a relatively normal pattern of VAMP-2 and SV2 co-

localization throughout the IPL of the rd10 retina at PNM9.5 (Fig.5.9 D-F). In the INL, 
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there was increased ectopic expression of VAMP-2 and SV2 that showed extensive co-

localization in the rd10 retina at PNM9.5 (Fig.5.9 D-F). 

Synapsin 1 is a synaptic vesicle protein present only in conventional amacrine cell 

synapses. In the IPL, synapsin 1 immunoreactivity co-localized with only a subset of 

VAMP-2-positive terminals, consistent with VAMP-2 labeling of conventional synapses 

as well as bipolar cell terminals in both wild-type and rd10 retinas (Fig.5.9 G-L). In the 

PNM9.5 rd10 retina, immunoreactivity for synapsin 1 was also present in discrete puncta 

in the INL and GCL and co-localized with many sites of VAMP-2 expression. 

 

Müller glia 

Apart from upregulation of glial fibrillary acidic protein (GFAP) in Müller glia in 

the rd10 retinas at P20 and P60, the only reported change in Müller glial morphology is a 

reduction in the length of distal processes associated with the loss of photoreceptors in 

the ONL (Gargini et al., 2007). Because most photoreceptor degenerations trigger the 

formation of glial scars, we looked for evidence of gliosis in the rd10 retina at later stages 

of degeneration. Antibodies against GS label the entirety of the Müller cell including the 

soma, processes and endfeet at the inner and outer limiting membranes. In the retinas of 

wild-type mice, staining for GS revealed a row of irregularly shaped Müller cell bodies in 

the middle of the INL from P30 to PNM9.5 (Fig.5.10 A-C). In the retinas of rd10 mice, 

beginning as early as P30 and continuing until PNM9.5, a discrete row of Müller cell 

bodies was no longer detectable in the INL (Fig.5.10 D-F). Instead, Müller cell bodies 

translocated to the outermost region of the INL and were occasionally observed in the 

outer retina. In rd10 mice, the Müller cell processes around the remaining photoreceptor 
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cell bodies in the ONL became thicker. Strong GS immunoreactivity and thickened 

Müller cell processes were apparent around remaining cells in the outermost retina until 

at least 9.5 months (arrowheads, Fig.5.10 F). 

 

 

 

DISCUSSION 

 

 Following photoreceptor degeneration in the rd10 mouse, many of the remaining 

retinal neurons undergo progressive remodeling. Our results extend previous studies of 

retinal degeneration and remodeling in the rd10 mouse (Chang et al., 2007; Gargini et al., 

2007; Barhoum et al., 2008; Mazzoni et al., 2008) by documenting the sequence of 

changes to an advanced stage of degeneration (PNM9.5), roughly 8 months after the 

complete loss of rod photoreceptors. In contrast to previous results (Gargini et al., 2007), 

we find gliotic changes in Müller glia as early as P30. Our results address conflicting 

reports regarding remodeling of rod bipolar terminals (Gargini et al., 2007; Barhoum et 

al., 2008) by showing the progressive changes in the morphology, but not the 

stratification, of VGluT1 expressing rod bipolar cell terminals. Our analysis also extends 

previous studies by documenting expression patterns of additional proteins necessary for 

synaptic function. Importantly, despite the significant remodeling that occurs in the outer 

retina, our results show that the ON/OFF stratification and the expression of synaptic 

proteins necessary for presynaptic function of second and third-order neurons in the IPL 

are largely preserved. Thus, if lost photoreceptors can be replaced and successfully 
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reconstitute functional synapses with the second-order neurons in the OPL, the inner 

retina is likely to retain the potential for functionally appropriate visual processing. 

Continued expression of the postsynaptic machinery also would be needed to maintain 

visual processing in the inner retina. Although further analyses are needed, recent studies 

in the degenerating retina using 1-amino-4-guanidobutane (AGB, agmatine), a 

guanidinium analog that selectively passes through activated glutamate-gated channels, 

suggest that expression of key post-synaptic proteins in the IPL is maintained (Marc et 

al., 2007). 

 Second-order neurons (bipolar and horizontal cells) showed the most dramatic 

changes following photoreceptor degeneration. Previous studies have shown that as 

photoreceptors die in the rd10 mouse retina, nearly a quarter of rod bipolar cells are also 

lost (Gargini et al., 2007). We find that at PNM3.5 and PNM9.5, surviving rod and ON-

cone bipolar cells in the rd10 retinas are located in clusters that likely correspond to the 

rosette-like, circular domains of PKCα-positive rod-bipolar cells observed by Gargini et 

al (2007). Rod bipolar cells that survived until PNM9.5 typically extended processes 

towards the few remaining sites of VGluT1 immunoreactivity in the OPL. Cone 

degeneration in the rd10 retina is slower than rod degeneration, with some cones 

persisting to at least 9 months (Gargini et al., 2007). Therefore, the remaining VGluT1 

immunoreactivity in the OPL most likely represents the terminals of surviving cone 

photoreceptors. Abnormal association of rod bipolar cell dendrites with ribbon synapses 

of cone pedicles has been shown using immuno-electron microscopy at P20 (Puthussery 

et al., 2009) and our results suggest that the association between rod bipolar cells 
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dendrites and surviving cone photoreceptor terminals is likely to persist, even at late 

stages of degeneration.  

 Horizontal cells also remodeled extensively following photoreceptor cell death, 

consistent with previous reports (Gargini et al., 2007; Barhoum et al., 2008). In addition 

to the loss of dendritic processes and extension of ectopic projections into the INL, we 

found that horizontal cells adjacent to remaining sites of VGluT1 and syntaxin 4 

immunoreactivity in the OPL consistently retained some dendritic processes. Expression 

of the SNARE protein SNAP-25 in the outer retina was higher than expected, given the 

sparse distribution of surviving cones at late stages of degeneration. The localization of 

SNAP-25 could reflect errors in protein trafficking or aberrant attempts by second-order 

neurons to generate new synapses in the absence of presynaptic input. Alternatively, 

SNARE proteins can serve other membrane trafficking functions (Zhou et al., 2000; 

Hepp and Langley, 2001) and the high expression levels in the outer retina could point to 

a role for these proteins in glial scar formation. However, syntaxin 3 and SNAP-25 

showed little co-localization with the Müller cell marker GS (data not shown), suggesting 

that expression of syntaxin 3 and SNAP-25 was neuronal rather than glial. 

The association of the rod bipolar and horizontal cell processes with the 

remaining sites of VGluT1 in the OPL suggests that surviving cones may provide trophic 

support that locally enhances survival of post-synaptic cells and their dendritic processes. 

Glutamate is an excellent candidate, as many of the synaptic proteins necessary for 

glutamate release from surviving cone terminals continue to be expressed as degeneration 

proceeds. Consistent with the survival of some functional cone terminals, double labeling 

studies have shown appropriate co-localization of many synaptic proteins including 
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VGluT1, syntaxin 3, VAMP2, and SV2 (this study) and the synaptic ribbon protein 

CtBP2 (Puthussery et al., 2009), even at late stages of degeneration. 

Although evidence for glutamate release by surviving cones is indirect, there is 

evidence that bipolar cells in the degenerating retina are capable of responding to 

glutamate. Expression of mGluR6, the metabotropic glutamate receptor in rod bipolar 

and ON-type cone bipolar cells persists until P45 in the rd10 retina (Gargini et al., 2007; 

Barhoum et al., 2008; Puthussery et al., 2009) and expression of ionotropic glutamate 

receptors (GluR1, GluR2, and GluR4) persists in the OPL until at least P180 (Puthussery 

et al., 2009). More importantly, exogenous glutamate can elicit ionic currents in isolated 

rod and cone bipolar cells and in slices from rd10 retinas at P60 (Barhoum et al., 2008; 

Puthussery et al., 2009). We found that GluR4 expression was co-localized with 

calbindin in some horizontal cells at late as PNM9.5, suggesting that second-order 

neurons, particularly those located near surviving cone terminals, retain the ability to 

respond to glutamatergic input even at late stages of degeneration. Interestingly, despite 

the striking gliotic changes in Müller cells that occurred as photoreceptor degeneration 

progressed, Müller cells continued to express GS, a key enzyme for glutamate 

metabolism. Taken together, the evidence supports a potential role for photoreceptor 

input in the maintenance of glutamate receptor expression and survival of post-synaptic 

cells in the degenerating retina. 

 The close association of the bipolar cell and horizontal cell dendrites with the 

putative surviving cone terminals raises the question of whether second- and third-order 

neurons in the degenerating retina retain the synaptic machinery necessary to transmit a 

signal. Previous reports are contradictory regarding remodeling of rod bipolar cell 
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terminals in the rd10 retinas at P40-P45, with one group reporting no changes (Gargini et 

al., 2007) and the other showing a reduction in size and loss of PKCα immunoreactivity 

in rod bipolar cell axon terminals at P40 (Barhoum et al., 2008). Our results show a 

progressive loss in size of rod bipolar cell terminals, with initial disorganization apparent 

as early as P30. Despite the morphological changes, rod bipolar cells continue to express 

VGluT1, the critical vesicular transporter needed to load glutamate into synaptic vesicles 

for release as late as PNM9.5, albeit at reduced levels. The potential that these cells retain 

the ability to transmit synaptically is supported by the continued expression and co-

localization of other key synaptic proteins normally associated with rod and cone bipolar 

cell ribbon synapses and conventional amacrine cell synapses in the IPL at PNM9.5. 

Consistent with this, spontaneous glutamatergic neurotransmission in the IPL, 

presumably from bipolar cells, persists in late-stage photoreceptor degeneration in the 

retinas of rodless-coneless (rdcl) mice, hrhoG transgenic mice and in human RP (Marc et 

al., 2007). Although transmission by amacrine cells has not been investigated directly in 

retinas with late stage photoreceptor degeneration, surviving amacrine cells retain their 

cell-specific amino acid neurotransmitter signatures, even in extremely advanced 

degeneration (Marc et al., 2003; Jones and Marc, 2005). 

The basic ON-OFF stratification of the IPL is retained in the rd10 retina until at 

least PNM9.5, as evidenced by the preservation of the appropriate stratification of bipolar 

cells axon terminals in the ON and OFF sublaminae within the IPL. Even at advanced 

stages of photoreceptor degeneration, we find that third-order amacrine cells maintain 

relatively normal, cell-specific dendritic stratification in the IPL. This observation 

extends to all classes of amacrine cells examined, including five distinct classes of 
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amacrine cells (GABAergic, VGluT3, dopaminergic, ON and OFF starburst, and an 

additional calretinin-positive type).  The continued maintenance of the functional 

segregation of the ON and OFF pathways and amacrine cell stratification may contribute 

to the long term survival of retinal ganglion cells and the high degree of preservation of 

their dendritic structure and axonal projections observed in rd10 mice at 9 months of age 

(Mazzoni et al., 2008).  

 Although a great deal of inner retinal circuitry appears to be preserved for long 

periods following photoreceptor degeneration, there is evidence for some remodeling in 

the inner portion of the rd10 retina. In particular, amacrine cells stratifying in the OFF 

sublamina of the IPL appear to be somewhat more sensitive to the loss of light-driven 

photoreceptor input, as the plexes of amacrine cells stratifying in the OFF sublamina 

show changes in their lamination patterns prior to those stratifying in the ON sublamina. 

Amacrine cell plexes in the IPL were somewhat reduced by PNM9.5, particularly the 

OFF sublamina that contains the processes of OFF starburst and type-1 dopaminergic 

amacrine cells. AII amacrine cells are a key cell type in the primary rod circuit, and have 

been reported to remodel roughly concurrently with rod loss in the rd10 retina, as 

evidenced by a reduction in immunoreactivity for Disabled-1 in AII amacrine cell 

processes by P40 (Barhoum et al., 2008). At advanced stages of photoreceptor loss, we 

found synapsin 1, VAMP2 and SV2 immunoreactivity in discrete puncta in the INL and 

GCL. Processes containing these putative, ectopic synapses are likely to arise from 

amacrine cells, as the expression of synapsin 1 and the absence of VGluT1 and syntaxin 3 

in these processes argues strongly against a bipolar cell or photoreceptor origin. It is not 

clear whether these puncta represent mature, functional synapses, collections of 
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presynaptic precursor vesicles, or aberrant trafficking of proteins (McAlister and Wells, 

1981; Ahmari et al., 2000; Friedman et al., 2000). However, previous studies have shown 

ectopic synapse formation in mice with photoreceptor synaptic ribbon defects (Specht et 

al., 2007), a photoreceptor-specific calcium channel mutation (Bayley and Morgans, 

2007) and as a consequence of normal aging (Terzibasi et al., 2009). 

One limitation of immunohistochemical analyses is that co-localization at the 

level of confocal microscopy does not prove a physical association between proteins nor 

does the presence of specific proteins demonstrate that they are organized into functional 

complexes. In degenerative processes, proteins can be mis-expressed or trafficked 

inappropriately to novel locations within a cell. However, we have shown the appropriate 

co-localization of multiple synaptic proteins and the continued stratification of different 

cell types in the IPL. When considered in conjunction with the long term preservation of 

the dendritic and axonal structure of retinal ganglion cells (Mazzoni et al., 2008), it is 

reasonable to suggest that at least some of the normal, functional circuitry in the inner 

retina is maintained in rd10 mice, even after photoreceptor degeneration is complete. 

The rd10 mouse is increasingly being used for research to develop novel 

therapeutic interventions for RP (Otani et al., 2004; Boatright et al., 2006; Komeima et 

al., 2007; Corrochano et al., 2008; Pang et al., 2008; Phillips et al., 2008; Usui et al., 

2009). Current strategies for stem-cell based therapies and retinal prosthetics to treat RP 

rely on the assumption that the remaining retinal circuitry remains intact. The 

preservation of the laminar organization and appropriate patterns of synaptic protein 

expression in the inner retina of the rd10 mouse, even at late stages of the disease, lends 

both hope and direction for development of future treatments. However, early 
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intervention will be a key factor for preventing the secondary remodeling of the surviving 

retina. One interesting possibility is that early transplantation of differentiated 

photoreceptors (MacLaren et al., 2006; West et al., 2008) or retinal stem cells (Tropepe 

et al., 2000; Ooto et al., 2004; MacLaren and Pearson, 2007;  MacMeil et al., 2007; Bull 

et al., 2008; Klassen et al., 2008; Ohta et al., 2008) could delay or even prevent 

remodeling of the second order neurons and cell death by providing synaptic input to 

those circuits. Likewise, pharmacological replacement of lost glutamate release from 

photoreceptors might retard the severe negative remodeling of horizontal and bipolar cell 

processes and loss of key post-synaptic proteins such as glutamate receptors. Such 

strategies could improve the chances of successful restoration of synaptic circuits 

between transplanted photoreceptors or stem cells and second-order neurons in the host 

retina. Late stage interventions will need to circumvent the consequences of both gliosis 

and the remodeling that occurs in second order neurons. Early intervention will also be 

key for retinal prosthetic approaches (Jensen and Rizzo, 2006; Pardue et al., 2006; Besch 

et al., 2008; Pardue et al., 2008; Butterwick et al., 2009), in order to take advantage of 

the high degree of preservation of retinal circuits at the level of the inner retina which our 

data and others (Mazzoni et al., 2008) suggest remains largely intact in the retinas of the 

rd10 mouse model of RP, even following extended photoreceptor degeneration.  
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FIGURES 

 

 

 

Figure 5.1 VGluT1 expression in C57BL/6 and rd10 retina. 
 
A, D: In the retinas from wild-type C57BL/6 (c57) mice at postnatal day 30 (P30, panel 
A) and postnatal month 9.5 (PNM9.5, panel D), VGluT1 antibodies label rod and cone 
terminals in the outer plexiform layer (OPL) (arrowhead) and bipolar cell terminals in the 
inner plexiform layer (IPL). Large, lobular rod bipolar cell terminals in the innermost IPL 
are prominently labeled (arrow). B, C, E, F: VGluT1 expression in the rd10 retina from 
P30 to PNM9.5. B. At P30, prominent gaps between VGluT1-positive photoreceptor 
terminals are present in OPL. Rod bipolar cell terminals in the IPL (arrow) are less 
distinctive than in the wild-type retina. C. At P50, VGluT1 staining in the OPL is reduced 
(arrowheads). The spacing and morphology of labeled terminals indicates that primarily 
cone pedicles remain at this time point. E. At PNM3.5, VGluT1 staining in the rd10 OPL 
labels the few surviving cone terminals (arrowheads). In the IPL, no morphologically 
distinct rod bipolar cell terminals are discernable. F. At PNM9.5, little to no expression 
of VGluT1 is detected in the OPL; VGluT1 is still present in the IPL. Scale bar = 20 µm, 
all panels. 
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Figure 5.2 PKCα and VGluT1 double labeling of C57BL/6 and rd10 retinas. 
 
A, C, E: C57BL/6 (c57) retina at PNM3.5. A. Rod bipolar cells labeled with antibodies 
against protein kinase C-α (PKC) show normal morphology. C. VGluT1 labels 
photoreceptor terminals in the OPL and bipolar cell terminals in the IPL. E. Merged 
image of PKC and VGluT1 labeling. PKC-positive rod bipolar cell dendrites extend into 
the plexus of VGluT1-positive photoreceptor terminals in the OPL. Rod bipolar cell 
terminals in the IPL show strong labeling for VGluT1. B, D, F: rd10 retina at PNM3.5. 
B. In the rd10 retina, rod bipolar cells have retracted their dendrites and have 
disorganized axon terminals, with some ectopic processes (arrowheads). Surviving rod 
bipolar cell bodies are found in clusters (arrows). D. Scattered VGluT1-positive cone 
terminals remain in the OPL at PNM3.5. F. Merged image of PKC and VGluT1 labeling. 
Rod bipolar cell bodies cluster near the remaining VGluT1-positive cone terminals in the 
OPL (arrows). Rod bipolar cell terminals in the inner IPL show reduced labeling for 
VGluT1, with ectopic processes lacking VGluT1 staining (arrowheads). Scale bar = 20 
µm, all panels. 
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Figure 5.3 
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Figure 5.3 Immunostaining of ON-cone and rod bipolar cells in C57BL/6 and rd10 
retinas. 
 
A-C: C57BL/6 (c57) retina at P30. A. Gγ13 labeling of dendrites, cell bodies and axon 
terminals of all ON-bipolar cells (rod and cone). Large, lobular rod bipolar cell terminals 
in the innermost IPL are intensely labeled. B. Antibodies against vesicular glutamate 
transporter 1 (VGluT1) label the axon terminals of rod and cone photoreceptors in the 
OPL and both ON and OFF bipolar cells in the IPL. C. Overlay of panels A and B 
showing ON-OFF stratification in the IPL. Terminals of OFF-cone bipolar cells in the 
distal IPL are VGluT1-positive, Gγ13-negative. Terminals of ON-cone and rod bipolar 
cells are VGluT1-positive and Gγ13-positive and can be distinguished by size and 
position in the inner IPL. D-F: C57BL/6 retina at PNM9.5. The labeling patterns for 
Gγ13 (D) and VGluT1 (E) remains unchanged. F. Overlay of D and E. G-I: rd10 retina 
at P30. G. Labeling for Gγ13 shows abnormally thickened dendritic processes in the OPL 
(arrow). ON bipolar cell terminals stratify in the correct sublamina of the innermost IPL. 
H. A discontinuous band of VGluT1 immunoreactivity is still present in OPL. VGluT1-
positive bipolar cell terminals are present throughout the IPL but the rod bipolar 
terminals are less distinctive than in the wild-type retina. I. Overlay of Gγ13 and VGluT1 
labeling shows proper lamination of ON and OFF bipolar cell terminals in the IPL. J-L: 
rd10 retina at PNM9.5. J. Gγ13-positive dendritic processes are generally absent, 
although some dense areas of staining persist (arrow). Most ON bipolar cell terminals 
stratify properly within the ON sublamina of the IPL, although some ectopic processes 
are present at the INL/IPL border and extend into the ganglion cell layer (GCL) 
(arrowheads). K. Few sites of VGluT1 labeling remain in the OPL (arrow). Bipolar cell 
terminals throughout the IPL show VGluT1 labeling but rod bipolar cell terminals are not 
morphologically identifiable. L. Overlay of Gγ13 and VGluT1 labeling. In the OPL, 
areas of dense G�13 staining are associated with remaining VGluT1-positive puncta 
(arrow). In the IPL, G�13 and VGluT1 co-localize in ON bipolar cell terminals and the 
ON and OFF stratification remains largely intact. Many ectopic Gγ13-positive processes 
(arrowheads) also show VGluT1 labeling. M-O. Retinas from C57BL/6 at PNM9.5 
immunostained for (M) Gγ13, showing all ON bipolar cells and (N) PKC, showing rod 
bipolar cells. O. An overlay of M and N distinguishes rod and ON cone bipolar cells. P-
R. Retinas from rd10 mice at PNM9.5 immunostained for (P) Gγ13, and (Q) PKC. 
Ectopic processes in the INL show strong Gγ13 labeling and faint PKC labeling (arrows). 
R. Overlay of P and Q showing clusters of rod and ON-cone bipolar cells in the INL. The 
appropriate stratification of rod bipolar and ON-cone bipolar cell terminals in the IPL is 
still apparent. Scale bar = 20 µm, all panels. 
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Figure 5.4 Photomicrographs of calbindin immunostaining in C57BL/6 and rd10 
retinas. 
 
A, D: C57BL/6 (c57) retina at P30 (A) and PNM9.5 (D). Antibodies against calbindin 
label horizontal cells and their fine processes associated with the terminals of 
photoreceptors (arrowheads) in the OPL and a subset of amacrine cells and their 
terminals in the INL and IPL. B, C, E, F: rd10 mouse retina. B. At P30, during early 
stages of degeneration, puncta associated with horizontal cell dendrites and axon 
terminals are reduced but still present (arrowhead). Some horizontal cells sprout ectopic 
processes (arrows). C. At P50, the puncta associated with fine processes of horizontal 
cells are no longer detected. E. At PNM3.5, staining of horizontal cell lateral processes in 
OPL is greatly reduced. F. At PNM9.5, gaps are visible in the calbindin-positive 
horizontal cell plexus in the OPL. Ectopic processes from horizontal cells are still 
detected (arrows). Amacrine cells show minimal changes and the stratified organization 
of amacrine cell processes in the IPL is preserved. Scale bar = 20 µm, all panels. 
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Figure 5.5 
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Figure 5.5 Immunostaining for calbindin, syntaxin 4 and VGluT1 in the C57BL/6 
and rd10 retinas at late stages of degeneration. 
 
A, D, G, J, M: C57BL/6 (c57) retina at PNM9.5. A. Calbindin labeling. D. Syntaxin 4 
labeling of the fine dendrites of horizontal cells and a sparse plexus in the IPL. G. 
VGluT1 labeling. J. Overlay of panels D and G showing the direct apposition of 
presynaptic VGluT1 expression with postsynaptic syntaxin 4 expression in the OPL. M. 
Overlay of panels A, D, and G showing the normal relationship of presynaptic VGluT1 
and syntaxin 4 in fine horizontal cell processes and the remainder of the horizontal cell 
plexus in the OPL. B, E, H, K, N: rd10 retina at PNM3.5. B. Calbindin labeling reveals 
horizontal cell process loss. E. Syntaxin 4 labeling in the OPL is restricted to small, 
widely spaced patches (arrows), but remains essentially normal in the IPL. H. Restricted 
sites of VGluT1 labeling in the OPL (arrows). K. Overlay of panels E and H showing 
direct apposition of syntaxin 4 and VGluT1 labeling in the OPL. N. Overlay of panels B, 
E, and H, shows the relationship of presynaptic VGluT1, syntaxin 4 and the horizontal 
cell plexus in the OPL. C, F, I, L, O: rd10 retina at PNM9.5. C. Calbindin labeling 
reveals a severe reduction of horizontal cell processes at PNM9.5. F. Patches of syntaxin 
4 labeling in the OPL become smaller at PNM9.5 in the rd10 retina (arrows). I. Surviving 
cone terminals in the PNM9.5 rd10 OPL express VGluT1. L. Overlay of panels F and I 
showing juxtaposition of syntaxin 4 and VGluT1 labeling in the OPL. O. Overlay of 
panels C, F, and I, showing the close physical relationship between syntaxin 4 
expression, the horizontal cell plexus and surviving terminals of cones in the OPL at late 
stages of degeneration. Scale bar = 20 µm, all panels. 
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Figure 5.6 
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Figure 5. 6 Stratification of amacrine cell processes in the plexiform layers of 
C57BL/6 and rd10 retinas at PNM9.5. 
 
A. C57BL/6 (c57) retina immunostained with antibodies against the vesicular glutamate 
transporter 3 (VGluT3) reveals stratification of putative glutamatergic amacrine cells in 
the middle of the IPL. B. In the rd10 retina, VGluT3-positive amacrine cells retain 
normal stratification in the middle of the IPL. C. In the c57 retina, antibodies against 
glutamic acid decarboxylase 2 (GAD-65) label 3 distinct strata containing the terminals 
of GABAergic amacrine cells. Arrowheads indicate the location of the GAD-65-negative 
processes of starburst amacrine cells. D. In the rd10 retina, the normal stratification of 
GAD-65-positive terminals in the IPL is present at PNM9.5. E. Overlay of VGluT3 (A) 
and GAD-65 (C) immunolabeling in the wild-type c57 retina shows stratification of the 
VGluT3 amacrine cells in the IPL (arrow) between the GAD-65-negative, starburst 
amacrine cell strata (arrowheads). F. Overlay of VGluT3 (B) and GAD-65 (D) 
immunolabeling in the rd10 retina showing the continued stratification of VGluT3 
amacrine cell processes in the IPL at PNM9.5. G. Wild-type c57 mouse retina at 
PNM9.5, immunostained with antibodies against tyrosine hydroxylase (TH, green), and 
calretinin (purple). Antibodies against TH label dopaminergic amacrine cells and their 
processes along the INL/IPL border (arrow). Antibodies against calretinin labels 
amacrine cells and their processes and reveal three distinct strata in the IPL (arrowheads). 
The upper and lower strata correspond to the processes of the OFF and ON starburst 
amacrine cells, respectively. Calretinin labeling also is present in cells in the ganglion 
cell layer and ganglion cell axons. H. Double labeling for TH and calretinin in the rd10 
retina at PNM9.5. Despite some disorganization, the TH-positive processes of the 
dopaminergic amacrine cells are still located along the INL/IPL border (arrow). Three 
strata of calretinin-positive amacrine cell processes are still present in the IPL. However, 
the OFF starburst amacrine cell stratum appears more diffuse. Labeling of cells and axons 
in the GCL appears normal. Scale bars = 20 µm, all panels. 
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Figure 5.7 Photomicrographs of C57BL/6 and rd10 retinas immunostained for PKC, 
SNAP-25 and VGluT1. 
 
A, C, E, G: Wild-type C57BL/6 (c57) retina at PNM9.5. A. Antibodies against protein 
kinase C-α (PKC) identify rod bipolar cells, which show normal morphology and 
stratification in the IPL. C. In c57 retina, the presynaptic SNARE protein SNAP-25 is 
found in the conventional and ribbon synapses of the OPL and IPL. E. VGluT1 
expression in the C57BL/6 retina. G. Overlay of panels A, C and E. B, D, F, H: rd10 
retina at PNM9.5. B. Although many rod bipolar cells are lost by PNM9.5 and most 
surviving rod bipolar cells have retracted their dendrites, rod bipolar cells located near 
surviving cone terminals extend abnormal, thickened dendrites (arrow) toward the 
surviving cone terminals (asterisk, see panel F). Many ectopic rod bipolar cell bodies 
(small arrowheads) and processes are present (circle). Note the sparse plexus of rod 
bipolar cell terminals in the IPL. D. SNAP-25 labeling is highly elevated in the OPL but 
appears unchanged in the IPL. The cellular origin of the highly SNAP-25-positive 
processes in the outer retina is uncertain. F. A single VGluT1-positive terminal remains 
in this region of the OPL (asterisk). H. Overlay of panels B, D and F. Abnormal PKC-
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positive rod bipolar cell dendrites extend toward the surviving VGluT1-positive terminal 
(asterisk). Scale bar = 20 µm, all panels. 
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Figure 5.8 Immunostaining for synaptic proteins associated with the glutamatergic 
ribbon synaptic terminals in the C57BL/6 and rd10 retinas. 
 
A-C: Wild-type C57BL/6 (c57) mouse retina at PNM9.5. A and B. Syntaxin 3, a ribbon 
synapse-specific SNARE protein and VGluT1 are expressed exclusively in the synaptic 
terminals of photoreceptors in the OPL and bipolar cell terminals in the IPL. C. Overlay 
of panels A and B. D-F: rd10 mouse retina at P30. D. Syntaxin 3 expression in the rd10 
retina at P30. Antibodies against syntaxin 3 label terminals of surviving photoreceptors in 
the OPL (arrow). The reduced number of syntaxin 3-positive terminals is apparent even 
at this early stage of degeneration. E. VGluT1 antibodies stain surviving photoreceptor 
terminals in the OPL. F. Overlay of panels D and E. Syntaxin 3 and VGluT1 
immunoreactivity shows a high degree of co-localization in both the OPL and IPL. G-I: 
rd10 mouse retina at PNM9.5. G. Syntaxin 3 immunoreactivity persists in surviving cone 
terminals in the OPL and bipolar cell terminals in the IPL (arrowheads). H. VGluT1 
immunoreactivity also persists in surviving cone terminals in the OPL and bipolar cell 
terminals in the IPL. I. Overlay of panels G and H showing co-localization of syntaxin 3 
and VGluT1 labeling in surviving cone terminals (arrowheads). However, the extent of 
VGluT1 in the OPL expression is reduced compared to syntaxin 3. Bipolar cell terminals 
continue to show extensive co-localization of syntaxin 3 and VGluT1 in the IPL. Scale 
bar = 20 µm, all panels. 
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Figure 5.9 
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Figure 5.9 Immunostaining for synaptic proteins SV2 and VAMP2 at PNM9.5. 
 
A-C: Double labeling for SV2 and VAMP2 in the C57BL/6 (c57) retina at PNM9.5. A. A 
pan-specific antibody against the synaptic vesicle protein SV2 labels ribbon and 
conventional synapses in the OPL and IPL. Labeling in blood vessels (BV) is non-
specific. B. Antibodies against VAMP-2, the principal vesicular SNARE in retinal 
synapses, stain both ribbon and conventional synapses in the OPL and IPL. C. Overlay of 
panels A and B showing close correspondence of labeling for SV2 and VAMP2 in 
synaptic terminals in both plexiform layers as expected. D-F: Double labeling for SV2 
and VAMP2 in the rd10 mouse retina at PNM9.5. D. Labeling for SV2 is severely 
reduced in the OPL. Ectopic, punctate staining for SV2 is present in the INL (arrow). E. 
VAMP2 is greatly diminished in the OPL and ectopic puncta labeled for VAMP-2 are 
present in the INL (arrow). The typically prominent rod bipolar cell terminals in the 
innermost IPL are not detected. F. Overlay of D and E. SV2 and VAMP-2 labeling co-
localizes in the surviving cone terminals in the OPL. Extensive co-localization of SV2 
and VAMP-2 persists in synaptic terminals in the IPL. SV2 and VAMP-2 labeling also 
colocalize in the ectopic puncta in the INL (arrow). G-I: Double labeling for synapsin 1 
and VAMP-2 in c57 retinas at PNM9.5. G. Antibodies against synapsin 1 label the 
conventional synapses of amacrine cells in the IPL. H. VAMP-2 expression. I. Overlay 
of G and H. The ribbon synaptic terminals of photoreceptors and bipolar cells in the OPL 
and IPL respectively show single labeling for VAMP-2. The conventional synapses of 
amacrine cells in the IPL show double labeling for synapsin 1 and VAMP-2, as 
appropriate. J-L: Double labeling for synapsin 1 and VAMP-2 in the rd10 retina at 
PNM9.5. J. Synapsin 1 labeling is present ectopically in numerous puncta in the INL and 
GCL of the rd10 retina at PNM9.5 (arrows). K. VAMP-2 is also expressed ectopically in 
the rd10 retina (arrows). L. Overlay of panels J and K. Synapsin 1 and VAMP-2 show 
extensive co-localization in the IPL, as well as in the ectopic puncta in the INL and GCL. 
Scale bar = 20 µm, all panels. 
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Figure 5.10 Glutamine synthetase (GS) immunostaining of Müller glia in the 
C57BL/6 and rd10 retinas. 
 
 A-C: Müller cells in the wild-type C57BL/6 retina from P30 through PNM9.5 
immunostained with antibodies against glutamine synthetase (GS) A. At P30, the 
irregularly shaped cell bodies of GS-positive Müller glia are found in the middle of the 
INL (arrow) and extend processes distally to the outer limiting membrane and proximally 
to the inner limiting membrane. B and C. Expression of GS remains unchanged at 
PNM3.5 and PNM9.5. D-F: Müller cells in the rd10 retina from P30 through PNM9.5. D. 
In the rd10 retina by P30, some Müller cell bodies have migrated towards the ONL 
(arrow). GS immunoreactive Müller glial processes are thickened around the remaining 
photoreceptors. E. Müller cell body migration toward the distal edge of the retina 
continues at PNM3.5 (arrow). F. By PNM9.5, hypertrophied Müller cell processes 
(arrowheads) form a thickened scar on the distal surface of the retina. NFL, nerve fiber 
layer. Scale bar = 20 µm, all panels. 
 

 

 



 

 
222

 

Supplemental Figure 5.1 Photomicrographs of horizontal cells from C57BL/6 and 
rd10 retinas double stained with antibodies against GluR4 and Calbindin. 
 
A-C: C57BL/6 (c57) retina at PNM9.5. A. GluR4 receptor labeling in the wild-type 
C57BL/6 retina shows punctate distribution of glutamate receptors in the OPL. B. 
Antibodies against calbindin label horizontal cells and their processes in the OPL. C. 
Overlay of A and B. GluR4 often localizes to the fine dendritic tips of horizontal cells, as 
appropriate. D-F: rd10 retina at P50. D. GluR4 immunoreactivity is decreased and many 
of the remaining GluR4 puncta appear in discreet clusters (arrows). E. Calbindin staining 
shows that the fine dendritic tips of horizontal cells have largely disappeared in the rd10 
retina at P50, but thicker processes within the proximal OPL remain. F. Overlay of D and 
E. Most of the few remaining GluR4 puncta are localized to the same region of the OPL 
occupied by the thick processes of the horizontal cells. G-I: rd10 OPL at PNM9.5. G. 
GluR4 immunoreactivity is drastically reduced in the OPL of the rd10 retina at PNM9.5, 
with the remaining GluR4 labeling found in small aggregates (arrow). H. Calbindin-
positive horizontal cell processes are dramatically reduced in the rd10 retina at PNM9.5. 
I. Overlay of G and H. The remaining clusters of GluR4 immunoreactivity typically 
localized to sites where remaining horizontal cells retain some processes (arrow). Scale 
bar = 20 µm, all panels. 
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Table 5.1 List of antibodies used for immunostaining. 
 
Antigen/Label Cell/Synapse Type  Host  Dilution      Source                     Immunogen 
Calbindin  horizontal cell  rabbit  1 to 1000  SWANT; Bellinzona, Switzerland, (CB38)          recombinant rat calbindin D-28K 
 
Calbindin  horizontal cell  mouse  1 to 2000  SWANT; Bellinzona, Switzerland, (300)   purified calbindin D28K from  
              chicken gut 
 
Calretinin  Amacrine cells Starburst/TH2 rabbit  1 to 1000  Chemicon International, Temecula, CA (AB5054)  purified calretinin (protein 10)  
              from guinea pigbrain 
 
GAD65  amacrine cells  rabbit  1 to 500  Chemicon International, Temecula, CA (AB5082) human GAD-65 from  
              baculovirus infected cells 
 
GFAP  Müller cells  mouse  1 to 500  Chemicon International, Temecula, CA (MAB360) purified GFAP from porcine  
              spinal cord 
 
Gγ13  Bipolar cells (ON)  rabbit  1 to 500  Gift, Dr. R. Margolskee, Mount Sinai School   amino acids 47-59 of mouse  
         of Medicine, New York,  NY 
 
GluR4  horizontal cell synapses rabbit  1 to 100  Chemicon International, Temecula, CA (AB1508)  C-terminus of rat GluR4,  
  OFF BP synapses           (RQSSGLAVIASDLP) 
  
GS    Müller cells  mouse  1 to 400  Chemicon International, Temecula, CA    purified glutamine synthetase  
         (MAB302, cloneG56)    from sheep brain 
  
PKC  Bipolar cells (rod)  mouse  1 to 100  Chemicon International, Temecula, CA (MAB3074)      amino acids 270-427 of human  
              variable V5 region 
 
PKC  Bipolar cells (rod)  rabbit  1 to 5000  Sigma; St Louis MO (P4334)   amino acids 659-672; C-terminal  
              of rat PKCα 
 
SNAP-25  synapses ubiquitous  mouse  1 to 5000  Chemicon International, Temecula, CA (Mab331) human crude synaptic  
              immunoprecipitate 
 
SV2 (pan)  synapses ubiquitous  mouse   1 to 500  Dr. K Bukley, Harvard Medical School, Boston, MA synaptic vesicles from electric  
              ray 
 
Synapsin I  synapses conventional  mouse  1 to 200  Chemicon International, Temecula, CA   purified synapsin 1 from sheep  
              brain 
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Syntaxin 3  synapses ribbon  rabbit  1 to 1000  Novus Biologicals, Littleton CO (AB4113)          cytoplasmic domain of rat  
              syntaxin 3 fused to 
              glutathione S-transferase 
 
Syntaxin 4  horizontal cell  (OPL)   rabbit  1 to 100  Chemicon International, Temecula, CA (AB5330) amino acids 2-23 of mouse  
  amacrine (S1 of IPL)           syntaxin 4 
TH  Amacrine cell   mouse  1 to 500  Chemicon International, Temecula, CA (MAB318)  tyrosine Hydroxylase purified  
  Dopaminergic (A18)           from P12 cells 
 
VAMP2  synapses ubiquitous  rabbit  1 to 5000  Synaptic Systems; Gottingen, Germany; (104-202) amino acids 2-17 of rat VAMP-2 
               (SATAATVPPAAPAGEG) 
 
VGLUT1  synapses ribbon  guinea pig  1 to 5000  Chemicon International, Temecula, CA; AB5905  synthetic peptide of amino acids  
              541-560 of rat VGluT1 
               (GATHSTVQPPRPPPPVRDY) 
               
VGLUT3  glutamatergic amacrine cell guinea pig  1 to 3000  Chemicon International, Temecula, CA (AB5421) synthetic peptide from rat  
              VGluT3 
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Table 5.2 List of abbreviations used in figure legends. 

A amacrine cell  

BV blood vessel 

c57 C57BL/6 mouse 

GAD-65 glutamic acid decarboxylase 2 

GCL  ganglion cell layer.  

Gγ13 guanine nucleotide binding protein (G protein), gamma 13 

H  horizontal cell 

INL  inner nuclear layer 

IPL  inner plexiform layer 

OPL  outer plexiform layer 

PKC protein kinase C-α 

rd10 homozygous rd10 mouse 

VGluT1 vesicular glutamate transporter 1 

VGluT3 vesicular glutamate transporter 3 
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CHAPTER VI 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

My results demonstrated the limited neurogenic capability of Müller glia. The 

results showed that mouse Müller glia upregulated neuronal genes in the presence of 

specific morphogens including FGF2, EGF, and retinoic acid. The results further showed 

that neurogenesis was greatly influenced by the dimensionality of the culture method 

used, and was also influenced by repressors of neurogenesis and neuronal gene 

expression in Müller cells, Notch and Rest. Furthermore, neural stem / retinal progenitor 

cell gene expression in cultured Müller cells was demonstrated, with or without a sphere 

forming “dedifferentiation” step. Progenitor gene expression in mammalian Müller cells 

has been confirmed in the literature recently, however, this was largely unreported when I 

began these studies only a few years ago.  

While the neurogenic properties of Müller glia are well worth studying, they may 

not be the most suitable source of cells for therapeutic transplantation. Moving forward, 

human embryonic stem cells (ESCs) or even perhaps induced pluripotent stem cells 

(iPSCs) are potentially superior sources for generating retinal neurons for transplantation. 

The quantity of retinal neurons that can be generated from ESCs far surpasses that of 

Müller cells by many orders of magnitude. iPSCs are not as robust as embryonic stem 

cells in the generation of retinal neurons thus far, but they still far surpass what can be 

achieved by Müller cells.   
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When I shifted my research focus from retinal remodeling to Müller glia derived 

stem cells in 2007, stem cells derived from adult tissue were the best option available. 

Human embryonic stem cell research NIH funding was still restricted by former president 

George Bush’s 2001 executive order. Shinya Yamanaka’s group had just published at the 

end of 2006 on the capability of adult mouse skin fibroblasts to dedifferentiate into 

extremely stem-like cells (IPS cells) following the transduction of a small number of 

stem cell genes. In 2007, this phenomenon was demonstrated in adult human cells by 

Yamanaka’s group and James Thompson’s group at the University of Wisconsin, a 

pioneer in the field and someone who works closely with my upcoming post-doctoral 

mentor at UW, David Gamm. During my post-doctoral training at UW, I will pursue 

human embryonic stem cell and iPSC research, a field that is rapidly expanding by the 

day.   

This is not to say that potential transplantation of embryonic stem cells or iPCSs 

are without complications—the most serious of which is teratoma formation. In this case, 

the cure would be far worse than the disease. However, methods are being developed to 

avoid this risk, including immuno-panning cells prior to transplantation with antibodies 

against cell surface antigens specific to potential teratoma forming cells. However, much 

work remains to alleviate this grave complication, as it only takes a single tumorogenic 

cell to cause problems. Adult derived stem cells are less likely to form teratomas and it is 

much more unlikely that Müller glia derived stem cells would turn back the 

developmental clock far enough to generate a teratoma. However, glial scar formation, or 

even glial tumor formation (gliomas) are possible. Gliomas are the most common form of 
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brain tumor. By isolating and expanding a subset of Müller cells that proliferate rapidly 

in culture, glioma formation is a potential complication. 

Although ESCs or iPSCs may be the cell of choice for transplantation, unraveling 

the factors that control Müller cell neurogenesis in the mammalian retina could 

eventually lead to the most effective, non-invasive treatment—activation of endogenous 

repair. Surgical transplantation of cells carries with it a number of risks and potential 

complications, including tumor formation, immune rejection, surgical complications, and 

appropriate cellular migration and synaptogenesis. The ideal treatment for retinal disease 

or injury would be to stimulate Müller cells in vivo with a pharmalogical agent, and 

allowing the retina to repair itself. Further in vivo studies are needed to determine if 

mammalian Müller cells can generate neurons in significant numbers for functional 

rescue, as occurs in the fish retina.    

One possible way to explain Müller cells infrequent neurogenesis is that 

functional subsets of these cells exist in the mammalian retina. While years of research 

have lead to the careful sub-classification of specific retinal neurons based upon 

morphology, function, and gene expression, it is generally been believed that there is a 

single, homogenous population of Müller cells. The existence of a uniform population of 

Müller cells is unlikely. Recent studies of brain astrocytes are revealing the heterogeneity 

of these cell types, and there are likely subtypes of Müller cells to be identified. One 

likely possibility of a mammalian Müller cell subtype: a small subset of Müller cells 

capable of neurogenesis. It remains to be investigated whether all Müller cells are 

endowed equally with neurogenic potential, although Iqbal Ahmad’s group suggests that 

potentially neurogenic Müller cells can be enriched in vitro with the Hoechst dye efflux 
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assay as a side population of cells. The morphological, functional, or molecular signature 

of neurogenic Müller glia remains to be elucidated within the mammalian retina. 

Although retinal remodeling poses a formidable barrier to therapeutic 

interventions, my results demonstrated that the complications associated with retinal 

remodeling may be somewhat overstated. In the rd10 mouse model, an excellent model 

for autosomal recessive retinitis pigmentosa, the inner retina appears largely unaffected 

following the loss of all rods and the vast majority of cone photoreceptors. My results 

suggested that the inner retina may remain receptive to interventions even at advanced 

stages of the disease. Furthermore, my results demonstrated that the few cones remaining 

can preserve local second order neuronal circuitry, perhaps through a trophic mechanism. 

This has implications for ESC or iPSC transplantation. Cellular transplantation early in 

the disease process could preserve second and third order neuronal circuits as well as help 

prevent the collateral damage to cones that occurs in RP and other retinal disorders. This 

preservation would be beneficial regardless of whether the transplanted cells 

differentiated and integrated as bona fide fully functional photoreceptors or not. Indeed, 

this could potentially explain the small degree of functional rescue shown in studies to 

date. Previous studies have transplanted various cell types into rodent models of retinal 

disease predominately in the early to mid photoreceptor degeneration phase of the 

disease. The functional “rescue” that they see could arise from the trophic preservation of 

remaining photoreceptors and second and third order neuronal circuitry, rather than the 

integration of new, functioning photoreceptors. While this neuroprotective approach 

would help patients at early stages of retinal disease, it would not help blind patients. To 

more directly assess the effects of ESC or iPSC transplantation and evaluate their 
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potential for the treatment of advanced disease, it would also be useful to transplant cells 

into the severely remodeled retina.    

In the future, my goal is to explore treatments of retinal disorders through the 

transplantation of human embryonic and induced pluripotent stem cells. Furthermore, 

these cells can serve as a powerful tool to study human retinal development, which has 

been largely inaccessible previously. iPSCs generated from the fibroblasts of patients 

with retinal disorders will provide unprecedented access to the human disease process, as 

well as providing a tool for patient- and mutation-specific evaluation of potential 

treatments. Following my post-doctoral fellowship, I plan to continue work as a stem cell 

biologist, as well as resume Müller glia research. Müller glia are a fascinating and 

understudied cell in the retina. My potential future areas of study for this cell type include 

searching for distinct subtypes of Müller glia based upon gene expression and function. 

In addition, I am interested in comparative studies detailing what might set Müller glia 

apart from retinal and brain astrocytes, aside from their unique radial morphology. There 

is a massive overlap in gene expression and function of Müller glia and retinal and brain 

astrocytes, and no detailed studies have been performed to outline their potential subtle 

differences. I would also like to research potential, but undiscovered, functions of Müller 

glia, for example their possible role in synapse formation in the developing retina, which 

is a newly suggested function of astrocytes in the brain. 

 

 




