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Abstract 

The mammalian central nervous system (CNS) is mostly devoid of regenerative abilities. 

Injuries and degenerative disorders hence lead to irreversible loss of neurons and can 

result in devastating impairments. Stimulating endogenous regeneration, as occurs in 

lower vertebrates, would allow mammals to restore tissue integrity and function. Glia have 

been identified as a potential source of regeneration in the CNS since they are present in 

large numbers, are resistant to trauma, and some have the capacity to proliferate. Here, 

we take advantage of the retina as a model system to investigate glia-mediated CNS 

endogenous regeneration. We initially examine the regenerative potential of the main 

retinal glia, Müller glia, after injury and growth factor treatments. We find that these 

manipulations are not sufficient to induce robust regenerative capacities in Müller glia, 

sparking the need for novel methods to achieve this. We follow up by investigating 

whether temporal identity factors, which instruct, and can reprogram, the temporal 

competence of neural progenitors during development, could similarly reprogram the 

identity of differentiated cells. We find that co-expression of the temporal identity factor 

Ikzf1, with its family member Ikzf4, is sufficient to convert adult mouse retinal glia into 

neuron-like cells with mixed cone and bipolar identities. We also report that co-expression 

of Ikzf1 and Ikzf4, along with Brn2 and Myt1l, are sufficient to reprogram mouse 

embryonic fibroblasts into induced neurons by quickly increasing chromatin accessibility 

of neuronal-specific genes and inducing their expression. Work presented in this thesis 

identifies novel neuronal reprogramming factors, and uncovers new therapeutic 

opportunities for neurodegeneration. 
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Résumé 

Le système nerveux central (SNC) des mammifères est principalement dépourvu de 

capacités régénératrices. Les blessures et maladies dégénératives génèrent donc une 

perte irréversible de neurones et peuvent mener à des déficiences dévastatrices. Stimuler 

la régénérescence endogène, comme cela se produit chez les vertébrés inférieurs, 

permettrait aux mammifères de rétablir l’intégrité et la fonction de leurs tissus nerveux. 

Les cellules gliales ont été identifiées comme source potentielle de régénérescence dans 

le SNC puisqu’elles sont présentes en grand nombre, sont résistantes aux traumas et 

certaines ont la capacité de proliférer. Ici, nous prenons avantage de la rétine comme 

modèle pour investiguer la régénérescence endogène du SNC par cellules gliales. Nous 

débutons en examinant le potentiel régénérateur des principales cellules gliales de la 

rétine, les cellules de Müller, après une blessure et un traitement avec un facteur de 

croissance. Nous trouvons que ces manipulations ne sont pas suffisantes pour induire 

une capacité régénératrice robuste des cellules de Müller, soulignant le besoin d’identifier 

de nouvelles méthodes pour y parvenir. Nous poursuivons en investiguant si les facteurs 

d’identité temporelle, qui instruisent et peuvent reprogrammer la compétence temporelle 

des progéniteurs neuraux lors du développement, pourraient similairement 

reprogrammer l’identité de cellules différenciées. Nous trouvons que la co-expression du 

facteur d’identité temporelle Ikzf1 avec un membre de sa famille, Ikzf4, est suffisante pour 

convertir les cellules de Müller, chez les souris adultes, en neurones avec une identité 

mixte entre cônes et bipolaires. Nous démontrons aussi que la co-expression d’Ikzf1 et 

Ikzf4 avec Brn2 et Myt1l est suffisante pour reprogrammer des fibroblastes 

embryonnaires de souris en neurones. La co-expression d’Ikzf1 et Ikzf4 dans les 
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fibroblastes augmente rapidement l’accessibilité de la chromatine aux gènes neuraux et 

induit leur expression. Le travail présenté dans cette thèse identifie de nouveaux facteurs 

de reprogrammation neuronale qui pourront mener à de nouvelles opportunités 

thérapeutiques dans le traitement de maladies neurodégénératives. 

 
 

!  
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1. 1. Introduction: The central nervous system 

Our central nervous system (CNS) is responsible for how we perceive, reason, and 

behave in our environment. It is astounding that a collection of cells can mediate such 

intricate processes underlying cognition and be the basis of what we define as our identity. 

How is this possible? How can cells create such complexity? Although there is no clear 

answer, and much still remains to be discovered, we know that it is the assortment of a 

diversity of cells types, each with specific and specialised functions, underlying 

morphologies, and molecular identities, that is capable of accomplishing this feat.  

 

The famous drawings of Ramon y Cajal effectively depict this morphological diversity of 

CNS neurons, from the elaborate branches of Purkinje cells of the cerebellum to the 

dense rod-shaped photoreceptors of the retina. Neurons are the computational units of 

the CNS and their distinct characteristics allow them to receive electrical or, in some 

cases, sensory information, process, and transmit this to other specialised neurons. In 

this way, they create a neural network capable of processing convoluted data.  

 

Although the computational heavy lifting is performed by neurons, the CNS would not be 

able to function without its supportive glial cells. Glia were initially thought to be passive 

cells of the nervous system in place to maintain the structure of the more important 

neurons. Rudolf Virchow coined the term ‘neuroglia’ in the 1850s to signify ‘nerve-cement’ 

or ‘glue’ illustrating this inert role of glia (Allen and Lyons, 2018; Virchow, 1856). Incredible 

work has rebutted this passive role of glial cells, particularly in the last 30 years or so 

(Ndubaku and de Bellard, 2008). We now know that glia play active roles in neuronal 
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development, from cell differentiation to migration and formation of synaptic connections 

(Allen and Lyons, 2018), as well as in adult tissues in the maintenance of synapses, of 

the functional integrity of neurons, and of tissue homeostasis (Barres, 2008; Jakel and 

Dimou, 2017). Glia, like neurons, are heterogeneous and specialised cells, exquisitely 

tuned to the requirements of their environments and surrounding neurons. Together, 

neurons and glia form an elaborate neural tissue finely balanced for information 

processing. 

 

The adult mammalian CNS is predominantly devoid of neurogenesis (with exceptions of 

small neurogenic niches in the subventricular and subgranular zones (Obernier and 

Alvarez-Buylla, 2019)). Loss of the specialised CNS cells due to injury or diseases is thus 

irreversible and can lead to, sometimes major, lifelong impediments. For instance, the 

loss of dopaminergic neurons of the substantia nigra leads to motor dysfunction in 

Parkinson’s disease (Radhakrishnan and Goyal, 2018), loss of motor neurons in the 

cortex, brainstem, and spinal cord leads to paralysis in amyotrophic lateral sclerosis (ALS) 

(Hardiman et al., 2017), loss of neurons in the hippocampus leads to memory deficits in 

Alzheimer’s disease (Masters et al., 2015), and loss of cone photoreceptors of the retina 

leads to blindness in age-related macular degeneration (Rattner and Nathans, 2006). 

 

Although highly varied, neurodegenerative diseases share some common mechanisms 

including mitochondrial dysfunction, detrimental immune responses, and defects in 

protein function and processing leading to toxic aggregates (Gan et al., 2018). These 

defects accumulate over time and eventually lead to unhealthy neurons incapable of 



20 

performing their basic functions, and to their death. Some genetic alterations underlying 

these changes are well established in the case of Huntington’s disease, for instance, with 

excessive CAG repeats in the HD gene (Walker, 2007). However, a majority of 

neurodegenerative disease cases have intricate associations between genes and 

phenotype which are difficult to pin point (Gan et al., 2018). Additional research is required 

to fully understand neurodegenerative mechanisms. Even so, therapeutic approaches to 

prevent some neurodegenerative hallmarks, and restore nervous system function are 

being investigated. 

 

1. 1. 1. Investigating therapies for neurodegenerative diseases 

It is no surprise, with such severe consequences, that finding solutions to maintain or 

restore nervous system function in neurodegenerative diseases is an active area of 

research. Age is a risk factor for these diseases and, with an ageing population, we can 

only expect the number of people affected and the associated financial burden to increase 

in the coming years (Hou et al., 2019). Many different therapeutic avenues are currently 

being developed (section 1.3), and some are showing great promise. Still, considerable 

research is required for most potential therapies to prove efficient, and, eventually, reach 

the clinic. Research is rendered difficult by the complexity of many CNS areas in terms of 

the broad diversity of cells composing these tissues and their extensive connections. 

Indeed, regenerative approaches must recreate normal CNS functions and, to do so, 

must be grounded on a deep understanding of how the targeted tissue is built under 

healthy conditions, which is still somewhat lacking in many CNS regions. Also, several 

parts of the CNS, such as the brain, cerebellum, and spinal cord, are difficult to access 
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since they are protected by bones of the skull or vertebral column, and by meninges. 

Reaching them requires invasive and complex surgeries. 

 

Although much still remains to be discovered, retinal biology has been extensively studied 

and we have a decent grasp of how retinal cells are generated, organized, and how the 

retina functions. Its ease of accessibility, not requiring invasive procedures, and relative 

simple organization (described in section 1.2.2) compared to other parts of the CNS, 

render the retina especially well-suited as a model system to study CNS therapeutic 

approaches. 

 

1. 2. The retina 

1. 2. 1. Retinogenesis and temporal patterning 

The vertebrate retina is a structured neural tissue located at the back of the eye 

responsible for transforming light from the environment in electrical signal, initial 

processing of this information, and its transmission to the brain. It is made of two 

photoreceptor types, rods and cones, three classes of interneurons, bipolar, amacrine, 

and horizontal cells, projections neurons, retinal ganglion cells (RGCs), and the main 

retinal glia, Müller glia (described in detail in section 1.2.2). This neural tissue is generated 

from a pool of multipotent progenitors, which give rise to all main retinal cell types (Turner 

et al., 1990) in a sequential and overlapping manner during development from about 

embryonic day 10 (E10) to post-natal day 10 (P10) in the mouse (Carter-Dawson and 

LaVail, 1979) (Fig. 1). Early-born cells, mostly pre-nataly in the mouse, consist of RCGs, 

horizontal cells, cone photoreceptors, and amacrine cells, whereas late-born cells, 
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predominantly generated post-nataly in the mouse, are rod photoreceptors, bipolar cells, 

and Müller glia (Carter-Dawson and LaVail, 1979; Turner et al., 1990; Young, 1985) (Fig. 

1). In this way, retinal progenitor cells change competence over time to generate 

differentiated post-mitotic cell types that do not have progenitor capacities. 

 

 
Figure 1: Retinal cell production during development in mice.  
Representation of retinal cell type birth order (based on (Mattar et al., 2015)). X-axis 

represents time and Y-axis represents the number of cells generated. Blue to purple 

background gradient indicates temporal progression of progenitor cell competence to 

generate differentiated cells (top). Cell and genesis curve are associated by color. GC: 

Ganglion cell; HC: Horizontal cell; CP: Cone photoreceptor; AC: Amacrine cell; RP: Rod 

photoreceptor; BC: Bipolar cell; MG: Müller glia. E: Embryonic day; P: Post-natal day. 
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1. 2. 1. 1. Temporal identity factors in Drosophila 

Such temporal patterning, changing competence over time to generate different cell types 

at specific stages, as seen in the retina, occurs in most neural progenitors, including those 

in the neocortex, hindbrain, and spinal cord (Holguera and Desplan, 2018; Oberst et al., 

2019; Rossi et al., 2017). Temporal patterning is an evolutionary conserved strategy to 

regulate CNS progenitor output and has been extensively studied in Drosophila 

melanogaster. A well described temporal patterning occurs in ventral nerve cord 

neuroblasts, which generate stereotypic progenies of motor neurons, glia, and 

interneurons that evolve with time. Ventral nerve cord neuroblasts divide asymmetrically 

to give rise to one neuroblast and one ganglion mother cell (Fig. 2A). The latter 

subsequently divides to generate two neurons or glia. Temporal progression of embryonic 

ventral nerve cord neuroblasts is regulated by the sequential expression of temporal 

identity factors consisting of hunchback (hb), kruppel (kr), pdm, castor (cas), and 

grainyhead (grh) (Brody and Odenwald, 2000; Grosskortenhaus et al., 2005; 

Grosskortenhaus et al., 2006; Isshiki et al., 2001; Kambadur et al., 1998; Pearson and 

Doe, 2003) (Fig. 2B). Progression between these factors generally occurs at each 

neuroblast division. However, it is not cell cycle itself that instructs cascade progression, 

as cytokinesis is only required for the hb to kr transition (Grosskortenhaus et al., 2005). 

Instead, cross-regulatory mechanisms instruct cascade progression: Each temporal 

identity factor activates the expression of the following factor while repressing the 

expression of further downstream and upstream factors (Doe, 2017) (Fig. 2B).  
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Figure 2: Temporal identity factors in Drosophila ventral nerve cord neuroblasts. 
A. Representation of neuroblast lineages. Each neuroblast gives rise (shown with arrows) 

to another neuroblast and one ganglion mother cell (GMC), which produces a pair of 

neurons or glia. Changing colors represent changes in neuroblast competence and their 

associated progeny. B. Temporal identity factor cascade regulating neuroblast 

competence shown in (A). Black dotted lines and arrows show induction of factors while 

red dotted lines show repression. (Information adapted from Grosskortenhaus et al. 

(2006)) 

 

These temporal identity factors are necessary and sufficient to confer neuroblasts the 

competence to generate their associated cell types within each lineage (Cleary and Doe, 

2006; Novotny et al., 2002; Pearson and Doe, 2003). For instance, loss of the early factor 

hb resulted in the loss of early-born neurons, while later-born neurons were produced 

normally (Novotny et al., 2002). In contrast, sustained expression of hb indefinitely kept 

neuroblasts in an early competence window and maintained production of early-born 

neurons (Grosskortenhaus et al., 2005). Subsequent release of hb expression led to 

normal cascade progression (Grosskortenhaus et al., 2005). Similarly, ectopic expression 
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of hb in older neuroblasts, where it is not normally expressed, conferred them the capacity 

to generate early fates. However, neuroblast plasticity to these temporal identity factors 

is lost after 9-10 divisions, with ectopic expression of these factors not leading to changes 

in competence after this stage (Cleary and Doe, 2006; Grosskortenhaus et al., 2006). 

Closure of the competence window correlates with genome reorganisation, silencing 

temporal identity target genes and thus preventing their activity (Kohwi et al., 2013). 

Similarly, post-mitotic neurons were not reprogrammed by expression of hb or kr (Cleary 

and Doe, 2006; Pearson and Doe, 2003), suggesting that differentiated cells also lose the 

competence to re-specify their temporal fate with these factors.  

 

Importantly, this same cascade of temporal identity factors regulates temporal 

progression of multiple neuroblast lineages. For instance in neuroblast 7-1, hb induces 

the generation of early-born U1 and U2 neurons, while in neuroblast 3-1 it promotes early-

born RP1 and RP4 neurons (Doe, 2017). A recent study has identified that it is the 

presence of spatial factors, leading to neuroblast-specific chromatin organisation, that 

allows for this diversity of output from the same temporal identity factors (Sen et al., 2019). 

In this way, different chromatin organisation allows the same temporal identity factors to 

access distinctive targets in each neuroblasts in order to generate appropriate cell types. 

This capacity of temporal identity factors to induce different fates in different neuroblasts 

highlights the central notion that they are not fate, but rather general competence 

regulators. 
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1. 2. 1. 2. Temporal identity factors in mice 

In vertebrates, temporal patterning is more intricate, with complex intrinsic and extrinsic 

cues contributing to temporal progression of neural progenitors (Oberst et al., 2019). Still, 

vertebrate homologs of Drosophila temporal identity factors have been reported to 

participate in temporal patterning of retinal and cortical progenitors (Alsio et al., 2013; 

Elliott et al., 2008; Javed et al., 2020; Mattar et al., 2015). In the mouse retina, Ikzf1, the 

homolog of hb, confers early progenitor identity (Elliott et al., 2008), Pou2f1, the homolog 

of pdm, confers mid-temporal identity (Javed et al., 2020), and Casz1, the homolog of 

cas, confers late temporal identity (Mattar et al., 2015) (Fig. 3). Foxn4, although not a 

homologue of a Drosophila temporal identity factor, has also recently been found to 

regulate early/mid-temporal progenitor identity (Liu et al., 2020). Similarly as in 

Drosophila, mis-expression of these temporal identity factors in mouse retinal progenitor 

cells alters their competence and neuronal output. This is described in more details below. 

Please note that, for brevity, articles identifying and describing temporal identity factors 

are only referred to once at the beginning of each section. Information obtained from other 

articles is specified throughout. 

 

Ikzf1 (Elliott et al., 2008), a zinc finger transcription factor, is expressed in embryonic 

retinal progenitor cells and its expression is lost by P4. Abolishing Ikzf1 resulted in a 

reduction of early-born cell fates, RGCs, amacrine and horizontal cells, while late-born 

fates were not affected. Ikzf1 knock-out also reduced progenitor proliferation transiently 

around E13, when early-born cells are normally being generated. Inversely, ectopic 

expression of Ikzf1 in late retinal progenitors, where it is not endogenously expressed, 
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provided these cells the competence to generate the early-born RGCs, amacrine and 

horizontal cells, at the expense of the late-born Müller glia. In this case, mis-expression 

of Ikzf1 did not alter progenitor clone size. Ikzf1 participates to temporal progression by 

repressing the expression of the late factor Casz1 (Mattar et al., 2015) and inducing the 

expression of the early/mid temporal factors FoxN4 (Liu et al., 2020) and Pou2f1 (Javed 

et al., 2020) (Fig. 3B). Ikzf1 was additionally shown to act as a temporal factor in the 

neocortex where it is expressed at high levels in early progenitors (Alsio et al., 2013). 

Sustained Ikzf1 expression in cortical progenitors prolonged the period of early-born cell 

fate genesis and caused a delay in late-born fate genesis (Alsio et al., 2013). Unlike in 

the retina, ectopic expression of Ikzf1 in late cortical progenitors did not alter their 

competence (Alsio et al., 2013), suggesting that there exists a window of competence for 

Ikzf1 activity in cortical progenitors, similarly as in Drosophila. Furthermore, knock-out of 

Ikzf1 did not impact cortical progenitor output (Alsio et al., 2013), possibly due to 

redundancy with family members compensating for Ikzf1 loss of function.  

 

Pou2f1 and Pou2f2 (Javed et al., 2020), POU-homeodomain factors, are expressed in 

embryonic retinal progenitor cells from E11.5 and are absent in progenitors by P0. Their 

downregulation in embryonic progenitors led to decreased production of the early-born 

cone photoreceptors and horizontal cells, and increased production of the late-born rod 

photoreceptors. Inversely, ectopic expression of Pou2f1 and Pou2f2 in late progenitors, 

where they are not endogenously expressed, led to increased production of the early-

born cones and horizontal cells at the expense of late-born rods, bipolar cells, and Müller 

glia. Neither of these manipulations altered clone size or proliferation. Pou2f1 is integrated 
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in the temporal cascade by being upregulated by Ikzf1 and inhibiting Casz1 expression 

(Fig. 3B). As such, Pou2f1 is considered a temporal identity factor, while Pou2f2 acts as 

a fate determinant downstream of Pou2f1. Foxn4 (Liu et al., 2020), also expressed in 

embryonic stages from E11.5 and mostly absent in post-natal stages (Li et al., 2004), was 

found to regulate early-mid progenitor competence, somewhat redundantly with Pou2f1. 

Foxn4 confers progenitors the competence to generate amacrine cells, cones, horizontal 

cells, and rods, while inhibiting the competence to generate RGCs. Foxn4 participates to 

the temporal cascade by repressing Ikzf1 expression while inducing Casz1 expression 

(Fig. 3B). The interaction and regulation between Foxn4 and Pou2f1 remains to be 

investigated. 

 

The temporal identity factor cascade identified to date, in the retina, ends with the late 

temporal factor Casz1 (Mattar et al., 2015) (Fig. 3B). This zinc finger transcription factor 

is expressed in progenitor cells in mid to late stages of retinal development, mostly from 

E14.5 to P4. Knock-out of Casz1 resulted in increased production of the early-born 

horizontal cells, amacrine cells, and cones as well as the latest-born Müller glia, at the 

expense of late-born rods. Inversely, ectopic expression of Casz1 in early progenitors, 

where it is not normally expressed, led to increased production of late-born bipolar cells 

and rods at the expense of the early-born horizontal cells, amacrine cells, and cones, as 

well as the latest-born Müller glia. Similarly as previously, these manipulations did not 

alter progenitor proliferation. Casz1 hence provides progenitors the competence to 

generate the late-born rod photoreceptors and bipolar cells. The temporal identity factor 
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responsible for conferring gliogenic competence in the retina remains to be identified (Fig. 

3B). 

 

 
 
Figure 3: Temporal identity factors in mouse retinal progenitor cells. 
A. Representation of retinal progenitor temporal competence. Black arrow shows time. 

Progenitor colors and projections represent progenitor competence and associated 

progeny for each stage. B. Temporal identity factor cascade. Factors are placed under 

the associated progenitor competence (A). Black dotted lines and arrows show induction, 

while red dotted lines show repression. Gray dotted lines show interactions remaining to 

be investigated. 
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A recent study (Mattar et al., 2021) has demonstrated that Casz1 interacts with the 

nucleosome remodeling and deacetylase (NuRD) complex to recruit polycomb repressive 

complexes to the genome. Repression of either NuRD or polycomb repressive complexes 

abolished Casz1-dependent induction of rod production and inhibition of gliogenesis 

(Mattar et al., 2021), indicating that these complexes are necessary for Casz1 function. 

Although mechanisms used by other temporal identity factors remain to be investigated, 

Ikzf1 was shown to interact with chromatin remodeling complexes such as Mi-2/NuRD 

and SWI/SNF (Kim et al., 1999; O’Neill et al., 2000), suggesting it could also modify 

chromatin landscape to alter retinal progenitor competence. This contrasts with the mode 

of action of temporal identity factors in Drosophila neuroblasts (section 1.2.1.1), where 

spatial factors alter neuroblast epigenome to provide access to temporal factor targets. It 

seems that mammalian temporal identity factors would instead modify the epigenome 

themselves to alter progenitor competence.  

 

Altogether, these transcription factors generate a temporally regulated cascade to control 

retinal progenitor competence (Fig. 3). Gain of function experiments alter the balance of 

early, mid, and late cell fates without obliterating endogenous progenitor competence (still 

generating some of their appropriate progeny) and does not alter lineage size. Loss of 

function experiments decrease the production of the associated cell fates, but does not 

lead to complete loss of these cells. In this way, each temporal identity factor biases 

progenitors to generate their associated cell types in a permissive manner. Interestingly, 

most of these temporal identity factors are also expressed in neurons (Elliott et al., 2008; 

Javed et al., 2020; Mattar et al., 2015). It has been shown that Casz1 regulates rod 
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photoreceptor chromatin architecture (Mattar et al., 2018), demonstrating that temporal 

identity factors play diverse roles in different cellular contexts. 

 

1. 2. 2. Retinal architecture 

The 7 specialised retinal cell types mentioned above are organized in three distinct 

nuclear layers (Fig. 4B). Photoreceptors, rods and cones, located in the outer nuclear 

layer (ONL), capture light photons and transduce them in electrical signals. This 

remarkable feat is described in more details below (section 1.2.2.1). They transmit this 

signal to bipolar cell interneurons located in the inner nuclear layer (INL), which, in turn, 

transmit the information to RGCs (section 1.2.2.3), the only projection neurons of the 

retina, located in the ganglion cell layer (GCL). Two other types of interneurons in the 

INL, horizontal and amacrine cells, modulate the electrical signal at the photoreceptor-

bipolar and bipolar-ganglion cell interface, respectively. The main retinal glia, Müller glia, 

also have their cell bodies within the INL. Although three types of glial cells are present 

within the rodent retina, Müller glia, astrocytes, and microglia, only Müller glia are derived 

from retinal progenitors (Turner and Cepko, 1987). 

 

Above the retina lays the retinal pigment epithelium (RPE), and the choroid vasculature, 

which are separated by Bruch’s membrane, a space filled with extracellular matrix (Fig. 

4A-B). The RPE plays essential roles in retinal function by phagocytosing photoreceptor 

outer segments, participating to the visual cycle, and regulating exchanges between the 

choroid vasculature and underlying photoreceptors (Strauss, 2005). Another vasculature 

system, regulated by Müller glia, is present within the inner retina (from the GCL to outer 
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plexiform layer (OPL); not shown) to supply oxygen and nutrients to interneurons and 

RGCs. 

 

Figure 4: Eye and retinal architecture. 
A. Human eye structures. B. Representation of retinal organisation. Layers - ONL: Outer 

nuclear layer, OPL: Outer plexiform layer, INL: Inner nuclear layer, IPL: Inner plexiform 

layer, GCL: Ganglion cell layer. Cells – RP: Rod photoreceptor, CP: Cone photoreceptor, 

AC: Amacrine cell, BC: Bipolar cell, HC: Horizontal cell, MG: Müller glia, GC: Retinal 

ganglion cell, RPE: Retinal pigment epithelium. 
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In humans, the central visual field is focused by the cornea and lens on a specialised high 

acuity region of the retina: the macula (Fig. 4A). This oval region of about 5.5mm of 

diameter contains a high density of retinal neurons (Bringmann et al., 2018), which results 

in an increased spatial resolution of the encoded light signal. The central part of the 

macula, the fovea, is further specialised for high acuity vision with a lack of intra-retinal 

vasculature and displacement of inner retinal neurons, thus reducing light scattering. 

Importantly, contrary to other parts of the retina where rods greatly outnumber cones, the 

fovea is rod-less, and solely contains cone photoreceptors and specialised Müller glia 

(Bringmann et al., 2018). Whereas multiple photoreceptors converge on one RGC 

elsewhere in the retina, in this region, one cone transfers information to one RGC 

(Masland, 2001). These properties permit foveal cells to encode and transmit to the brain 

a highly detailed representation of light. It is thanks to this tiny retinal structure that 

humans are able to perform many day-to-day activities as recognising faces, watching 

movies, and reading. 

 

Retinal cells and their functions are described in more details below. 

 

1. 2. 2. 1. Photoreceptors 

Photoreceptors are the highly specialised light-sensing cells of the retina. Rods compose 

approximately 97% of mouse photoreceptors (Carter-Dawson and LaVail, 1979) and are 

responsible for low light vision, whereas cones compose the other 3% and mediate 

daylight, high acuity, and color vision. In human retinas, it is the high concentration of 

cones in the fovea that allow for high acuity vision (section 1.2.2). Cones can be further 
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subdivided based on their target wavelength (Imamoto and Shichida, 2014): humans 

have long, medium, and short wavelength cones responsive to red, green, and blue 

wavelengths respectively, and mice have medium and short-wavelength cones with some 

responsive to both (Applebury et al., 2000). 

 

Photoreceptors are complex cells specialised for light detection, which can be 

appreciated by their particular morphologies (Fig. 4B) (Molday and Moritz, 2015; Mustafi 

et al., 2009). Their outer segments are made of stacks of folded double membranes 

embedded with visual pigments. These dense stacks allow photoreceptors to congregate 

high levels of pigments and capture a maximum amount of light photons. New membrane 

disks are continuously generated and added to outer segments, while older ones are 

phagocytosed by RPE cells (Young, 1967) or Müller glia (Long et al., 1986). As their 

names suggest, rod outer segments are thin and long rod-shaped structures, whereas 

cone outer segments are somewhat larger, shorter, and conical. This outer segment is 

attached by a connective cilium to the inner segment, which contains mitochondria, the 

Golgi, and endoplasmic reticulum. Their cell bodies and nuclei are located below this 

inner segment in the ONL. Cone nuclei locate at the apical surface of the ONL and rod 

nuclei fill the rest of this layer. Photoreceptor axons terminate with a synaptic pedicle for 

the cones or spherule for the rods on bipolar cell dendrites within the inner plexiform layer 

(IPL).  

 

Phototransduction occurs within the outer segments of photoreceptors. The cascade 

(Kolb, 2012; Molday and Moritz, 2015) starts once a photon comes in contact with a visual 
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pigment, consisting of an opsin protein bound to a retinal chromophore, which dictates 

photoreceptor wavelength sensitivity (Imamoto and Shichida, 2014). This photon 

isomerizes the chromophore, activating the bound opsin, which, in turn, binds and 

activates the G protein transducin. Transducin initiates phosphodiesterase-mediated 

hydrolysis of guanosine 3',5'-cyclic monophosphate (cGMP), thus leading to the closure 

of cGMP-gated ion channels. As a result photoreceptors hyperpolarize and decrease the 

release of glutamate to their post-synaptic partners. In this way, photoreceptors 

hyperpolarize in light and depolarize in dark conditions. In order to maintain light 

sensitivity, each component of this pathway is quickly inactivated and brought back to 

baseline. Chromophores are re-isomerized to their photo-sensitive conformation by the 

RPE for rods and by both RPE and Müller glia for cones (Palczewski and Kiser, 2020). 

Although rod and cone photoreceptors have similar photoactivation pathways, their 

distinct morphologies, opsins, and second messengers confer them their divergent light 

sensitivities and properties.  

 

The photoactivation pathway has low intrinsic noise, a pronounced signal amplification at 

each step starting from G protein activation, and is efficient even in low light conditions. 

Indeed, it is thought that as low as 5-14 rods detecting 1 photon each can produce a 

visual effect (Hecht et al., 1942). Furthermore, both cones and rod photoreceptors can 

adapt to light conditions through intracellular calcium levels and downstream effectors, as 

well as by translocation of photoactivation proteins out of the outer segment (Arshavsky 

and Burns, 2012). This is how we are capable of seeing both in a dark building, and when 

stepping outside on a sunny summer afternoon. 
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Unfortunately, photoreceptors are particularly susceptible to injury and genetic mutations 

(Stone et al., 1999b; Wright et al., 2010). The instability of their membrane-filled outer 

segments, their need for colossal amounts of energy to sustain outer segment function, 

their consequent dependence on large supplies of glucose and oxygen, and their reliance 

on other cells for their function and maintenance (chromophore recycling and outer 

segment disk phagocytosis by Müller glia and RPE) all contribute to their vulnerability. It 

is hence not surprising that multiple degenerative diseases (reviewed in section 1.2.3) 

lead to photoreceptor death and result in blindness. With their specialised properties 

described here, one can imagine that replacing them or their activity, for potential 

treatments to these disorders (section 1.3.2), is not an easy task. 

 

1. 2. 2. 2. Interneurons 

Three types of interneurons are present in the retina: Bipolar, horizontal, and amacrine 

cells (Fig. 4). Bipolar cells transmit photoreceptor signals to RGCs and are broadly 

classified as ON or OFF depending on whether they depolarize to light or dark signals. 

They are also categorized as cone or rod bipolar cells depending on their pre-synaptic 

partners, although some receive input from both photoreceptor types. In reality, over 15 

bipolar cell subtypes have been identified based on single cell ribonucleic acid-

sequencing (scRNA-seq) (Shekhar et al., 2016). These subtypes not only differ in their 

molecular identity, but also in the stratification and complexity of their axonal and dendritic 

arborizations and, accordingly, in the specificity and number of their pre- and post-

synaptic partners. While bipolar cells, with photoreceptors and RGCs, participate to the 

main radial pathway of information transmission within the retina, horizontal and amacrine 
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cells generate lateral networks of information processing. Horizontal cells receive inputs 

from photoreceptors through wide lateral processes in the OPL, and are connected to 

each other by gap junctions, allowing them to share and regulate information from broad 

visual fields (Thoreson and Mangel, 2012). By regulating both photoreceptor and bipolar 

cell activity, horizontal cells participate to retinal light adaptation and the downstream 

establishment of RGC receptive fields (Chaya et al., 2017). Amacrine cells are the most 

diverse cell type of the retina with over 60 subtypes identified (Yan et al., 2020). They 

have broad and complex dendritic processes within the IPL that differ in stratification and 

field size between subtypes. Through their regulation of bipolar and RGC activity, 

amacrine cells shape spatial and temporal resolution, and are key players in motion 

detection (Diamond, 2017). Together, these three classes of interneurons encode diverse 

visual features from photoreceptor input, and transmit this information to downstream 

RGCs. 

 

1. 2. 2. 3. Retinal ganglion cells 

RGCs extend intricate dendrites in the IPL to gather visual features from bipolar cells and 

send axons along the inner limiting membrane (ILM) of the retina to the optic nerve head 

where they bundle to form the optic nerve (Fig. 4). RGC axons of both eyes meet at the 

optic chiasm: Nasal (contralateral) RGC axons cross to the other side of the brain, 

whereas temporal (ipsilateral) RGC axons remain on their initial side. This allows 

downstream brain areas to process information of the same visual field originating from 

both eyes. After the optic chiasm, RGC axons form the optic tracts, which project to many 

brain regions, including the lateral geniculate nucleus. Neurons of this structure relay 
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visual information to the primary visual cortex of the occipital lobe. This constitutes the 

vision forming pathway (Purves et al., 2001). Other optic tract projections include the 

Pretectum, mediating pupillary light reflex, the Suprachiasmatic nucleus, controlling 

circadian rhythm, and the Superior colliculus for novel stimuli detection (Dhande and 

Huberman, 2014). These regions receive input from a special subtype of RGCs that 

express melanopsin and are photosensitive, the intrinsically photosensitive retinal 

ganglion cells (ipRGCs) (Hattar et al., 2006; Hattar et al., 2002; Pickard and Sollars, 

2010). Overall, more than 30 subtypes of RGCs haven been identified (Baden et al., 

2016). These subpopulations differ in their molecular identity, the connections and 

stratification of their processes in the IPL, which confers them the capacity to assemble 

and encode distinctive visual features, and in their targets within the brain.  

 

As the sole projection neurons of the retina, RGCs are critical for vision. Unfortunately, 

RGCs are particularly vulnerable to degeneration from stress to their very thin and long 

axons (Munemasa and Kitaoka, 2012), and from disturbances to their metabolic 

demands, which vastly differ between their different subcellular compartments (Yu et al., 

2013) (section 1.2.3.1). 

 

1. 2. 2. 4. Müller glia 

Müller glia span the entire width of the retina with large and complex branching processes 

both towards the GCL, where they form the inner limiting membrane between the retina 

and intravitreal space, and, in the opposite direction, to the apical side of the ONL, where 

they form the outer limiting membrane. They also extend microvilli in the subretinal space, 
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next to photoreceptor segments (Fig. 4B). Müller glia, by being in contact with most retinal 

cells, have an ideal morphology to sense retinal environment (Wang et al., 2017). They 

use this information to regulate retinal homeostasis by controlling extracellular space ion 

concentration, water, and pH levels (Reichenbach and Bringmann, 2013). Müller glia also 

create the blood-retina barrier in the inner retina (Tout et al., 1993), and regulate blood 

vessel growth (Byrne et al., 2013; Shen et al., 2012). They play essential neuroprotective 

roles by producing and secreting anti-oxidants, as glutathione and pyruvate, and 

neuroprotective factors including brain-derived neurotrophic factor (BDNF), glial cell line-

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

factors (CNTF) (Bringmann et al., 2009). 

 

Although these homeostasis regulations indirectly impact retinal function, Müller glia also 

participate more directly to synaptic function with the uptake and recycling of glutamate 

and gamma aminobutyric acid (GABA) (Bringmann et al., 2013), and with the release of 

adenosine triphosphate (ATP) (Newman, 2004). They additionally recycle cone 

chromophores (Wang and Kefalov, 2009), phagocytose cone outer segments (Long et 

al., 1986), and participate to outer segment formation (Jablonski and Iannaccone, 2000; 

Wang et al., 2005). Interestingly, Müller glia were suggested to act as optic fibers, guiding 

light from the intravitreal surface to photoreceptors at the back of the retina (Franze et al., 

2007), possibly decreasing light scattering from the many nuclei, organelles, and 

processes located in the light path. 
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In contrast to the ‘cement’ view of Virchow (section 1.1), Müller glia were found to be 

elastic and soft under normal conditions, and were suggested to behave as retinal ‘shock 

absorbers’ (Lu et al., 2006). Under pathological conditions, however, they become 

reactive and stiffen by the upregulation of intermediate filaments (Lu et al., 2011). Their 

reactive process varies depending on the type of degeneration (Hippert et al., 2015), is 

heterogeneous within Müller glia population, and can be both beneficial and detrimental 

to the retina (Bringmann et al., 2009). By increasing the release of the neuroprotective 

factors mentioned above, removing waste and debris (Sakami et al., 2019), and buffering 

the extracellular space (Bringmann et al., 2009), Müller glia limit the extend of cell death 

and damage. However, over long periods of time, their reactive program can overrun and 

deregulate their homeostasis roles and their normal interactions with neurons, impeding 

their ability to support general retinal function. Müller glia can also release toxic nitric 

oxide (Goureau et al., 1999), and secrete proinflammatory factors, leading to the 

infiltration of immune cells and aggravating degeneration (Nakazawa et al., 2007). 

Furthermore, Müller glia can proliferate in response to injury (Dyer and Cepko, 2000; 

Sardar Pasha et al., 2017) and form glial scars at late stages of severe degeneration 

(Jones et al., 2003), hindering potential regeneration of axons or synaptic connections.  

 

Overall, Müller glia are essential to maintain retinal integrity and function, and play 

important roles in both healthy and diseased states. They are remarkably resistant and 

resilient to perturbations, surviving many injuries and diseases (Bringmann et al., 2009), 

and, for this reason, can be key therapeutic targets. Remarkably, they were recently 
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shown to possess some neurogenic potential in mammals (section 1.5). Their use as a 

source of retinal regeneration is investigated in this thesis. 

 

1. 2. 3. Retinal degenerative diseases 

Degenerative diseases of the retina, as within other parts of the CNS, lead to irreversible 

neuronal death. Different diseases affect different subtypes of retinal cells, but all result 

in permanent vision impairments. Although some disorders target interneurons, for 

instance CLN3 Batten disease (Kleine Holthaus et al., 2020), or eventually lead to their 

secondary loss, the most common retinal degenerative diseases affect RGCs and 

photoreceptors. These latter are described below. 

 

1. 2. 3. 1. Retinal ganglion cell degeneration 

Glaucoma is a leading cause of blindness worldwide (Tham et al., 2014). It represents a 

set of diverse neuropathies causing optic nerve damage and RGC death (Casson et al., 

2012). Generally, high intraocular pressure, due to overproduction or poor drainage of 

eye fluids, causes stress on the fragile RGC axons, leading to subsequent apoptosis of 

these cells (Krizaj, 2019). In reality, the disease is much more complex: Although it is true 

that high intraocular pressure is a major risk factor for glaucoma (Chauchan et al., 2008), 

glaucoma can be present in the absence of high intraocular pressure (Trivli et al., 2019), 

high intraocular pressure can be present without glaucoma (Kass et al., 2002), and 

relieving high intraocular pressure in glaucoma patients does not always prevent RGC 

death (Malihi et al., 2014). Identifying the cause of RGC degeneration in these distinct 

pathologies is difficult, still, glaucoma is associated with genetic (Choquet et al., 2020) 
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and environmental factors, including aging (Klein et al., 1992), obesity (Mori et al., 2000), 

and diabetes (Zhou et al., 2014). Interestingly, subtypes of glaucoma show amyloid-b and 

tau accumulations, typical of Alzheimer’s disease, and, conversely, RGC degeneration is 

present in Alzheimer’s disease, indicating that common neurodegenerative mechanisms 

are taking place in these two CNS disorders (Sen et al., 2019). It was additionally found 

that glaucoma not only affects RGCs, but that downstream visual brain areas also 

degenerate (Nucci et al., 2013), adding to the complexity of the disorder.  

 

Hereditary optic neuropathies are a group of inherited diseases of optic nerve damage 

and RGC death. Although exact mechanisms of degeneration in some disease subsets 

are less well defined, mitochondrial dysfunction is central to most of these degenerations 

(Carelli et al., 2004). Hereditary optic neuropathies can occur on their own or along other 

disorders as Friedreich ataxia (Fortuna et al., 2009), Charcot-Marie-Tooth disease 

(Botsford et al., 2017), and Familial dysautonomia (Mendoza-Santiesteban et al., 2017). 

Two most common forms of non-syndromic hereditary optic neuropathies are Dominant 

optic atrophy (DOA) and Leber hereditary optic neuropathy (LHON) (Newman, 2012). 

Whereas DOA shows an earlier onset of vision loss, LHON vision impairments are more 

severe. This latter is due to mutations of mitochondrial genes, most frequently ND1 

(Howell et al., 1991; Huoponen et al., 1991), ND4 (Wallace et al., 1988), and ND6 (Johns 

et al., 1992; Mackey and Howell, 1992), implicated in mitochondria respiration. DOA is 

largely due to mutations in the nuclear gene OPA1 (Alexander et al., 2000; Delettre et al., 

2000), encoding a dynamin-related GTPase locating to mitochondrial inner membrane. 

RGC axons are particularly vulnerable to mitochondrial dysfunctions by their high energy 
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demands. This is especially true for axonal stretches in the retina, from their cell body to 

the optic nerve head, where they are not myelinated. Maintaining action potential 

conduction in these axonal sections requires considerable energy, which is sustained by 

the concentration of a large number of mitochondria in these segments (Bristow et al., 

2002), rendering them especially susceptible to mitochondrial defects. 

 

1. 2. 3. 2. Photoreceptor degeneration 

1. 2. 3. 2. 1. Cone photoreceptor degeneration 

A small group of inherited macular degenerative diseases cause the degeneration of the 

photoreceptor cells, mostly cones, in the macular region responsible for central high 

acuity vision (Fig. 5A). Three of these take root in the RPE and Bruch’s membrane. 

Vitelliform macular dystrophy is due to mutations in the VMD2 gene (Marquardt et al., 

1998; Petrukhin et al., 1998), encoding the RPE chloride channel protein bestrophin (Sun 

et al., 2002). The exact role of this protein is still unknown. Nonetheless, altered 

bestrophin function creates disruptive yellow deposits in and next to the RPE. Sorsby’s 

dystrophy and Malattia leventinese impair Bruch’s matrix turnover by altering 

metalloproteinase activity with mutations in TIMP3 (Weber et al., 1994) and EFEMP 

(Stone et al., 1999a) respectively. Although these three diseases have different genetic 

origins, they all impede diffusion of molecules from the vasculature to the RPE. This in 

turn leads to RPE dysfunction, and photoreceptor degeneration due to lack of RPE 

support. Another set of monogenic diseases, Stargardt diseases, also causes macular 

degeneration, but by directly impacting photoreceptors. The recessive form of this 

disease is caused by mutations in ABCA4 (Allikmets et al., 1997). This gene encodes a 
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photoreceptor-specific ATP-binding transporter, located in photoreceptor outer segments, 

important for chromophore recycling (Molday et al., 2000; Sun et al., 1999; Weng et al., 

1999). The dominant form of Stargardt disease is due to mutations in ELOVL4 (Edwards 

et al., 2001; Zhang et al., 2001), encoding a fatty acid elongating enzyme, the role of 

which is still unclear in photoreceptors (Hopiavuori et al., 2019). Both of these Stargardt 

disease forms cause the death of macular photoreceptors and result in loss of central 

vision (Fig. 5A) in children and young adults. 

 

Unlike inherited disorders described above, the most common macular degenerative 

disease, age-related macular degeneration (AMD), is a multifactorial disorder with a mix 

of both genetic susceptibility and environmental factors accounting for the emergence 

and progression of the disease (Wright et al., 2010). The strongest risk factors for AMD 

include family history (Seddon et al., 1997), and genome-wide association studies 

(GWAS) have identified numerous AMD-associated loci, including variants in genes 

implicated in the complement system, as CHF, C3, and CFI, lipid metabolism, as ABCA1, 

and APOE, and collagen pathways, as MMP9 (Fritsche et al., 2016). Most genomic sites 

identified by GWAS require further investigation to confer them causal relationships to 

disease development (Strunz et al., 2020). Other risk factors include age, cigarette 

smoking, body composition, and diet (Heesterbeek et al., 2020). Identifying how these 

genetic and environmental factors interact to cause macular degeneration in AMD 

remains a major challenge. 
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In early stages of AMD, deposits of lipid and proteins, named drusen, accumulate 

between the RPE and choroid plexus without causing adverse effects on vision (de Jong 

et al., 2019). The origin of these drusen is still unclear. Eventually, as the number of 

drusen increases, the disease evolves to late AMD which can take two forms: atrophic 

(dry) or neovascular (wet) AMD (Mitchell et al., 2018). In atrophic AMD, the large 

accumulation of drusen causes the death of RPE and photoreceptor cells (Fig. 5B), 

similarly as described above for some monogenic diseases. Neovascular AMD consists 

of dysregulated blood vessel growth from the choroid plexus into the underlying RPE and 

retina, which leads to blood leaking in the retina and the death of fragile photoreceptor 

cells (Fig. 5B). A similar vascular process also leads to macular degeneration in diabetic 

retinopathy, a common complication of diabetes (Wong et al., 2016). Vascular Endothelial 

Growth Factor (VEGF) plays a central role in these vascular aberrations. Its production 

by retinal cells and the RPE is increased under hypoxic conditions, hence promoting 

excessive endothelial cell proliferation and vascular permeability (Adamis and Shima, 

2005). VEGF is the main therapeutic target for these vascular disorders (section 1.3.1.1), 

while, unfortunately, no treatment is yet available for atrophic AMD. 
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Figure 5: Macular degeneration. 
A. Representations of visual fields in healthy (top), macular degenerative diseases 

(middle), and rod dystrophies (bottom), showing loss of central or peripheral vision. B. 
Representation of AMD. Left: In atrophic AMD, drusen accumulation between RPE and 

choroid leads to degeneration of RPE and underlying cone photoreceptors (CP) in the 

macula. Right: In neovascular AMD, blood vessels from the choroid invade underlying 

tissues leading to RPE and cone photoreceptor degeneration in the macular region. 

(Based on information from de Jong et al. (2019).) 

 

The diseases described above cause degeneration of the macula, even in cases where 

proteins altered by a genetic mutation are present in cells throughout the retina (not 

restricted to the macula). Although degeneration eventually spreads to the rest of the 

retina in late stages of some diseases, it is still unclear why the macula degenerates first. 
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It has been suggested that the high density of photoreceptors within this region would 

render it more vulnerable to degeneration.  

 

Other degenerative diseases cause cone photoreceptor death throughout the retina. This 

is generally followed, or sometimes concomitant, with rod degeneration leading to 

complete blindness in late stages of the disease. Over 30 genes have been implicated in 

cone dystrophies (Gill et al., 2019). These include mutations in genes important for cone 

function as the phototransduction genes encoding the cone phosphodiesterase PDE6C 

(Thiadens et al., 2009), or cone opsins OPN1LW and OPN1MW (Gardner et al., 2010), 

and neurotransmitter release RIM1 (Michaelides et al., 2005) and HRG4 (Kobayashi et 

al., 2000). It also involves genes regulating outer segment morphogenesis as CDHR1 

(Stingl et al., 2017), PROM1 (Pras et al., 2009), and PRPH2 (Nakazawa et al., 1996a; 

Nakazawa et al., 1996b), and intracellular transport as RAB28 (Roosing et al., 2013) and 

RPGR (Yang et al., 2002). Whether present throughout the retina or limited to the macula, 

cone photoreceptor degeneration impairs color, daylight, and high acuity vision. Such 

considerable vision loss is devastating for patients. 

 

1. 2. 3. 2. 2. Rod photoreceptor degeneration 

Retinitis pigmentosa is the most common cause of inherited photoreceptor degeneration 

(Wright et al., 2010). It consists a broad spectrum of mutations causing rod photoreceptor 

death followed with secondary loss of cone photoreceptors in late stages of the disease. 

Generally, night blindness occurs during adolescence, followed with vision loss in the 

periphery in young adulthood (Fig. 5A) and complete blindness by 60 years of age 
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(Hartong et al., 2006). Over 50 different genes have been identified to cause retinitis 

pigmentosa (Daiger et al., 2013). These include genes implicated in rod 

phototransduction, such as PDE6B (McLaughlin et al., 1993) and RHO (Dryja et al., 

1990), involved in rod structure, including PRPH2 (Dryja et al., 1997), RPGR (Vervoort et 

al., 2000), and RP1 (Bowne et al., 1999), and splicing, as PRPF31 (Vithana et al., 2001). 

Retinitis pigmentosa can also be part of broader syndromes. For instance, Usher (Mathur 

and Yang, 2015) and Bardet-Biedl (Suspitsin and Imyanitov, 2016) syndromes disrupting 

cilia genesis and function. 

 

Leber congenital amaurosis (LCA) is similar to retinitis pigmentosa in terms of phenotype, 

but has an early onset of rod degeneration occurring within the first 6 months of life. 

Mutations in 20 genes have been identified (Coussa et al., 2017). These include the 

centrosome gene CEP290 (den Hollander et al., 2006), photoreceptor adherent junction 

gene CRB1 (Lotery et al., 2001), photoreceptor differentiation gene CRX (Swaroop et al., 

1999), and the outer segment morphogenesis gene PRPH2 (Khan et al., 2016). LCA can 

also be caused by RPE dysfunction with mutations in RPE65 (Marlhens et al., 1997), 

encoding a retinoid cycle enzyme (Moiseyev et al., 2005).  

 

As exemplified here, mutations implicated in rod and cone degeneration are numerous 

and varied. Interestingly, there can be genetic overlap between many types of 

photoreceptor degeneration. For instance PRPH2 mutations can cause LCA, retinitis 

pigmentosa, and cone dystrophy depending on the type and severity of the mutations. To 

elucidate this complexity of phenotypes, underlying degenerative mechanisms, and 
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potential treatments, one can take advantage of animal models. Mouse retinas are similar 

to human retinas in terms of cellular composition and overall structure. However, a major 

disadvantage of this common animal model for retinal research is the lack of a cone-rich 

fovea and surrounding macular region. It is therefore difficult to model macular 

degeneration and generally easier to model non-macular diseases, in particular, non-

macular monogenic disorders since the causal mutations are known and can be inserted 

in the mouse genome. Also, because rods vastly outnumber cones throughout the mouse 

retina, mice are mostly used to study retinal degeneration through rod dystrophies. One 

of the first (Keeler, 1924) and most widely used mouse model of retinal degeneration is 

the Pde6bRD1 line, which contains a naturally occurring nonsense mutation in the rod 

phosphodiesterase gene Pde6b (Bowes et al., 1990; Pittler and Baehr, 1991). Rods, 

loosing this essential component of their phototransduction cascade, degenerate first and 

are completely lost by 4 weeks of age, rendering the mice blind at this early stage and 

effectively reproducing retinitis pigmentosa phenotypes. A slower secondary loss of cone 

cells follows (Carter-Dawson et al., 1978). Not surprisingly, Müller glia are strongly and 

permanently activated in these degenerated retinas (Ekström et al., 1988). This well-

defined photoreceptor degenerative disease model can be employed to study vision 

restorative approaches. 

 

1. 3. Therapies for central nervous system degeneration 

1. 3. 1. Preventive therapies 

Preventive therapies aim to slow or stop neurodegeneration. The main approaches to 

achieve this in the CNS are described below. 
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1. 3. 1. 1. Neuroprotective factors 

A potential preventive therapeutic avenue is the use of neuroprotective factors to slow 

neuronal death. Although such factors would not cure disease, they may help neurons 

survive longer by creating a survival-prone environment. Also, since underlying causes 

of retinal degenerative diseases are numerous, treatments that could slow cell death in a 

wide-ranging set of degenerations hold great promise. Broad neuroprotective therapies 

are especially attractive for diseases in which the cause is unknown and to prevent 

secondary loss of neurons. Neuroprotective factors include anti-oxidants, anti-

inflammation drugs, calcium-stabilizing compounds, and trophic factors, such as BDNF, 

GDNF, and NGF (Nieoullon, 2011). These neuroprotective agents can be provided to the 

CNS through alimentation, transplantation of cells modified to secrete these factors, viral 

delivery of the gene encoding them, or direct injections of these factors in the affected 

regions. 

 

In the retina, many trophic factors, including GDNF, BDNF, and CNTF, have been shown 

to slow cell death in rodent models of degeneration (Kolomeyer and Zarbin, 2014). 

Recently, a clinical trial demonstrated that the release of this latter, CNTF, by a small 

retinal implant slowed degeneration of photoreceptors in a macular degenerative disease 

(Chew et al., 2019). The same approach, however, increased visual loss in retinitis 

pigmentosa patients (Birch et al., 2016), indicating that CNTF effects may be disease-

specific and further validations are required. Indeed, while numerous trophic factors slow 

cell death in animal models, conclusive human data remain scarce. 
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Neuroprotection can also be attained by regulating other pathways implicated in cell death 

including, metabolism, oxidative stress, and vascular growth. Nutritional imbalance 

participates to secondary cone photoreceptor deaths in retinitis pigmentosa (Punzo et al., 

2009). Rod-derived cone viability factor (RdCVF) is secreted by rod photoreceptors 

(Leveillard et al., 2004) under normal conditions to promote glucose uptake by cones (Ait-

Ali et al., 2015). The loss of RdCVF in rod dystrophies causes, in part, the loss of cone 

photoreceptors (Narayan et al., 2016). Both subretinal injections of this protein (Yang et 

al., 2009) and its adeno-associated virus (AAV)-mediated expression in photoreceptors 

(Byrne et al., 2015) promoted cone survival in rodent models of retinitis pigmentosa. 

Another way to counteract energy starvation is by increasing insulin levels. Providing the 

retina with insulin slowed secondary loss of cone photoreceptors in a mouse model of 

retinitis pigmentosa (Punzo et al., 2009) and protected RGCs after optic nerve injury 

(Agostinone et al., 2018). As for regulating oxidative stress, Xiong et al. (2015) found that 

AAV-mediated NRF2 expression, a transcription factor controlling expression of 

antioxidant proteins, in cones or RGCs, increased their survival in different models of 

retinal degeneration. Similarly, the coenzyme Q10, by inhibiting production of reactive 

oxygen species, protected RGCs after injuries (Nakajima et al., 2008). A clinical study 

has also shown that increased intake of anti-oxidants, such as zinc, vitamin C and E, and 

Beta Carotene, decreased the risk of developing advanced degeneration in AMD patients 

(Kassoff et al., 2001).  

 

Finally, limiting excessive vascular growth and stopping blood vessels from invading the 

RPE and retina could protect retinal cells in some neurodegenerative diseases. Anti-
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VEGF molecules, including aptamers and antibodies, bind VEGF proteins and block their 

downstream targets, resulting in a reduction of blood vessel growth in neovascular AMD 

(section 1.2.3.2.1) and, importantly, improved visual acuity (Avery et al., 2006; Fish et al., 

2003; Rosenfeld et al., 2006). This treatment is currently available to treat neovascular 

AMD and diabetic retinopathy. 

 

1. 3. 1. 2. Gene therapy 

As a general cause of degenerative diseases is altered or missing protein functions, 

restoring normal protein activity would prevent neurodegeneration in several disorders. 

This could be achieved by providing affected cells a corrected version of the mutated 

gene, or directly correcting endogenous mutations. Such a procedure is called gene 

therapy and, for now, is mostly used to express a rectified gene delivered to cells by AAV 

or lentiviral vectors (Piguet et al., 2017).  

 

All genes implicated in monogenic disorders described above (section 1.2.3) could 

theoretically be subject to gene therapy in order to either replace the defective gene or, 

possibly, correct the mutations. In reality, although gene therapy has had some success 

in the retina, its applications remain somewhat limited. Indeed, while AAVs are generally 

safe and efficiently transfect retinal cells, a major limitation of their use is their small cargo 

capacity of about 4.7 kilobases (Carvalho and Vandenberghe, 2015). For instance, the 

LCA gene CEP290 has a coding sequence of 8 kilobases and is thus too large to be 

inserted in AAV vectors (Carvalho and Vandenberghe, 2015). Alternatives, including 

splitting these genes in dual AAVs which can merge when present in the same cells 
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(Lopes et al., 2013), or lentivirus which allow for greater packaging capacities, are being 

investigated. Other issues stem from targeting the appropriate cells for infection. Virus 

serotypes and promoters of the encapsulated constructs can be used  as tools to promote 

infection and expression, respectively, in specific cell types of the retina. However, 

although RGCs and Müller glia are infected by relatively safe intravitreal injections, more 

invasive subretinal injections are required to infect photoreceptors and RPE cells. 

Subretinal injections create transient retinal detachments from the RPE and whether this 

can cause additional degeneration of the diseased retinas needs to be further 

investigated (Trapani and Auricchio, 2018). 

 

Still, albeit these limitations, gene therapy in the retina has led to some success stories 

indicating that these approaches are feasible. The first effective gene therapy was for 

RPE65 in LCA. In 2008, three clinical studies (Bainbridge et al., 2008; Hauswirth et al., 

2008; Maguire et al., 2008) artificially expressed RPE65 in the RPE of LCA patients with 

subretinal injections of AAVs. Although these groups used varied AAV doses and different 

viral vectors, almost all patients self-reported vision improvements in dim light conditions. 

One group also reported increased visual acuity of the treated eyes (Maguire et al., 2008). 

These studies have been followed up by others since 2008 (Wang et al., 2020b), and 

RPE65 gene therapy has been accepted by the Food and Drug Administration (FDA; 

USA) in 2017, becoming the first targeted gene therapy approved in North America. Other 

retinal gene therapy trials are underway for retinitis pigmentosa, Usher syndrome, 

Stargardt disease, and LHON (Trapani and Auricchio, 2018). 
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Direct genetic alterations of endogenous genes are not yet performed with gene therapy, 

but, with development of clustered regularly interspaced short palindromic repeats 

(CRISPR) technologies, genetic corrections should become possible (Wright et al., 2016). 

This will be especially important for diseases with dominant negative mutations, which 

would not be rescued by providing an exogenous copy of the corrected gene. Other tools 

have been developed to block faulty protein production in such diseases by targeting the 

messenger ribonucleic acid (mRNA), or the protein itself. For instance, RNA interference 

by delivery of short hairpin RNA or anti-sense oligonucleotides (Martinez et al., 2013) 

cause the degradation of the targeted mRNA and, thus, lead to decreased expression of 

the problematic protein. A few anti-sense oligonucleotide clinical trials for LCA, retinitis 

pigmentosa, and Usher syndrome (section 1.2.3.2.2) are currently underway and are 

showing promise (Xue and MacLaren, 2020). Another opportunity lies in targeting the 

protein itself. For instance, taking advantage of immune cells to eliminate the disease-

causing protein by artificially generating antibodies against the toxic proteins and 

immunizing patients against it (Wisniewski and Goni, 2015). These potential treatments 

have vast implications for CNS degenerative disorders, in which toxic protein aggregates 

constitute a major cause of cell death, including in Alzheimer’s disease and ALS (Gan et 

al., 2018). 

 

1. 3. 1. 3. Cell conversion: Reprogramming 

As retinal degenerative diseases are caused by numerous genetic mutations, some of 

which remain to be identified, the application of gene therapy to treat these varied 

conditions is time consuming, tedious, and costly. A broader therapy, which could 
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permanently stop or prevent retinal degeneration in several subclasses of diseases, may 

thus be optimal. One such therapy is the conversion of the diseased cell type to a closely-

related cell type not affected by the disorder. 

 

This potential therapy takes advantage of cell reprogramming. In the famous Waddington 

landscape model, cell fate acquisition is represented as a marble rolling down a hill, its 

path getting more restrictive along branching points until it reaches a final location at the 

bottom of the hill (Fig. 6) (Amamoto and Arlotta, 2014; Srivastava and DeWitt, 2016; 

Waddington, 1957). This embodies cells moving from pluripotency (mountain top), 

through epigenetic modifications, to a final, originally thought irreversible, identity (valley). 

Based on decades of work initiated by (Gurdon, 1962) and followed by numerous others 

(Gurdon and Melton, 2008), we now know that it is possible to alter cell identity. For 

instance, one can bring a differentiated cell ‘back up the slope’ to pluripotency (Fig. 6), as 

with fibroblast conversion to induced pluripotent stem cells (iPSCs) with the expression 

of transcription factors (Oct4, Sox2, Klf4, and c-myc) mediating pluripotency during 

development (Takahashi and Yamanaka, 2006). It is also possible to directly reprogram 

cells from one identity to another, ‘across the valley’ (Fig. 6), with potent lineage-

specifying transcription factors. For instance fibroblasts can be converted to neurons with 

the pro-neural transcription factor Ascl1 (Chanda et al., 2014; Vierbuchen et al., 2010), 

and more efficiently along with Brn2, and Myt1l (Vierbuchen et al., 2010). For therapeutic 

purposes, one could reprogram tissue resident cells in situ to pluripotent states or directly 

to required neuron subtypes, thereby preventing degeneration of the reprogrammed 

neurons, or even restoring a lost population of cells (section 1.3.2.4). 
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Figure 6: Cell differentiation and reprogramming. 
Waddington landscape model (Waddington, 1957) of cell differentiation represented as a 

marble rolling down a hill, shown with full lines. Cell identity reprogramming is shown with 

dotted lines: Direct reprogramming (across the valley), and indirect reprogramming 

through a pluripotent state (up the slope) are represented. 

 

Cell conversion therapy in the retina could use such reprogramming process to convert 

rods to cones in rod degenerative diseases (Fig. 7), or, inversely, cones to rods, in cone 

degenerative diseases. For instance, in rod dystrophies, mutations disrupt rod, but not 

cone function, their conversion to cone-like cells would hence render them immune to 

disease-causing mutations and theoretically prevent their death. Rod to cone conversions 

have been shown to occur when Nrl, the main regulator of rod genesis during 

development, is abolished, resulting in the generation of cone-like cells in mice (Mears et 

al., 2001). Remarkably, conversion of adult rods to cone-like cells by induced ablation of 
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Nrl was found to prevent retinal degeneration and maintain vision in mouse models of 

retinitis pigmentosa (Montana et al., 2013; Zhu et al., 2017) (Fig. 7).  

 

   

 

Although promising, key points remain to be addressed regarding this approach. How 

would the rest of the retina and downstream visual cortical areas react to such a massive 

change of photoreceptor identity and response to light? One can image that low light 

vision would be lost in these patients, which may not represent a dramatic trade-off 

compared to the eventual complete vision loss that these patients would suffer from with 

normal disease progression. Still, how these newly generated cone-like cells would 

participate to vision and how such drastic change in overall photoreceptor composition, 

effectively inducing a macular-like phenotype in the entire retina, would affect vision in 

humans remains to be investigated. For instance, cone visual pathways rely on Müller 

Figure 7: Photoreceptor conversion in rod 
dystrophies. 
Rods can be converted (arrow) to cone-like 

cells, by abolishing Nrl, to save them from 

degeneration (skull). 
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glia (section 1.2.2.1), and cones and Müller glia are tightly associated, being present at a 

ratio of about 1:1 in the retina (Reichenbach and Bringmann, 2013). How a severe change 

in this cone to Müller glia proportion would alter retinal function over time is unknown. 

Also, conversion (and thus loss) of rods may result in the loss of their cone-survival effects 

(Leveillard et al., 2004). Whether this would eventually cause cone photoreceptor stress 

and death remains to be examined.  

 

Some of these preventive treatments show great promise to stop or slow disease 

progression. However, for these therapies to be effective they have to be initiated in the 

early stages of disease when significant cellular structures remain and damages are 

reversible. These treatments cannot restore nervous system function once neurons are 

lost. Other therapies are thus required to achieve this. 

 

1. 3. 2. Restorative therapies 

Restorative therapies try to bridge cellular and functional gaps caused by 

neurodegeneration in order to re-establish CNS integrity. This can be done by replacing 

lost neurons or providing the remaining cells the ability to perform the function of the lost 

ones. Both cellular and technology-based approaches are explored to achieve this. 

 

1. 3. 2. 1. Neural implants 

By receiving and/or transmitting electrical signals, electrodes can mimic some neuronal 

properties and can hence replace lost neurons, at least to some extent. Applications are 

varied depending on the type of neurodegeneration and the function emulated. For 
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instance, deep brain stimulation replaces lost neuronal inputs and increases dopamine 

release in Parkinson’s disease patients, relieving some of their motor tremors (Herrington 

et al., 2016). Another example are cortical prostheses (Tsu et al., 2015) that can read 

brain signals, and could eventually relay them to an exoskeleton in order to bypass the 

diseased spinal cord and create movement in ALS patients otherwise paralysed.  

 

Neural implants have also been developed for applications in the retina. Different 

electrical devices have been implanted in the retinas of blind patients to stimulate spared 

retinal neurons in the hopes of restoring vision. Argus II (Second sight medical products) 

(da Cruz et al., 2016; Humayun et al., 2012), an epiretinal (intravitreal) device, and Alpha 

AMS (Retina Implant AG) (Edwards et al., 2018), a subretinal device, receive electrical 

inputs from a camera located next to the eyes by a transscleral cable. Whereas epiretinal 

devices directly stimulate RGCs and lack interneuron signal processing, subretinal 

devices stimulate interneurons, thus maintaining some retinal circuitry and computation. 

Another subretinal device, PRIMA (Pixium vision) (Palanker et al., 2020), consists of a 

wireless prosthetic that can directly transduce light in electrical signal. Special glasses 

transform environmental light in high intensity near-infrared light and projects it on the 

retinal photovoltaic implant, which stimulates downstream retinal interneurons.  

 

The retinal implants above are useful in patients with photoreceptor degeneration, but 

ineffective in RGC diseases, since retinal output to the brain is lost (section 1.2.3.1). A 

cortical implant in visual areas would circumvent this missing connection. The Orion visual 

cortical prosthesis system (Second sight medical products) is one such device and is 
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currently undergoing a small clinical trial (ClinicalTrials.gov Identifier: NCT03344848) 

estimated to end in 2023. Although advantageous in some cases, cortical implants are 

far more invasive than retinal implants, requiring the removal of the skull, and may create 

complications. The current clinical trial is aimed at investigating the feasibility of these 

procedures. 

 

Though vision restoration with cortical implants remains to be investigated, it was shown 

that retinal prostheses, Argus II, Alpha AMS, and PRIMA, allow patients to see bright 

contrasts (Edwards et al., 2018; Humayun et al., 2012; Palanker et al., 2020). 

Unfortunately, vision resolution is poor and remains well beneath the legal blindness 

threshold. This is, in part, why both Argus II and Alpha AMS have recently been 

discontinued. The poor acuity generated by these devices is due to the low resolution of 

the microelectrode arrays. Electrodes are larger than synaptic connections, and broadly 

alter electrical potential of donwstream neurons. For instance, electrodes can stimulate 

bypassing axons of distal RGCs, impairing spatial resolution. Also, these prostheses have 

been implanted in the eyes of blind patients at late stages of diseases. It is possible that 

retinal remodelling, glia reactivity, and chronic immune activation impede retinal function 

in these late degenerative stages. Still, it is quite remarkable that patients who had been 

blind for decades were able to regain, albeit limited, visual responses, indicating that 

some retinal signaling is feasible even in highly degenerated retinas. 

 

Although such applications of implants throughout the CNS are quite exciting for their 

regenerative potential, a general limitation of their use are the discrepancies between the 
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device and the tissue where they are located (Patel and Lieber, 2019). Neuronal tissues 

are soft, flexible, and allow for diffusion of a multitude of extracellular factors. These 

properties are not present in most implants, which impede normal tissue movements and 

homeostasis (Patel and Lieber, 2019; Prodanov and Delbeke, 2016). Also, inserting 

foreign materials in the CNS can lead to immune and glial responses which can aggravate 

neurodegeneration (Prodanov and Delbeke, 2016). Further development of these devices 

to confer them tissue-like properties are thus required.  

 

1. 3. 2. 2. Optogenetics 

Optogenetics refers to the expression of microbial light-sensing ion channel proteins in 

cells in order to manipulate their activity with light (Duebel et al., 2015). Both 

hyperpolarizing and depolarising channels exist. In neurodegenerative diseases, these 

channels could be expressed in surviving neurons to regulate their activity and re-create 

some parts of the lost neuronal circuitry similarly to electrodes (Ordaz et al., 2017). 

Importantly, whereas electrodes broadly stimulate neurons, optogenetics, by targeting 

specific cells to express the optogenetics channels, would create a more refined circuitry. 

Still, optogenetics requires the invasive implantation of a light source in the brain in order 

to activate or inhibit neuronal activity, at least until a light capable of transmitting through 

the skull and the brain without adverse effects is identified. As one can imagine, this 

approach would be more appropriate for a system that already uses light as source of 

activation i.e. the retina.  
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In diseased retinas, microbial or vertebrate opsins can be expressed in spared retinal 

cells to confer them the capacity to respond to light and replace lost photoreceptor inputs. 

Microbial opsins are light-sensing channels that can either hyperpolarize or depolarize 

cells depending on their properties. The most commonly used microbial opsins include 

channelrhodopsin (ChR) (Nagel et al., 2002), a sodium and calcium channel responding 

to blue light, and halorhodopsin (NpHR) (Sugiyama and Mukohata, 1984), a chloride 

pump responding to yellow light. These light-sensing channels show a fast response to 

light exposure and are capable of re-isomerizing after light activation. However, their light 

sensitivity is low and signal amplification is required for them to respond to our natural 

light range. Such amplification can be detrimental to the retina as bright light, especially 

short wavelengths, is phototoxic to retinal tissues (Glickman, 2002). Some ChR have 

been engineered to address this issue. For instance, CatCh increases light sensitivity 

approximately 70 fold (Kleinlogel et al., 2011), and ReaChR responds to red light (Lin et 

al., 2013), which is less toxic to cells (longer wavelength). A subtype of ChR, Chrimson 

(Klapoetke et al., 2014), also responds to red light and is currently in clinical trial (see 

below). 

 

An alternative to microbial opsins are human opsins, which, when expressed in non-

photoreceptor cells, seem to overtake resident G protein cascades to confer light-driven 

responses (Simunovic et al., 2019). These have better light sensitivities than microbial 

opsins. However, human opsins bleach, and their recovery cycle requires the RPE and 

Müller glia for recycling the chromophore after light-mediated isomerization. An exception 

to this is melanopsin, which re-isomerizes similarly to microbial opsins (Pickard and 
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Sollars, 2010). Still, melanopsin has a slow light-sensing kinetic and is not optimal for 

dynamic vision (De Silva et al., 2017).  

 

Photoswitches are synthetic small molecules that bind intrinsic ion channels and regulate 

their activity with light (Tochitsky et al., 2018). Although not optogenetics per say, since 

they act as small drugs and cannot be genetically delivered, they have shown promise 

for vision restoration in mouse models of retinal degeneration (Polosukhina et al., 2012). 

Their use requires constant replacement and cell-specific targeting is difficult. Because 

of their differing properties, photoswitches are not included as part of the opsins 

discussed below. 

 

To restore vision, opsins can be targeted to any spared retinal cells with AAVs. In many 

rod dystrophies, some cones are still present even at late stages of the disease, but are 

in a dormant-state, lacking outer segments. It would thus be possible to restore their light-

sensitivity with optogenetics (Busskamp et al., 2010), though they can eventually 

degenerate and may not be an optimal target. Cells downstream of photoreceptors, 

bipolar cells or RGCs, can also be targeted (Kleinlogel et al., 2020). In cases of RGC 

degeneration, it may be possible to directly activate the visual cortex with optogenetic 

tools (Chernov et al., 2018), similarly to cortical prostheses described in the section 

above. It is important to note that visual feature computation is performed at each step of 

the visual pathway with increasing complexity. Consequently, reproducing the intrinsic 

subtype-specific patterns of cellular activation with optogenetic tools gets more 

challenging as cellular targets are further along the visual pathway. The brain may still be 
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able to interpret some artificial signals lacking normal features (for instance, vision with 

retinal implants stimulating RGCs), but vision, in these cases, will likely remain 

rudimentary. 

 

Numerous optogenetic studies in mouse, canine, and simian models of retinal 

degeneration have been performed and shown promise to restore some visual responses 

(Simunovic et al., 2019). This vast literature has led to two clinical trials currently 

underway. The first, RST-001 Phase I/II trial for advanced Retinitis Pigmentosa 

(ClinicalTrials.gov Identifier: NCT02556736), sponsored by Allergan, was initiated in 

2015. This study consists of AAV-mediated expression of ChR2 in RGCs. The second 

trial, PIONEER trial (ClinicalTrials.gov Identifier: NCT03326336) by GenSight Biologics, 

begun in 2017 and entails AAV-mediated expression of Chrimson in RGCs of late stage 

retinitis pigmentosa patients. This treatment is paired with goggles that transform 

environmental light in bright red light which can be detected by Chrimson. It will be 

interesting to compare vision restoration of these optogenetic approaches with implant-

generated vision.  

 

Optogenetics are promising to restore light sensitivity to the retina, especially with 

engineered opsins modified to better imitate retinal cell activation to light stimuli. For a 

perfect treatment, each subtype of targeted retinal cells would express opsins that create 

a response to light most closely related their endogenous response. However, subtype-

specific promoters for many retinal cells are missing and further engineering of opsins 

would be required. A considerable limitation of this approach is its application to the fovea. 
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Since inner retinal neurons and RGCs are laterally displaced from the fovea, targeting 

these cells for foveal vision restoration in macular diseases would greatly distort visual 

scenes and is far from optimal.  

 

As of now, implants and optogenetic tools are unable to recreate normal vision. Indeed, 

reproducing the intricate function and circuitry of highly specialised retinal cells, for 

instance photoreceptors (described in section 1.2.2.1), lost in degenerative diseases, is 

extremely challenging. 

 

1. 3. 2. 3. Cell transplantation 

Instead of imitating neurons and their circuitry with the approaches described above, why 

not replace the lost neurons themselves? This would circumvent many issues arising from 

discrepancies between tissue and devices (section 1.3.2.1). Replacing lost neurons can 

be performed with transplantation or endogenous regeneration (section 1.3.2.4.). 

 

In transplantation, neurons isolated from embryos, produced either from embryonic stem 

cells or iPSCs, or generated directly from fibroblasts, are injected in the desired CNS 

region (Grade and Gotz, 2017) (see section 1.3.1.3 for cell reprogramming). Once in site, 

if they survive the procedure and do not induce immune rejection, they need to  terminate 

cellular maturation, and integrate the remaining circuitry by connecting to the right 

synaptic partners. In this way, dopaminergic neurons could be transplanted in the brains 

of Parkinson’s disease patients to replace lost neurons and restore normal motor 

functions (Parmar et al., 2020).  
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Although this procedure seems relatively straight forward, many challenges exist. One of 

them being the generation of the specific specialised neurons required to transplant. If 

they are collected from embryos, the targeted neurons will be closely related to normal 

endogenous neurons, but methods to specifically isolate only the required cells have to 

be developed. Furthermore, embryos provide a limited pool of donor neurons and one 

can imagine that large numbers of embryos would be required for this approach to be 

broadly applicable. Deriving neurons from embryonic stem cells or fibroblasts in culture 

would circumvent this limitation. However, neurons have to be specified to the right 

subtype and be as closely related as possible to endogenous neurons in order to achieve 

comparable functions, which is difficult to achieve. Additionally, transplanted neurons 

must integrate a circuitry already present and, although plasticity exists in adult CNS, how 

permissive the environment is to new neurons remains elusive, especially in degenerated 

regions (Grade and Gotz, 2017). These integration issues have been extensively 

investigated in the retina. 

 

Modern retinal transplantation studies started in the 1980s and provided proof of concept 

for retinal grafting (del Cerro et al., 1997). However, although many research efforts 

followed, integration of transplanted cells remained inefficient and limited benefits were 

observed, until a major breakthrough was made for the field in the early 2000s (Santos-

Ferreira et al., 2017). MacLaren et al. (2006) followed with Bartsch et al. (2008) 

demonstrated that the integration efficiency of photoreceptors was optimal when 

transplanting photoreceptor precursor cells (post-mitotic cells undergoing photoreceptor 

differentiation) compared to cells isolated before or after this time window. These 
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integrated photoreceptor cells showed normal morphologies with appropriate inner and 

outer segments and synaptic terminals. Remarkably, photoreceptor precursor 

transplantation in mouse models of retinal degeneration, or mice with genetically silenced 

photoreceptors, improved visual responses (Barber et al., 2013; Lamba, 2009; MacLaren 

et al., 2006; Pearson et al., 2012). Similarly to photoreceptors, it was shown that young 

RGCs, isolated from E18-P9, integrated the mouse retina more efficiently than adult 

RGCs (Hertz et al., 2014). Some transplanted RGCs extended axons towards the optic 

nerve head, even sometimes reaching brain targets, and responded to light (Venugopalan 

et al., 2016). 

 

In the above studies, transplanted cells were labelled with fluorescent tags. Presence of 

tagged cells in the host tissue was interpreted as integration of transplanted cells. A 

critical re-interpretation of these results was reached by four independent groups in 2016 

(Ortin-Martinez et al., 2016; Pearson et al., 2016; Santos-Ferreira et al., 2016; Singh et 

al., 2016), creating a major set-back for the field. Through multiple robust assays, these 

groups demonstrated that the great majority of labelled cells in the host retina do not 

represent integrated cells, but rather are host photoreceptors that have taken up the label 

from the graft (Fig. 8). This material exchange is not limited to fluorescent labels and 

includes other proteins, and possibly mRNA. Improved vision observed in the 

transplantation studies mentioned above was most likely due to transfer of the wild-type 

protein from the graft to the mutated host cells (Pearson et al., 2016), effectively rescuing 

the degenerative phenotype.  
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Although these studies have focused on photoreceptor transplantation, whether material 

transfer could also impact interpretation of RGC transplantation remains a possibility. 

These findings also raise concerns for use of fluorescent labelling in genetic lineage 

tracing experiments in the retina, whether for developmental or reprogramming studies 

(Boudreau-Pinsonneault and Cayouette, 2018). Exchange of fluorescent label between 

tagged and surrounding cells in these assays could confound results, similarly as for 

transplantation. Furthermore, although material transfer has only been shown in the 

mouse retina, it is unknown whether it can also occur in other animal models or tissues. 

Figure 8: Material transfer between graft and 
host tissue. 
Transplanted GFP+ photoreceptor precursor 

cells (top green cells) exchange material (small 

green circles)  including fluorescent reporter with 

endogenous photoreceptors (red cells). Yellow 

photoreceptors represent endogenous 

photoreceptors having received material, 

including GFP, from graft. 
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It is important to note that a small number of transplanted cells do integrate within the 

host retina (Pearson et al., 2016; Santos-Ferreira et al., 2016), maintaining some promise 

for the potential of this therapeutic approach. Well controlled studies and the use of mouse 

models of complete photoreceptor loss, where label transfer to endogenous 

photoreceptors is thus abolished, have shown that some photoreceptor integration is 

feasible in degenerated retinas (Mandai et al., 2017; Ribeiro et al., 2021; Singh et al., 

2013), but varies depending on the host environment (Waldron et al., 2018). Integration 

efficiency of transplanted cells remains a major hurdle to its application. 

 

1. 3. 2. 4. Endogenous regeneration 

Another possibility to replace lost neurons would be to elicit endogenous neurogenesis, 

circumventing the need for difficult transplantation procedures and the low integration rate 

of grafted cells in host tissues (Barker et al., 2018; Li and Chen, 2016). It has been found 

that some limited neurogenesis takes place in adult human hippocampus and 

subventricular zone (Kempermann et al., 2018; Obernier and Alvarez-Buylla, 2019). One 

could imagine recruiting these precursor cells or newborn neurons to degenerated 

regions and differentiating them to appropriate fates to restore tissue integrity. However, 

it seems that this adult neurogenesis is restricted, and efforts to obtain other neuronal 

subtypes and promote their survival have been unsuccessful (Barker et al., 2018). 

Additionally, adult neurogenesis is disturbed in neurodegenerative diseases, such as 

Alzheimer’s and Parkinson’s diseases (Grade and Gotz, 2017), rendering its use for 

regeneration problematic.  
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An alternative would be to use sources of neurogenesis directly in the tissue to 

regenerate. These sources are not endogenously present in adult mammalian CNS, but 

could be generated with cell type identity reprogramming of resident cells. Glial cells 

would be particularly attractive as this source of neurogenesis since some can proliferate 

to maintain their numbers, they do not generally degenerate when neurons are lost, and 

they are ubiquitous in the CNS. Some groups have successfully reprogrammed mouse 

astrocytes, Müller glia, oligodendrocyte precursor cells, and microglia in neurons in situ 

by expressing different transcription factors (Li and Chen, 2016). These include the 

classic reprogramming factor Ascl1 (Liu et al., 2015; Pollak et al., 2013), and others 

implicated in establishing neuronal identity during development, such as Sox2 (Su et al., 

2014), NeuroD1 (Guo et al., 2014; Matsuda et al., 2019), and Neurogenin2 (Grande et 

al., 2013). Another possibility would be to reprogram neighbouring neurons to the subtype 

required (Rouaux et al., 2012), but this would mean losing the initial pool of neurons and 

is hence a generally less attractive option than using glial cells. Limitations pertaining to 

the specification of appropriate neuronal subtypes and synaptic integration of novel 

neurons described above for transplantation (section 1.3.2.3) also apply here.  

 

Remarkably, lower vertebrates have the endogenous capacity the regenerate their CNS, 

including the retina, after an injury. Endogenous retinal regeneration in lower vertebrates, 

and mammals is described in the following sections (1.4 and 1.5, respectively). 
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1. 4. Endogenous retinal regeneration in lower vertebrates  

Lower vertebrates have three sources of retinal neurogenesis that can actively participate 

to regeneration after injury: ciliary margin zone (CMZ) cells, RPE cells, and Müller glia. 

The regenerative potential of this latter will be described in more details, as it is has shown 

most promise for mammalian regeneration. 

 

1. 4. 1. Ciliary margin zone 

The lower vertebrate CMZ is a small region containing stem cells, located between the 

peripheral end of the retina and the ciliary body. CMZ stem cells participate to 

retinogenesis during development (Fischer et al., 2013). They also generate peripheral 

retinal cells to support the continuous growth of the retina throughout the life of many 

amphibians and fish, including frogs (Straznicky and Gaze, 1971; Wetts et al., 1989), 

newts (Grigoryan, 2019; Mitashov et al., 2004), goldfish (Johns, 1977), and zebrafish 

(Wan et al., 2016). The CMZ additionally participates to retinal regeneration after injury 

to varying extent, depending on the animal and the type of damage. For instance, X. 

tropicalis CMZ can regenerate the entire retina after retinectomy (Miyake and Araki, 

2014). In newts, while the CMZ is not implicated in retinal regeneration after retinectomy, 

it regenerates retinal cells after optic nerve injury (Grigoryan, 2019). CMZ stem cells, 

whether in development or for regeneration, divide asymmetrically to give rise to one stem 

cell, maintaining the regenerative cell pool, and one retinal progenitor, which migrates to 

the retina where it generates neurons and glia (Centanin et al., 2014; Wan et al., 2016). 
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Recently, in mammals, it has been demonstrated that a pool of distinct progenitors at the 

retinal periphery participates to retinogenesis during mouse development, reminiscent of 

lower vertebrate CMZ (Belanger et al., 2017; Marcucci et al., 2016). These progenitors 

produce both retinal neurons and glia, and ciliary epithelium cells, which populate the 

ciliary body (Belanger et al., 2017). However, this CMZ region is absent in mice past 

developmental stages and, although ciliary body cells have been reported to show some 

neurogenic potential in culture (Ahmad et al., 2000; Tropepe et al., 2000), whether they 

could mediate regeneration in vivo remains to be investigated. 

 

1. 4. 2. Retinal pigment epithelium 

Whereas fish CMZ and Müller glia regenerate their retina after injury, amphibians mainly 

rely on their RPE. In X. laevis, after retinal injury, a subset of RPE cells move to the retina 

where they de-differentiate, proliferate, and produce retinal cells (Yoshii et al., 2007). The 

RPE cells left in their original layer divide, and re-establish tissue integrity. A similar RPE 

regenerative process also occurs in newts. In these animals, after retinectomy, all RPE 

cells transdifferentiate to a stem cell state and proliferate to generate two progenitor 

layers, one will produce the retina and the other the RPE (Chiba, 2014). Although 

neurogenic potential for mammalian RPE cells was observed in culture under certain 

conditions (Salero et al., 2012), whether this potential could be elicited in mammals in 

vivo remains to be addressed. 
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1. 4. 3. Müller glia 

Zebrafish Müller glia generate rod photoreceptors throughout life (Bernardos et al., 2007), 

and are the primary source of retinal regeneration after injury in these animals (Ail and 

Perron, 2017). In many other lower vertebrates, Müller glia are quiescent under normal 

conditions, but can show regenerative capacities, for instance in medaka fish (Lust and 

Wittbrodt, 2018) and Xenopus (Langhe et al., 2017), after injuries. Because of the 

robustness of Müller glia regenerative responses in zebrafish, it is the main animal used 

to study this process, and is the focus of this section.  

 

Generally, after an injury, zebrafish Müller glia dedifferentiate to a progenitor state, divide 

asymmetrically to give rise to one Müller glia and a progenitor, which proliferates and 

eventually differentiates into retinal cells, integrating retinal circuitry and restoring vision 

(Goldman, 2014) (Fig. 9). This regenerative response is initiated when Müller glia sense 

neuronal death by their direct phagocytosis of dead cells (Bailey et al., 2010), the 

disruption of normal glia-neuron signaling, including decreased neurotransmitter levels 

(Rao et al., 2017), and the release of factors from dying neurons as well as activated 

immune cells (Conedera et al., 2019; White et al., 2017). Released factors include tumor 

necrosis factor alpha (TNFa) (Nelson et al., 2013), adenosine diphosphate (ADP) 

(Battista et al., 2009), FGF2, insulin growth factor 1 (IGF1), and heparin-binding EGF-like 

growth factor (HB-EGF) (Wan et al., 2012; Wan et al., 2014). HB-EGF is secreted by 

Müller glia themselves, suggesting that they are capable of regulating their own 

regenerative response in an autocrine and/or paracrine fashion (Wan et al., 2012). 
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Figure 9: Müller glia-dependent retinal regeneration in zebrafish after injury. 
A. Representation of a healthy retina. B. An injury causes neuronal death, represented  
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by missing nuclei, and Müller glia reactivity, represented by increased thickness. C. Müller 

glia reprogram to a progenitor-like state and migrate to the apical side of the retina. D. 
Progenitor-like Müller glia divide to give rise to one Müller glia derived progenitor cell 

(MGPC) and one Müller glia. The MGPC proliferates to increase the neurogenic pool, and 

differentiates in retinal neurons to restore tissue integrity (A). ONL: Outer nuclear layer, 

INL: Inner nuclear layer, GCL: Ganglion cell layer. Cells – RP: Rod photoreceptor, CP: 

Cone photoreceptor, AC: Amacrine cell, BC: Bipolar cell, HC: Horizontal cell, MG: Müller 

glia, GC: Retinal ganglion cell. 

 

These environmental cues trigger complex Müller glia intrinsic cascades to first induce a 

reactive state and then quickly promote reprogramming to a progenitor identity (Hoang et 

al., 2020) (Fig. 9B-C). Interestingly, this reprogramming is suggested to be a reversal of 

the normal progenitor to Müller glia differentiation process occurring during development 

(Hoang et al., 2020). Many intracellular pathways that participate to this response have 

been identified (Lahne et al., 2020b), including the MAPK-ERK (Wan et al., 2014), 

PI3K/AKT (Wan et al., 2014), JAK-STAT (Zhao et al., 2014), Wnt (Kara et al., 2019; 

Ramachandran et al., 2011), Notch (Conner et al., 2014; Elsaeidi et al., 2018), and Shh 

pathways (Kaur et al., 2018; Sun et al., 2014; Thomas et al., 2018). These converge on 

(and often receive feedback regulations from) the activation of Ascl1 expression 

(Goldman, 2014), a crucial transcription factor mediating the regenerative process. 

Indeed, Ascl1, in turn, regulates the expression of a broad spectrum of genes implicates 

in progenitor identity, proliferation, and neuronal differentiation. A major component of its 

downstream effectors is the RNA-binding protein Lin28a, a pluripotency factor which 

reduces expression of the differentiation microRNA let7 (Ramachandran et al., 2010). 

The final step of the regenerative response, the production of retinal cells from Müller-
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derived progenitors, has been shown to follow developmental transcriptional programs 

(Lahne et al., 2020a). The Müller glia transcriptomic modifications post-injury are 

concordant with epigenetic changes: an initial demethylation of deoxyribonucleic acid 

(DNA) when transitioning to a progenitor state, followed with re-methylation during 

differentiation of retinal cells (Powell et al., 2013).  

 

Unfortunately, rather than moving from gliosis towards a progenitor state after injury, as 

in the zebrafish, mammalian Müller glia quickly come back to a resting state (Hoang et 

al., 2020). Still, as of now, Müller glia are the most promising source of endogenous 

regeneration for the mammalian retina. Their regenerative potential in mammals is 

detailed in the following section.  

 

1. 5. Mouse retinal regeneration from Müller glia 

Mammalian Müller glia were found to have a similar gene expression profile to retinal 

progenitors (Blackshaw et al., 2004; Jadhav et al., 2009; Roesch et al., 2008), suggesting 

they may have some neurogenic capacities. Indeed, under certain culture conditions in 

vitro, rodent Müller glia show stem cell properties as self-renewal, formation of 

neurospheres, and are capable of generating retinal neurons (Das et al., 2006). This 

neurogenic potential was also found in human Müller glia in vitro (Giannelli et al., 2011; 

Jayaram et al., 2014; Lawrence et al., 2007; Singhal et al., 2012). 

 

Multiple groups have tried activating this neurogenic potential ex vivo or in vivo, and have 

reached varying levels of success. Surprisingly, retinal injuries alone were reported to 
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induce some neuron production from rodent Müller glia (Ooto et al., 2004; Wan et al., 

2008). However, two other groups were unable to identify regeneration after injury (Joly 

et al., 2011; Kugler et al., 2015). Other studies have altered pathways implicated in 

zebrafish Müller glia regenerative response, including EGFR (Karl et al., 2008; Ueki and 

Reh, 2013), Wnt (Del Debbio et al., 2010; Osakada et al., 2007; Yao et al., 2016; Yao et 

al., 2018), Notch (Del Debbio et al., 2010), Shh (Wan et al., 2007), STAT (Jorstad et al., 

2020), and Ascl1 (Jorstad et al., 2017; Jorstad et al., 2020; Pollak et al., 2013; Ueki et al., 

2015). Key and recent studies are described in more details below to illustrate the current 

state of the field (Fig. 10). 

 

The study by Karl et al. (2008) is often considered to be the first formal demonstration of 

mammalian Müller glia regenerative potential in vivo. They performed a retinal injury with 

an N-methyl-D-aspartate (NMDA) intravitreal injection, killing RGCs and amacrine cells 

by excitotoxicity, followed two days later with an intravitreal injection of epidermal growth 

factor (EGF) along with bromodeoxyuridine (BrdU), to label cells re-entering the cell cycle. 

Two days post-EGF injection, numerous cells had incorporated BrdU, many of which co-

labelled with Müller glia markers. Four days later, some amacrine cells were now BrdU-

positive. It was concluded that Müller glia, which initially incorporated BrdU, gave rise to 

these BrdU-positive amacrine cells (Fig. 10). A small proportion of Müller glia would hence 

give rise to these new neurons after NMDA and EGF injections.  

 

This study, and the majority of the studies listed above, have followed Müller glia 

reprogramming with BrdU lineage tracing. As genetic lineage tracing was not performed, 
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it was not formally demonstrated that Müller glia gave rise to these neurons. Indeed, 

Müller glia are not the only cells incorporating BrdU at the early time point after injury, 

indicating that there are other potential sources of regeneration. Additionally, cells can 

incorporate BrdU when repairing their DNA after damage (Kuan et al., 2004). This repair-

mediated incorporation of BrdU could explain the presence of the few BrdU-positive 

amacrine cells. Genetic lineage tracing, by permanently labelling Müller glia before 

manipulations, would provide a definitive answer as to whether these cells are derived 

from Müller glia. 

 

Nonetheless, some subsequent studies have been able to elicit relatively strong 

regenerative responses in mammals. The most potent Müller glia-dependent 

regeneration was performed by Reh and colleagues with Ascl1 overexpression (Jorstad 

et al., 2017; Jorstad et al., 2020; Pollak et al., 2013; Ueki et al., 2015). Ascl1 is a strong 

reprogramming factor, capable of reprogramming mouse embryonic fibroblasts (MEFs) 

to neurons in vitro (section 1.3.1.3) and brain astrocytes to neurons in vivo (Liu et al., 

2015). As mentioned previously, this factor is central to zebrafish retinal regeneration 

(section 1.4.3). Karl et al. (2008) had previously found that, after injury, mammalian Müller 

glia failed to upregulate Ascl1, which may explain their limited endogenous neurogenic 

properties. Accordingly, a first study demonstrated that Ascl1 overexpression promoted 

the production of neurons in dissociated Müller glia cultures, and of bipolar-like cells in 

retinal explant cultures (Pollak et al., 2013).  
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A follow-up study showed that Ascl1 overexpression in Müller glia in vivo, along with an 

NMDA injury, promoted the production of amacrine and bipolar-like cells from Müller glia 

(Ueki et al., 2015) (Fig. 10). Importantly, this regenerative process was limited to young 

Müller glia, with an injury at P16 or earlier. Ueki et al. (2015) suggested the lack of 

regenerative potential with these manipulations in adult Müller glia were due to changes 

in chromatin accessibility occurring around P16, restricting Ascl1 targets. This was indeed 

recently shown to be the case by VandenBosch et al. (2020). Accordingly, the addition of 

the histone deacetylase inhibitor, Trichostatin A (TSA), to Ascl1 expression and NMDA 

injury was shown to promote the production of bipolar-like cells from Müller glia in adult 

mice in vivo (Jorstad et al., 2017). Jorstad and colleagues have also demonstrated that 

STAT signaling blocks Müller glia reprogramming by directing Ascl1 away from its 

developmental targets (Jorstad et al., 2020). Accordingly, inhibiting this pathway 

increases the number of reprogrammed Müller glia and enhances regeneration in vivo 

(Jorstad et al., 2020). More recently, Todd et al. (2020) have shown that microglia reduce 

Ascl1-induced Müller glia neurogenic potential, possibly by activating an inflammatory 

response in Müller glia. The ablation of microglia increased Müller glia regenerative 

response in these experimental assays (Todd et al., 2020). Altogether, these studies 

demonstrate that the potent reprogramming factor Ascl1, which is central to zebrafish 

regenerative response, is capable, along additional manipulations, of conferring 

mammalian Müller glia some neurogenic capacities. Importantly, these studies were 

performed with genetic lineage tracing of Müller glia and derived cells, providing greater 

conviction in their interpretation than previous BrdU lineage tracing studies.  
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Based on gene regulatory network differences between zebrafish and mouse Müller glia 

responses to injury, Hoang et al. (2020) have suggested that the expression of Nfi factors, 

which is increased in mouse and not zebrafish reactive Müller cells, restores rest after 

injury in mice. Accordingly, abolishing Nfi family members in mouse Müller glia in vivo, 

along an injury, induced Müller glia to adopt proliferative or neurogenic responses, 

generating bipolar and amacrine-like cells (Fig. 10). Of note, this study was also 

performed with genetic lineage tracing. Interestingly, Nfi factors were previously shown 

to regulate cell cycle exit of retinal progenitors, and late retinogenesis (Clark et al., 2019), 

suggesting there may be parallels between the roles of these factors in progenitors and 

Müller glia.  

 

Another set of recent studies have focused on the Wnt pathway, which is implicated in 

zebrafish retinal regeneration (section 1.4.3). Yao et al. (2016) have identified that Wnt 

pathway activation, through AAV-mediated expression of b-catenin, induced Müller glia 

proliferation without injury. Interestingly, Wnt activation increased mammalian Müller glia 

levels of Lin28, another central player in zebrafish retinal regenerative response. A 

subsequent study demonstrated that combining Wnt activation with AAV-mediated 

expression of three known factors critical for rod production during development, Otx2, 

Crx, and Nrl, in Müller glia induced the production of rod photoreceptors in vivo (Yao et 

al., 2018) (Fig. 10).  

 

Recently, also using an AAV approach, Zhou et al. (2020) demonstrated that CRISPR-

Cas knock-out of the gene encoding the RNA-binding protein Ptbp1 generated RGCs and 
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some amacrine cells from mouse Müller glia in vivo (Fig. 10). This manipulation also 

produced neurons from astrocytes in the striatum (Zhou et al., 2020). Whether Ptbp1 is 

implicated in zebrafish retinal regeneration is unknown, but it was previously identified as 

a regulator of the REST complex (Xue et al., 2013), which inhibits neuronal identity. 

Accordingly, decreasing Ptbp1 expression reduced REST activity in MEFs, and induced 

their reprogramming to neurons (Xue et al., 2013). 

 

Figure 10: In vivo reprogramming of mouse Müller glia to neurons. 
Representation of the current state of Müller glia reprograming in mice in vivo. Dotted 

lines show reprogramming to pointed cells. Conditions leading to reprogramming in yellow 
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and orange boxes with arrows showing upregulation (­) or downregulation (¯) of specified 

factors. Red star represents a retinal injury. Yellow conditions were lineage traced with 

AAVs or BrdU/EdU. ONL: Outer nuclear layer, INL: Inner nuclear layer, GCL: Ganglion 

cell layer. RP: Rod photoreceptor, AC: Amacrine cell, BC: Bipolar cell, HC: Horizontal 

cell, MG: Müller glia, GC: Retinal ganglion cell. 

 

Some reprogramming studies described above (Yao et al., 2016; Yao et al., 2018; Zhou 

et al., 2020) take advantage of AAV viral vectors (Fig. 10) modified to contain the glia-

specific GFAP promoter. Lineage tracing of Müller glia is performed with these viral 

vectors containing either a fluorescent reporter or Cre, which induced the expression of 

a genetic reporter in the infected cells. Notably, Müller glia-targeting AAVs, even with glia-

specific promoters such as the GFAP promoter, have been shown to target neurons (Lee 

et al., 2008; Wang et al., 2020a), and their expression pattern changes depending on the 

transgene they carry (Su et al., 2004). This renders their validation and the identification 

of appropriate controls difficult. Consequently, their use in reprogramming and, especially, 

for lineage tracing, must be interpreted with great caution (Martin and Poche, 2019). 

Concerns about these studies have been raised and findings remain to be robustly 

validated (Blackshaw and Sanes, 2021). 

 

Still, these studies demonstrate that some mammalian Müller glia neurogenic potential 

can be elicited by taking advantage of zebrafish regenerative pathways, and known 

developmental and reprogramming factors. The regenerative response observed is 

limited in terms of cell types produced for each manipulation, and only interneurons have 

been robustly generated. Cone photoreceptors, lost in many degenerative diseases 

(section 1.2.3.2.1), have not yet been produced from Müller glia.  
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1. 6. Aims and rationales 

Although advances have been made in recent years to stimulate mammalian Müller glia 

neurogenic potential, reprogramming factors identified to date and cell types generated 

remain limited. The main objective of this thesis consists of identifying a novel method to 

induce the neurogenic potential of mammalian Müller glia. This is accomplished through 

2 aims. 

 

Aim 1: Evaluate the endogenous neurogenic potential of mammalian Müller glia 

(Chapter 3) 

 

Rationale: Whether mouse Müller glia show a regenerative response after injury and 

growth factor treatment, as suggested by Karl et al. (2008), remains unclear. This 

information is important to determine if work to elicit Müller glia neurogenic potential 

should rely on these manipulations. The first aim addresses this issue by investigating 

the progeny of Müller glia with genetic lineage tracing. 

 

Objective: Establish whether mouse Müller glia generate neurons after injury and growth 

factor treatment. 

 

Aim 2: Identify novel factors capable of generating neurons from mammalian Müller 
glia (Chapter 4) 
 

Rationale: During retinogenesis, temporal identity factors regulate the temporal 

progression of progenitors and mis-expression of these factors leads to altered progenitor 
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competence (section 1.2.1.2). As such, temporal identity factors have competence 

reprogramming capacities. How conceptually similar temporal competence and cellular 

identity reprogramming (section 1.3.1.3) are, and, accordingly, whether temporal identity 

factors could reprogram the identity of fully differentiated cells remains unknown. Previous 

studies in Drosophila have shown that hb and kr are not sufficient to reprogram the identity 

of post-mitotic neurons (Cleary and Doe, 2006; Pearson and Doe, 2003) (section 1.2.1.1). 

Yet, whether vertebrate temporal identity factors have reprogramming capacities in 

differentiated cells remains to be addressed. Temporal identity factor-mediated 

reprogramming of Müller glia, conferring them the competence to generate neurons, 

could be central in eliciting their regenerative response in mammals.  

 

Objective: Induce Müller glia neurogenic properties by taking advantage of the 

reprogramming potential of temporal identity factors. 

 

Hypothesis: Temporal identity factors have broad reprogramming capacities and can 

confer Müller glia the ability to generate neurons (Fig. 11).  
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Figure 11: Schematic representation of aim 2 hypothesis. 
Retinal progenitor cells (RPC) change competence over time to generate different retinal 

cell types and eventually give rise to Müller glia (as Fig. 3). Müller glia could be 

reprogrammed (shown with dotted line and arrows) with temporal identity factors to confer 

them neurogenic capacities. 

!  
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Chapter 2: Materials and methods 

!  
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2. 1. Animals 

Animal work was performed in accordance with the Canadian Council on Animal Care 

and IRCM guidelines. Animals had water and food ad libitum and were housed with a 12 

hour light/dark cycle. Tg(Slc1a3-cre/ERT)1Nat/J mice (Glast-CreER, stock 012586), 

B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J reporter mice (R26R-EYFP, stock 006148), 

C3H/HeJ mice (Pde6bRD1/RD1, stock 000659), B6.Cg-Gt(ROSA)26Sortm1(rtTA*M2)Jae/J mice 

(R26-M2rtTA, stock 006965), C57BL/6J (stock 000664), and 129Sv/J mice (stock 

000691) were all obtained from The Jackson Laboratory. Glast-CreER mice were always 

heterozygous, R26R-EYFP mice were fl/+ for mouse line validation, NMDA and EGF 

genetic lineage tracing and ex vivo reprogramming work, and fl/+ or fl/fl for in vivo 

reprogramming work. 

 

2. 2. Tamoxifen administration 

Tamoxifen (Toronto Research Chemicals and Cedarlane labs) was dissolved in corn oil 

and ethanol to a final concentration of 30mg/ml. Animals were injected intraperitoneally 

or gavaged for 3-4 consecutive days with 90 µg of tamoxifen per gram of body weight. 

 

2. 3. Intravitreal injections 

Animals were anesthetised with isoflurane (Fresenius Kabi) and intravitreally injected with 

2µl of solution with a glass micro-needle (Drummond scientific). NMDA (Tocris) was 

injected at a concentration of 100mM, EGF (PreproTech) at a concentration of 1µg/µl, 

and 2'-Deoxy-5-ethynyluridine (EdU, Abcam) at a concentration of 1mg/ml. 
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2. 4. DNA constructs 

pCALL2 was digested with ClaI and SphI to insert mCherry (amplified from MSCV-

mCherry) in the locus of X-over P1 (LoxP) cassette. IRES-EGFP was removed with SmaI 

and NotI digestions. A Gateway cassette was added within the multiple cloning site (MCS) 

to allow insertions of some coding sequences with Gateway Cloning System (Thermo 

Fisher), while others were inserted directly in the MCS by restriction digestions or with In-

Fusion cloning (Clontech). Empty pCALL2-MCS was used as control for retinal work. 

Construct was tested in HEK 293T (ATCC) cells by jetPRIME (Polyplus) transfection 

alone or with pCIG-Cre following instructions from manufacturer. 

 

psPAX2 (Addgene plasmid # 12260; http://n2t.net/addgene:12260; 

RRID:Addgene_12260) and pMD.2G (Addgene plasmid # 12259; 

http://n2t.net/addgene:12259; RRID:Addgene_12259) were provided by Dr. Trono. TeT-

O-FUW-Ascl1 (Addgene plasmid # 27150; http://n2t.net/addgene:27150; 

RRID:Addgene_27150), TeT-O-FUW-Brn2 (Addgene plasmid # 27151; 

http://n2t.net/addgene:27151; RRID:Addgene_27151) and TeT-O-FUW-Myt1L (Addgene 

plasmid # 27152; http://n2t.net/addgene:27152; RRID:Addgene_27152) were provided 

by Dr. Wernig (Vierbuchen et al., 2010), whereas TeT-O-FUW-Ikzf1 and TeT-O-FUW-

Ikzf4 were generated by cloning the Ikzf1 and Ikzf4 coding sequences into TeT-O-FUW 

(obtained by removing Brn2 from TeT-O-FUW-Brn2) by standard techniques. These 

plasmids were transformed in Stbl2 competent cells (Thermo Fisher) to prevent 

recombination with bacterial DNA due to the repetitive sequences of the lentiviral 

backbones. 



 

89 

2. 5. Ex vivo Müller glia reprogramming 

Eyes from P0-1 Glast-CreER;R26R-EYFP mice were collected in Dulbecco’s Buffered 

saline (DPBS; Gibco) under sterile conditions. Retinas were electroporated with single or 

combined plasmids, with pCALL2-MCS as control. Vectors (1µl at 3µg/µl) described 

above were injected in the sub-retinal space and a current (50millisec duration, 950 

millisec interval, 40-50 volts, unipolar electrodes; BTX ECM 830) was applied over the 

eye with the positive electrode facing the cornea. Retinas were then dissected in DPBS 

and placed on a culture insert (Millicell) in a 6-well plate (Falcon) containing 1.3ml of 

equilibrated medium: Dulbecco’s modified eagle medium (DMEM; supplemented with 

glutaMAX; Gibco) with 10% fetal bovine serum (FBS; Sigma) and  1x 

Penicillin/Streptomycin (Pen/Strep; Gibco). At day in vitro (DIV)12, hydroxy-tamoxifen 

(Cayman Chemical Co.) and EGF (PreproTech) were added to the culture medium at a 

final concentration of 5µM and 100ng/ml, respectively. Two to three days later (DIV14/15), 

the solution was removed and replaced with fresh culture medium 

(DMEM/10%FBS/Pen/Strep) after rinsing the well with DPBS. When indicated, EdU was 

added to the culture medium at a concentration of 10µg/ml and left for three days. At 

DIV26, the solution was removed and replaced with 1ml of 4% Paraformaldehyde (PFA; 

Electron microscopy sciences) in phosphate-buffered saline (PBS) for five minutes at 

room temperature. 1ml of 4% PFA was then added over the culture insert and left for 

another 5-minute incubation at room temperature. Explants were quickly washed with 

PBS and left in 20% sucrose in PBS at 4°C for two to five hours before being detached 

from the insert with curved forceps and frozen in a 20% sucrose:OCT (1:1, Sakura). 
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2. 6. In vivo Müller glia reprogramming 

Glast-CreER;R26R-EYFP or Glast-CreER;R26R-EYFP;Pde6bRD1/RD1 P0-2 mice were 

anesthetized on ice, injected sub-retinally with 1µl of DNA vectors (3µg/µl; pCALL2-MCS 

or pCALL2-Ikzf1 + pCALL2-Ikzf4) in one eye and subjected to an electrical current as 

previously described (de Melo and Blackshaw, 2011). When indicated, some animals 

were injected intraperitoneally with EdU at 50µg/g of body weight daily from P3-7. Animals 

were given tamoxifen (section 2.2) for four consecutive days between P21 and P35 for 

Glast-CreER;R26R-EYFP or between P87 and P140 for Glast-CreER;R26R-

EYFP;Pde6bRD1/RD1. Animals were euthanized by CO2 three to five weeks post-tamoxifen, 

as specified. Eyes were collected and the retinas dissociated for scRNA-seq (section 2.14 

and 2.15) or fixed as described below and processed for immunofluorescence (sections 

2.11 and 2.12). 

 

2. 7. Primary mouse embryonic fibroblast culture  

Homozygous R26-M2rtTA male mice were crossed with wildtype C57BL/6J females. 

Plugged females were sacrificed at E13.5 and embryos extracted. Primary MEF culture 

was performed as previously described (Jozefczuk et al., 2012) with some modifications: 

0.25% Trypsin-EDTA (Thermo Fisher) was used for dissociation, and dissociated cells 

were left for 15 minutes at room temperature to let cell debris and remaining tissue sink 

to the bottom of the tube, the supernatant was collected and centrifuged. MEFs were 

cultured in MEF medium: DMEM, 10% Heat-inactivated Cosmic Calf Serum (Cytiva), 1% 

MEM non-essential amino acids solution (100X stock; Thermo Fisher), 1nM Sodium-

Pyruvate (Thermo Fisher), 100U/ml Pen/Strep (Thermo Fisher), 0.114mM 2-
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Mercaptoethanol (Sigma). When cells reached 90-100% confluency, they were either 

passaged or frozen in liquid nitrogen. Cells were passaged at least three times before 

lentiviral vector infection. 

 

2. 8. Lentiviral vectors production 

293FT cells (Thermo Fisher) were plated onto 10cm dishes and transfected at 70% 

confluency. For transfection, Polyethylenimine (PEI 25K, Polysciences) was added to 1ml 

of DMEM at a final concentration of 45ng/ul with 5µg of psPAX2, 10µg of pMD.2G, and 

10µg of TeT-O-FUW-Ascl1, TeT-O-FUW-Brn2, TeT-O-FUW-Myt1L, TeT-O-FUW-Ikzf1 or 

TeT-O-FUW-Ikzf4, incubated for 15 minutes at room temperature, and the solution was 

added drop-wise to the cells. Six hours later, the culture medium was replaced with fresh 

DMEM supplemented with 5% bovine serum albumin (BSA; sigma Aldrich). Lentiviral 

collection and spindown was performed at 24 hours and 48 hours after initial change of 

medium with Lenti-X-concentrator (Clontech) according to the manufacturer protocol. 

Viral pellet was resuspended in DMEM and divided into 10-20µl aliquots before storing at 

-80°C. Lentiviral vector aliquots were sequentially thawed rapidly at room temperature, 

centrifuged at 3000g for three minutes and the supernatant was used for infection.  

 

2. 9. Lentiviral infection of mouse embryonic fibroblast culture 

MEFs were seeded in a 6-well plate at 200 000 cells/well. Infection was carried out about 

12 hours post-plating if the cells had reached a confluency of at least 50%. Prior to 

infection, cells were incubated at 37°C for 30-45 minutes in MEF medium (section 2.7) 

containing 8µg/ml of Polybrene (Santa Cruz Biotechnology). Brn2, Ascl1, Ikzf1 and Ikzf4 
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and Myt1L lentiviral vectors were added to each corresponding condition at a MOI of 2. 

Medium containing lentiviral vectors was discarded and replaced with fresh MEF medium 

12-18 hours after infection. 24 hours later, cells for immunostaining were trypsinized and 

replated on acid-washed glass coverslips coated with 0.1% bovine gelatin (Sigma) in 24-

well plates (each well of a 6-well plate was divided in three wells of a 24-well plate), while 

cells for ATAC and RNA-sequencing were maintained in 6-well plates. MEF medium 

containing 10µM of the caspase-inhibitor quinoline-val-asp-difluorophenoxymethylketone 

(QVD-OPH; MedChem Express) was added to the cells at this time.  

 

2. 10. Mouse embryonic fibroblast reprogramming assay 

MEF reprogramming assay followed a previously published protocol (Vierbuchen et al., 

2010) with some modifications. 24 hours after initial addition of QVD-OPH, the culture 

medium was changed to MEF medium containing 10µM QVD-OPH and 2µg/ml 

doxycycline (Sigma), corresponding to D0 of the assay. 48 hours later, MEF medium was 

replaced with reprogramming medium for the rest of the assay, with changes every two 

days: DMEM/F12 (Gibco) with 1/50 B27-Supplement without vitamin A (50X stock; 

Thermo Fisher), 1/100 N2-Supplement (homemade, as previously reported by 

(Vierbuchen et al., 2010)), 2µg/ml doxycycline, 10µM QVD-OPH, 5ng/ml BDNF, 10ng/ml  

CNTF, and 10ng/ml NT-3 (PeproTech). At D14, cells were washed with PBS and 

incubated for 15 minutes in 4% PFA/PBS solution at room temperature. 

 



 

93 

2. 11. Eye fixation and cryosectionning 

Eyes were collected and fixed five minutes at room temperature for reprogramming work 

or three to six hours at 4°C for mouse line validation in 4% PFA/PBS, washed with PBS, 

and immersed in 20% sucrose for four hours to overnight at 4°C, then frozen in 20% 

sucrose:OCT (1:1) for cryosectionning. Retinal explants and eyes were sectioned with a 

cryostat (Leica) at 16 µm for mouse line validation and genetic lineage tracing work 

(Chapter 3) or 25µm for other assays. 

 

2. 12. Immunostaining 

Immunostaining for retinal explant and eye sections were performed as previously 

described (Javed et al., 2020). Slides stained for CyclinD3 underwent a two hour antigen 

retrieval in sodium citrate buffer at 54°C before blocking incubation. See Table 1 for 

primary antibody list. When specified, slides were processed for EdU Click-It reaction 

following the manufacturer protocol (Abcam; modified to use half of recommended 

AlexaFluor-647). Chicken anti-GFP primary antibody was used whenever mCherry was 

present. 

 

MEFs were incubated for 1 hour in blocking solution: 3% BSA and 0.5% Triton in PBS, 

and then incubated at room temperature for three hours in blocking solution with the 

primary antibodies against Tau (Table 1). Cells were then washed 3x in PBS and 

incubated in blocking solution with secondary antibodies (1/1 000) for one hour, washed 

3x in PBS. Slides were washed in PBS and incubated in a Hoechst in PBS (1/10 000) 
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solution at room temperature for five minutes. Cells were then washed 3x in PBS and the 

coverslips mounted on a microscopy slide with Mowiol for analysis. 

 

Table 1. List of primary antibodies. 

 

 

2. 13. Microscopy and cell counts 

For Glast-CreER;R26R-EYFP line validation, three to four images per animal and each 

marker were randomly acquired using a 40x objective with a Leica DM6000 microscope 

and analyzed on Volocity™ software (Perkin Elmer) to quantify the number of yellow 
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fluorescent protein+ (YFP+) cells co-labelling with cell-type specific markers. For genetic 

lineage tracing experiments, all sections were analyzed and cells counted at a Leica 

DM6000 fluorescent microscope. For retinal reprogramming assays, images were 

acquired using a 20x or 63x objective on an SP8 confocal microscope (Leica), analyzed 

on Volocity™ software, and processed with Adobe™ Illustrator (Adobe). Electroporated 

(mCherry+) regions with normal retinal morphology were selected for quantification. For 

cell counts, YFP+ mCherry+ cells were analyzed. Images in figures are z-projections or 

single planes, as specified in figure legends, for optimal representation of cell 

morphologies.  

 

2. 14. Fluorescent-activated cell sorting 

Glast-CreER;R26R-EYFP retinas were isolated and mCherry regions were dissected out 

using a mini scalpel under a fluorescent microscope (Leica MZ16FA). Retina pieces were 

dissociated for 16 minutes in papain (82.5U; Worthington) at 37°C. The reaction was 

stopped by rinsing the retinas once with Lo-Ovo (DPBS, 1.5% BSA, 1.5% Trypsin inhibitor 

(Roche Diagnostics), pH 7.4) solution with DNase (Worthington Biochemical; 0.3U/µl), 

and then re-suspended in Lo-Ovo with DNase solution for gentle trituration by pipetting 

up and down slowly with a P1000 pipet (Gilson). The cell suspension was then passed 

through a 70µm filter and Hoechst 33258 (Invitrogen) was added to the solution to label 

dying cells. Fluorescent cells were sorted with a FACSAria III Cell Sorter (BD Biosciences) 

with a 100µm nozzle. Viable YFP+ cells (single cells) were collected in PBS with 0.15% 

BSA (Millipore). YFP+ cells from mCherry+ regions of 7 retinas (n=7) were pooled for the 

Ikzf1/4 condition. As control, YFP+ cells from both mCherry+ (n=4 retinas) or mCherry- 
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(n=5 retinas) regions were pooled. Cells were then spun at 300g for 10 minutes at 4°C 

and re-suspended in 0.15% BSA/PBS.  

 

2. 15. scRNA-sequencing 

Cells were loaded on a 10xGenomics Single Cell 3’ chip and processed according to 

manufacturer V3 pipeline 3.1.0 kit. Complementary deoxyribonucleic acid (cDNA) 

libraries we sequenced with Illumina NovaSeq 6000 at an estimated 20 000 reads per 

cell. A total of 4 207 cells were sequenced for the control sample and 4 608 cells for the 

Ikzf1/4 sample. Data can be found on GEO #GSE169519. 

 

2. 16. scRNA-sequencing analysis 

scRNA-seq fastq files were processed with Cellranger version 4.0 to generate counts with 

default parameters and reference index provided by 10x Genomics (refdata-cellranger-

mm10-2020-A). Loom files were generated with Velocyto with run10x function on the 

cellranger folder and repeat mask for mm10 genome from UCSC genome browser (La 

Manno et al., 2018). Scanpy was used to analyze loom files and generate UMAP clusters, 

and scVelo was used to analyze spliced and unspliced mRNA abundance, RNA-velocity 

and cell trajectories (Bergen et al., 2020; Wolf et al., 2018). 

 

Single cell regulatory network inference and clustering (SCENIC) analysis was conducted 

on the same loom files generated from Velocyto. Default parameters for mm10 

RcisTarget database were used according to the SCENIC vignette 
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(https://github.com/aertslab/SCENIC) (Van de Sande et al., 2020). Cell type clustering 

and regulon AUC UMAPs were generated with Scanpy scatter plot. 

 

2. 17. Mouse embryonic fibroblast RNA extraction and sequencing 

RNA extraction from MEF cultures was performed using the RNeasy Plus Micro Kit 

(Qiagen). At D2 of the reprogramming assay, cells were washed briefly with room 

temperature DPBS and cells collected by scrapping the well surface with a 1ml pipette tip 

containing 450µl cold RLT buffer. Cell suspension was transferred in 1.5ml DNA-LoBind 

Eppendorf tubes. Further extraction steps were performed according to manufacturer 

guidelines. mRNA was isolated by Poly(A) mRNA magnetic isolation (NEBNext; E7490S), 

cDNA libraries were generated with KAPA RNA HyperPrep kits (Roche; 08098197702),  

and sequenced on the Illumina NovaSeq 6000 sequencing system. Data can be found on 

GEO #GSE169519. 

 

2. 18. Mouse embryonic fibroblast RNA-sequencing analysis 

Salmon quant function was used to quantify effective length of transcripts and transcript 

per million value from RNA-seq raw fastq reads (Patro et al., 2017) and the Galaxy 

platform was used to perform downstream RNA-seq analysis (Afgan et al., 2016). Counts 

normalization and differential expression analysis was performed with DESeq2 (Love et 

al., 2014) and heatmaps were generated with Complex Heatmap (Gu et al., 2016). GOrilla 

was used to classify genes in GO classification terms (Eden et al., 2009). 
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2. 19. Mouse embryonic fibroblast ATAC-sequencing 

48 hours after doxycycline, 50 000 MEF nuclei were isolated as previously reported 

(Buenrostro et al., 2015), with modifications described in (Mayran et al., 2018), to perform 

assay for transposase accessible chromatin (ATAC) sequencing. Isolated nuclei 

underwent transposase reaction: 2.5μl of 10x TD buffer, 10μl of water, and 12.5μl of 

enzyme (Illumina Nextera kit; FC-121–1031). DNA was then purified with GeneRead 

Purification columns (Qiagen), enriched by PCR, and purified again with GeneRead 

Purification columns before being sequenced with Illumina NovaSeq 6000. Data can be 

found on GEO #GSE169519. 

 

2. 20. ATAC-sequencing analysis 

Raw ATAC-sequencing fastq reads were aligned with bowtie2 on the Galaxy platform 

(Afgan et al., 2016; Langmead and Salzberg, 2012) and peak calling was performed with 

MACS2 with the following parameters: --nomodel --shift -37 --extsize 73 (Feng et al., 

2012). Bamcoverage was used to generate bigwig files and Integrative Genomics Viewer 

(IGV) for visualization of ATAC peaks (Ramirez et al., 2016; Robinson et al., 2011). 

Deeptools was used to compute peaks in a matrix using computeMatrix and heatmaps 

were generated using plotHeatmap (Ramirez et al., 2016). GO term classification +/-2kb 

from TSS was performed with GREAT algorithm (McLean et al., 2010). 

 

2. 21. Statistics 

Statistical analyses are described in figure legends. All statistical tests were performed 

using Prism (GraphPad) software.  
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Chapter 3: Genetic lineage tracing of Müller glia after injury and 

growth factor treatment 

!  
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Chapter 3 preface 

This unpublished work was entirely performed by the candidate under the guidance of Dr. 

Michel Cayouette.  

 

Of note, this work was completed at the beginning of the doctoral studies of the candidate, 

when the mammalian Müller glia reprogramming field was relatively new, and NMDA and 

EGF treatments were the most robust manipulations for Müller glia-derived neurogenesis 

in vivo. 

 

Summary 

To evaluate the endogenous neurogenic potential of mouse Müller glia, we performed 

genetic lineage tracing of these cells after injury and growth factor treatment. Using the 

Glast-CreER;R26R-EYFP line, we show that, although NMDA and EGF injections induce 

broad retinal cell cycle re-entry, few of these cells are Müller glia. In addition, we find that 

Müller glia-derived neurogenesis is a very rare event, which occurred only once in 17 

animals. These results indicate that other manipulations are required to induce a 

neurogenic response from mouse Müller glia. 

 

!  
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3. 1. Glast-CreER;R26R-EYFP specifically labels Müller glia 

To perform genetic lineage tracing of Müller glia, we took advantage of Glast-

CreER;R26R-EYFP mice. These mice express tamoxifen-inducible CreER under the 

GLAST promoter (Nathans, 2010), which is specific to Müller glia and astrocytes in the 

adult rodent retina (Lehre et al., 1997), and the Cre-dependent R26R-EYFP reporter (Fig. 

12A). Upon tamoxifen administration, CreER proteins expressed in Müller glia translocate 

to the nuclei, where they recombine the Rosa locus loxP sites, and initiate permanent 

YFP expression. This allows for genetic lineage tracing of Müller glia and any derived 

cells with the YFP reporter.  

 

We validated this mouse line in our hands by injecting tamoxifen in adult mice and 

analyzing the proportion of YFP+ cells expressing Müller glia markers 7-8 days after initial 

tamoxifen administration. While only ~40% of all Müller glia (CyclinD3+ cells) were YFP+ 

(Fig. 12B-C), indicating that not all Müller cells were targeted after tamoxifen injection, we 

found that over 95% of YFP+ cells expressed CyclinD3, and 100% expressed glutamine 

synthetase and Sox2 (Fig. 12B,D), three Müller glia markers. Importantly, YFP+ cells 

were not observed in Glast-CreER;R26R-EYFP animals that did not receive tamoxifen 

(Fig. 12E). These results confirm the high specificity of this line for labelling Müller glia, 

and validate its use for genetic lineage tracing of these cells. 
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Figure 12: Glast-CreER;R26R-EYFP mouse line specifically labels Müller glia. 
A. Representation of mouse line strategy. B. Co-immunostaining for YFP and the Müller 
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glia markers CyclinD3, glutamine synthetase (GS), or Sox2 on retinal sections from the 

Glast-CreER;R26R-EYFP mouse line 7-8 days after tamoxifen injection. Scale bars: 

25µm. C. Graph representing the proportion of CyclinD3+ cells co-labelled with YFP 

(n=3). D. Graph representing the proportion of YFP+ cells co-labelled with Müller glia 

markers (n=3). Quantifications (C-D) done in the Glast-CreER;R26R-EYFP mouse line 7-

8 days after tamoxifen injection. E. Representative images of retinal sections, 

immunostained for YFP, of Glast-CreER;R26R-EYFP mice that did not received 

tamoxifen. Scale bars: 50µm. All images are z-projections except, in B: GS images are 

single planes. Graphs represent mean +/- standard deviation. 
 

3. 2. Few Müller glia incorporate EdU after NMDA and EGF treatments 

One week after tamoxifen administration, we intravitreally injected P32 Glast-

CreER;R26R-EYFP animals with NMDA in one eye and saline in the other as control. 

Two days later, we intravitreally injected the injured eye with EGF and EdU, and the 

control eye with EdU, as previously performed by Karl et al. (2008). We sacrificed the 

animals one day post-EdU to investigate Müller glia cell cycle re-entry (Fig. 13A).  

 

Because it was shown that more Müller glia re-enter the cell cycle after injury in mice of 

the 129SvJ strain compared to C57BL/6J strain (Suga et al., 2014), we backcrossed both 

Glast-CreER and R26R-EYFP lines, which were maintained in a C57BL/6J background, 

separately to the 129SvJ strain for 5 generations. We then crossed them together to 

obtain the 129SvJ Glast-CreER;R26R-EYFP line. We performed the experimental 

condition above with this 129SvJ line (Fig. 13A) to compare cell cycle re-entry with 

C57BL/6J mice.  
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Injured retinas could be easily identified with reduced INL and GCL layers (Fig. 13B), 

concordant with the loss of amacrine cells and RGCs due to NMDA excitotoxicity, thus 

validating our delivery method and NMDA activity. To obtain a representation of pan-

retinal as well as Müller glia cell cycle re-entry, we quantified the total number of EdU+ 

and YFP+/EdU+ cells per retinas for control and experimental conditions (Fig. 13C). 

Whereas only ~25 cells per retina on average were EdU+ in control retinas, treated retinas 

contained ~2 000 EdU+ cells in C57BL/6J, and ~700 EdU+ cells in 129SvJ. These 

manipulations hence successfully induced broad retinal cell cycle re-entry, significantly 

more in C57BL/6J compared to both control and 129SvJ treated retinas, contrary to what 

has been previously reported for 129SvJ mice (Suga et al., 2014) (see section 5.2 for 

discussion). While no EdU+ cells co-labeled with YFP in the control condition, we could 

identify a few YFP+/EdU+ cells in injured retinas, significantly more in C57BL/6J treated 

retinas compared to control (Fig. 13C-D). Still, YFP+/EdU+ cells consisted of less than 

0.5% of all EdU+ cells in treated C57BL/6J retinas. These results demonstrate that, 

although NMDA and EGF induce broad retinal cell cycle re-entry, few of these cells are 

Müller glia. Since C57BL/6J Müller glia re-entered the cell cycle more robustly than 

129SvJ mice (Fig. 13C), we performed further experiments with the C57BL/6J strain. 
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Figure 13: Few Müller glia incorporate EdU after NMDA and EGF treatments.  
A. Representation of experimental protocol. B. Retinal sections with Hoechst staining of 
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treated (right) and control eyes (left). Black lines (right) show INL and GCL thickness in 

treated retina. Scale bar: 32 µm. C. Graph representing average number of EdU+ (left) 

and YFP+/EdU+ (right) cells per retina in control (n=4), experimental C57BL/6J  (n=4), 

and experimental 129SvJ (n=4) retinas. Left: **p<0.001, **p<0.01, One way ANOVA and 

Tukey’s post-hoc tests. Right: *p<0.05, Kruskal-Wallis followed with Dunn’s post-hoc test. 

Not significant: n.s. D. Representative images of retinal sections stained for YFP and EdU 

showing YFP+/EdU+ cells (circled) in NMDA and EGF treated retinas. Scale bar: 18µm. 

Pictures are single planes. 
 

3. 3. NMDA and EGF do not induce robust Müller glia-derived neurogenesis 

We next investigated whether some YFP+/EdU+ cells would give rise to neurons by 

repeating experiments described in 3.2, and analyzing the retinas at 6, 8, 15, and 30 days 

post-injury (Fig. 14A). We performed immunofluorescence for the early neuronal marker 

Tuj1, the amacrine cell marker Gad6, and the RGC marker Brn3b. Most of our analysis 

was completed with Gad6, as this was the marker previously used to identify newly 

generated neurons (Karl et al., 2008). We searched for YFP+/EdU+/neuronal marker+ 

cells in retinas of 17 animals (Fig. 14B).  

 

Most retinas did not have triple labelled cells. We did find rare EdU+/YFP+/Brn3b+ or 

EdU+/YFP+/Gad6+ cells (Fig. 14C), but these were not convincing neurons: consisting 

of dense YFP+ nuclei without any apparent cytoplasm or processes, and with abnormal 

localization of cytoplasmic neuronal markers to the nucleus (Fig. 14C’), likely dying cells. 

We only identified one EdU+/YFP+/Gad6+ cell, in the GCL, that showed normal Gad6 

localization (Fig. 14C’’). It is difficult to conclude with certainty whether this corresponds 
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to a Müller-derived amacrine cell or rather to Müller glia endfeet partially surrounding a 

displaced amacrine cell. 

 

 
 
Figure 14: NMDA and EGF do not induce robust Müller glia-derived neurogenesis. 
A. Representation of experimental protocol. MG: Müller glia. B. Number of animals 

analysed by neuronal marker (row) and time point (column). DPI: Days post-injury. C. 
Retinal sections stained for YFP, EdU, and Gad6 showing YFP+/EdU+/Gad6+ cells 

(circled). C’. Representative images of cells with abnormal morphologies and Gad6 

staining. C”. Potential Müller-derived amacrine cell. Scale bars: 6µm. All pictures are 

single planes.  
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Still, in 17 retinas analyzed, only one potential neuron would have been generated from 

Müller glia after NMDA and EGF injections, demonstrating that these manipulations are 

not sufficient to induce robust Müller glia neurogenic potential. This contrasts with 

previous interpretations of BrdU lineage tracing (Karl et al., 2008), indicating that genetic 

lineage tracing likely underlies these discrepancies, and may allow for more precise 

analysis of Müller glia lineage. Overall, these data demonstrate that other techniques to 

stimulate neuron production from mammalian Müller glia are required. !  
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Chapter 4: Combined Ikzf1 and Ikzf4 expression reprograms 

mammalian Müller glia and embryonic fibroblasts to neurons 

!  
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Chapter 4 preface 

Results presented in this chapter are part of an article posted on bioRxiv 

(https://doi.org/10.1101/2021.07.05.451124) and in preparation for submission to a peer-

reviewed journal:  

C. Boudreau-Pinsonneault, A. Javed, M. Fries, P. Mattar, M. Cayouette. (in preparation) 

Direct neuronal reprogramming by temporal identity factors. 

 

All experiments were performed under the guidance of Dr. Michel Cayouette. 

 

Awais Javed, along with the candidate, performed scRNA-seq (Fig. 24 and 25), RNA-

seq, and ATAC-seq (Fig. 27 and 28) computational analyses. 

 

Michel Fries extracted RNA for MEF RNA-seq, and, with the candidate and Christine 

Jolicoeur, performed MEF reprogramming assays (Fig. 26). 

 

cDNA libraries for sequencing experiments were generated by the Molecular Biology 

platform, and fluorescent activated cell sorting (FACS) was performed with the 

Cytometry platform of the IRCM. 

 

All other experiments were performed by the candidate. 

 

The candidate would also like to acknowledge Dr. Pierre Mattar for his work initiating 

MEF reprogramming experiments. 
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Summary 

NMDA and EGF injections are not sufficient to induce a robust neurogenic response from 

mouse Müller glia (Chapter 3), sparking the need for additional manipulations to achieve 

this. As neuronal reprogramming factors identified to date are generally involved in 

progenitor cell fate decisions, developmental regulators represent good candidates to 

identify factors with reprogramming abilities. Temporal identity factors are sufficient to 

reprogram developmental competence of neural progenitors, but whether they could also 

reprogram the identity of fully differentiated cells is unknown. To address this question, 

we designed a conditional gene expression system combined with genetic lineage tracing 

that allows rapid screening of potential reprogramming factors in the mouse retina. Using 

this assay, we report that co-expression of the early temporal identity transcription factor 

Ikzf1, together with Ikzf4, another Ikaros family member, is sufficient to directly convert 

adult Müller glial cells into neuron-like cells in situ, without inducing a proliferative state. 

scRNA-seq analysis shows that the reprogrammed cells share some transcriptional 

signatures with both cone photoreceptors and bipolar cells. Furthermore, we show that 

co-expression of Ikzf1 and Ikzf4 can reprogram mouse embryonic fibroblasts to induced 

neurons by remodeling chromatin and promoting a neuronal gene expression program. 

This work uncovers general neuronal reprogramming properties for temporal identity 

factors in differentiated cells, opening new opportunities for cell therapy development. 
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4. 1. Combined Ikzf1 and Ikzf4 expression reprograms Müller glia to cone-like 

cells ex vivo 

As NMDA and EGF treatment was not found to induce Müller glia neurogenesis, we next 

aimed to find novel ways to achieve this (section 1.6). To identify factors that can 

reprogram retinal glia to neurons, we designed an assay to conditionally express any 

gene of interest specifically in Müller cells, while genetically tracing the lineage of the 

potential progeny. We relied on electroporation of conditional expression constructs 

(pCALM) in which a loxP-mCherry-STOP-loxP cassette is excised in a Cre-dependent 

manner, allowing expression of a downstream gene of interest (Fig. 15A-B). We tested 

the specificity of this construct by transfecting a version containing GFP after the loxP 

cassette (pCALM-GFP) into HEK 293T cells, alone or together with a Cre-expressing 

construct. We found that only mCherry is expressed when pCALM-GFP is transfected 

alone, whereas mCherry is turned off and GFP is expressed when it is co-transfected with 

a Cre construct (Fig. 15C), validating the conditional expression strategy. To achieve 

expression of Cre in Müller glia and permanently label them, we used Glast-CreER;R26R-

EYFP mice described previously (Chapter 3). 

 

To screen for potential neuronal reprogramming factors, we electroporated the Cre-

dependent expression constructs in P0-1 Glast-CreER;R26R-EYFP retinas, which were 

then explanted and cultured for 12 days to allow neurogenesis to complete. When 

electroporating retinas at P0, the great majority of transfected cells are progenitors, and 

approximately 5% of these progenitors go on to generate Müller glia (Javed et al., 2020; 

Matsuda and Cepko, 2004), which will inherit the transfected plasmids. Addition of 
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hydroxytamoxifen in the culture medium at day 12 will activate Cre recombinase 

specifically in Müller cells, allowing expression of the transfected construct and 

permanent expression of the YFP reporter. Two weeks later, the retinas were fixed and 

analyzed for any potential Müller cell state changes by examining cell morphology, soma 

position within the retinal layers, and expression of cell type specific markers (Fig. 15A-

B). 
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Figure 15: Detailed representation of experimental procedure. 
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A. pCALM plasmids, control or experimental, are electroporated (lightning bolt) in the 

eyes of neonate Glast-CreER;R26R-EYFP animals, which are explanted and cultured for 

26 days. Hydroxytamoxifen (HT) is added to culture medium from DIV12 to 14/15. CDS: 

Coding sequence. B. Representation of CreER activity in Müller glia when HT is present. 

pCALM constructs (left) are recombined at the loxP cassettes to induce expression of the 

gene coding sequence (experimental) or nothing (control). Rosa locus (right) loxP 

cassette is also removed to induce permanent expression of EYFP. (C) HEK 293T cells 

transfected with pCALM-GFP (top row) or pCALM-GFP + Cre (bottom row). Scale bars: 

100µm. 

 

Using this assay, we expressed 22 different gene combinations in Müller glia (Fig. 16A), 

primarily focusing on various temporal identity factors previously shown to control retinal 

progenitor cell competence (section 1.2.1.2), such as Ikzf1, Pou2f1, Pou2f2, and Casz1 

(Elliott et al., 2008; Javed et al., 2020; Mattar et al., 2015). Taking advantage of the 

flexibility of our assay, we also included several other factors, including another Ikaros 

family member (Ikzf4) expressed in the retina (Clark et al., 2019; Elliott et al., 2008), 

factors found to promote Müller glial reprogramming in fish (Apobec2b) (Powell et al., 

2012) or mice (Ascl1) (Pollak et al., 2013; Ueki et al., 2015), or found to potentiate MEF 

reprogramming (Brn2 and Myt1l) (Vierbuchen et al., 2010). In 20 out of 22 combinations 

tested, similarly to the control condition consisting of the empty pCALM construct (Fig. 

15A), YFP+ cells had typical Müller glia morphologies, with cell bodies located in the INL, 

complex processes extending apically and basally (Fig. 15C), and expressed glia markers 

(Fig. 16B-C), suggesting that Müller glia did not change identity following expression of 

these factors. Upon Ascl1 expression, however, we identified some YFP+ cells in the INL 

that also expressed the bipolar cell marker Otx2, suggesting that some Müller glia 
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reprogrammed into bipolar-like cells, as previously reported (Pollak et al., 2013) (Fig. 

16D).  

 
Figure 16: Ex vivo screen for Müller glia reprogramming to neurons. 
A. List of conditions screened for Müller glia reprogramming. B. Representative images 

of retinal sections electroporated with various conditions included in the screen 

immunostained for YFP. Dotted lines show ONL, where photoreceptors reside. Circles in 
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the Ikzf1/4 condition point to cells with altered morphology located in the ONL. Scale bars: 

17µm. C. Representative images of co-immunostaining for YFP and the Müller glia 

markers Lhx2 (top) and Sox2 (bottom) on retinal sections from additional conditions 

tested in the screen. Scale bars: 24µm. D. Co-immunostaining for YFP and Otx2 after 

electroporation and expression of Ascl1. Circles show co-labelled cells. Scale bars: 7µm. 
All images are z-projections except for E. 
 

However, the only condition that elicited widespread changes in this assay, was the 

combined expression of Ikzf1 and Ikzf4 (Ikzf1/4), which gave rise to many YFP+ cells with 

morphologies distinct from Müller glia that relocated to the ONL, where only photoreceptor 

cells reside (Fig. 16B, 18). Of note, morphologically-reprogrammed YFP+ cells were still 

mCherry+, most likely due to Cre-mediated recombination of a fraction of all plasmid 

constructs transfected in each cell. We validated that mCherry+ Müller glia expressed 

Ikzf1/4 after tamoxifen, by co-immunostaining YFP, Ikzf1, and Ikzf4 on retinal sections of 

animals electroporated with Ikzf1/4 5 weeks post-tamoxifen (Fig. 17A). We hence took 

advantage of mCherry to focus our analysis on transfected cells for both Ikzf1/4 and 

control conditions (YFP+: Müller glia and their progeny; mCherry+: transfected cells). 
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Figure 17: Ikzf1/4 and mCherry are expressed in YFP+ cells. 
A. Retinal section of in vivo Ikzf1/4 electroporated retina 5 weeks post-tamoxifen 

immunostained for YFP and Ikzf1/4. Circles show YFP+/mCherry+/kzf1/4+ cells. Scale 

bar: 25 µm. 
 

The majority of Ikzf1/4 cells in the ONL were located at the apical side of this layer, where 

cone photoreceptors usually reside (Fig. 18A-B). Most relocated cells had a round 

morphology without apparent cell processes, but some resembled immature 

photoreceptors with an oval cell body, a simple process extending towards the plexiform 

layer, and a small protrusion towards the apical surface (Fig. 18C-D). Interestingly, Ikzf1 
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or Ikzf4 expression alone did not alter Müller glia morphology or cell soma position (Fig. 

16B), indicating that combined expression of Ikzf1 and Ikzf4 is necessary to induce 

morphological reprogramming. To possibly enhance Ikzf1/4 reprogramming, we also 

tested the co-expression of Ikzf1/4 together with other factors (Pou2f1, Pou2f2, or 

Apobec2b), by transfecting three constructs (Fig. 16A). We found, however, that triple 

transfections reduced the number of reprogrammed cells, potentially due to the dilution 

of each transfected construct and a reduction of the number of cells inheriting both Ikzf1 

and Ikzf4. 
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Figure 18: Ikzf1/4 expression alters Müller glia morphology and localization ex vivo. 
A. Representative images of retinal sections from electroporated regions with control (top) 

and Ikzf1/4 (bottom) constructs immunostained for YFP. Circles point to Müller glia-

derived cells in the ONL. Dotted lines show the ONL. Scale bars: 38µm. B. Left: 
Localization of cell bodies of YFP+/mCherry+ cells for control (n=6) and Ikzf1/4 (n=6) 

conditions. ***p<0.001, unpaired t-test. Right: Graph representing location of Ikzf1/4 cell 

bodies within ONL. C. Representative images, immunostained for YFP, of YFP+ cells in 

control electroporation showing Müller glia morphologies, and in Ikzf1/4 electroporation 

with rounded and photoreceptor-like morphologies. Dotted lines show the ONL. Scale 

bars: 10µm. D. Graph representing proportion of YFP+/mCherry+ cells with Müller or 
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reprogrammed morphologies in control and Ikzf1/4 conditions. ** p=0.0022, Mann-

Whitney test, control (n=6) and Ikzf1/4 (n=6). All images are z projections, except for (F) 

Ikzf1/4 images are single planes. Graphs represented as means + standard deviation. 

 

To determine whether the apparently reprogrammed cells actually changed molecular 

identity, we performed immunofluorescence for the Müller glia markers Sox2 and Lhx2. 

Whereas virtually all Müller cells in the control condition expressed these markers, most 

Ikzf1/4 morphologically-reprogrammed cells in the ONL did not (Fig. 19A-B), suggesting 

that they lost their glial identity. A few cells that had repositioned their soma to the 

photoreceptor layer still expressed Müller glia markers, however, likely representing cells 

at intermediate stages of reprogramming (Fig. 19A arrow).  
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Figure 19: Ikzf1/4-reprogrammed cells turn off Müller glia markers and express 
cone markers ex vivo. 
A. Immunostaining on Ikzf1/4-electroporated retinas ex vivo with YFP and various cell 

type specific markers, as indicated. Most reprogrammed cells in the ONL (circled) are 

negative for the Müller glia markers Lhx2 or Sox2, but are immunostained for the cone 

marker Rxrg. Arrow points to Sox2-positive cell in the ONL. Bottom pictures shows 

YFP+/S-opsin+ cell (circled). Left panels are YZ view.  Dotted line define the ONL 

thickness. Scale bars: 10µm. B. Quantification of marker expression for all 

YFP+/mCherry+ cells in control- (top) and YFP+/mCherry+ cells located in ONL in Ikzf1/4-

electroporated retinas (bottom). Images show z projections in (A) for Lhx2 and Rxrg 

images, all others are single planes. Graphs show means + standard deviation. 
. 
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To establish whether the cells that changed morphology, moved to the ONL, and down 

regulated glia markers might have reprogrammed into neurons, we stained Ikzf1/4-

transfected retinas for various cell-type specific markers (Fig. 20). YFP+ reprogrammed 

cells did not stain for markers of rod photoreceptors and various retinal interneurons (Fig. 

20A-B) and were also negative for cleaved caspase 3, a marker of apoptosis (Fig. 20B). 

Remarkably, most YFP+ reprogrammed cells turned on the cone photoreceptor marker 

Rxrg (Fig. 19A-B), which was never observed in controls (Fig. 19B). Rare Ikzf1/4-

reprogrammed cells also expressed low levels of S-opsin, albeit in an unusual 

cytoplasmic pattern (Fig. 19A), suggesting incomplete differentiation. As Rxrg is also 

expressed in RGCs, we asked whether the reprogrammed cells could be RGCs by 

staining for Brn3b. However, did not find any Brn3b+/YFP+ cells (Fig. 20B), and since the 

reprogrammed cells moved to the photoreceptor layer, we conclude that these cells are 

not RGCs. Together, these results indicate that expression of Ikzf1/4 in Müller glia 

promotes reprogramming into cone-like photoreceptor cells. 
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Figure 20: Markers screened in Ikzf1/4 ex vivo reprogramming assay. 
A. Table listing cell type markers screened in Ikzf1/4 ex vivo electroporations and the 

presence or absence of co-labelling with YFP+ reprogrammed cells. B. Co-

immunostaining for YFP and Brn3b, Chx10, or cleaved caspase-3 (CCP3) in Ikzf1/4-

electroporated retinas. Reprogrammed cells (circled) are negative for all three markers. 
Scale bars: 12µm. Images are single planes. 
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4. 2. Ikzf1/4 do not promote Müller glia cell cycle re-entry 

As in situ reprogramming was previously reported to sometimes trigger Müller glia 

proliferation (Jorstad et al., 2020), we wondered whether expression of Ikzf1/4 might 

stimulate cell division. To test this, we repeated the experiments as described above, but 

added EdU to the culture medium either from DIV12 to 15 and 18 to 21 or DIV15 to 18 

and 21 to 24, spanning the culture time between initiation of Ikzf1/4 expression and 

fixation (Fig. 21A). We found no difference between the number of YFP+/mCherry+/EdU+ 

cells in Ikzf1/4 compared to controls in any condition (Fig. 21B), indicating that Ikzf1/4 do 

not promote cell cycle re-entry. 

 

 

Figure 21: Ikzf1/4 do not promote Müller glia cell cycle re-entry. 
A. Schematic representation of the cell cycle re-entry analysis protocol. DIV: days in vitro. 

HT: hydroxy-tamoxifen. CDS: coding sequence. Lightning bolt represents electroporation. 

B. Quantifications of the number of YFP+/mCherry+ cells that incorporated EdU in control 

and Ikzf1/4-electroporated retinas in both conditions. Graph shows mean + standard 

deviation. Unpaired t-tests, n=4 in control DIV12-15 18-21, n=5 in control DIV15-18 21-

24, n=5 in both Ikzf1/4 conditions; n.s.: not significant.  
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4. 3. Ikzf1/4 reprogram Müller glia to cone-like cells in vivo 

We next investigated whether co-expression of Ikzf1/4 was sufficient to convert adult 

Müller glia to cone-like photoreceptor cells in vivo. Using a similar approach as described 

above for retinal explants, we electroporated empty pCALM or pCALM- Ikzf1/4 constructs 

in the retinas of neonate (P0-P2) Glast-CreER;R26R-EYFP mice. When the mice reached 

adult ages (³P21), we injected tamoxifen to induce YFP and Ikzf1/4 expression in adult 

Müller glia. Three or five weeks later, the retinas were collected for analysis (Fig. 22A). 

 

In control electroporations, YFP+/mCherry+ cells had normal Müller glia morphology with 

cell soma in the INL and expression of glia markers, as expected (Fig. 22B). Three weeks 

post-tamoxifen, in Ikzf1/4 electroporations, about one fifth of all YFP+/mCherry+ cells had 

changed morphology, relocated to the ONL, and expressed the cone marker Rxrg (Fig. 

22C). Unlike ex vivo, their cell bodies did not reach the apical-most part of the ONL, but 

rather spanned the entire ONL thickness. These cells did not express the Müller glia 

markers Lhx2 and Sox2 (Fig. 22D), and were still present 5 weeks post-tamoxifen, albeit 

in lower numbers (Fig. 22C). Remarkably, and in contrast to ex vivo experiments, Ikzf1/4-

reprogrammed cells very rarely showed rounded morphologies and mostly had complex 

photoreceptor-like morphologies with some pedicle-like structures in the outer plexiform 

layer (Fig. 22F), suggesting that the in vivo environment allows a more complete 

reprogramming of Müller glia into cone-like cells, at least in terms of morphology. We also 

identified YFP+/mCherry+ cells in the INL that did not stain for, or showed varying levels 

of, the glia marker Sox2 (Fig. 22E). Additionally, some YFP+/mCherry+ INL cells stained 

for Rxrg (Fig. 22C arrow), while others did not, suggesting that there might be cells in 
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intermediate stages of reprogramming or, alternatively, reprogrammed cells of different 

subtypes that did not stain with the antibodies used. Altogether, these results show that 

Ikzf1/4 are sufficient to induce the conversion of adult Müller glia into cone-like cells in 

vivo. 
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Figure 22: Ikzf1/4 reprograms Müller glia to cone-like cells in vivo. 
A. Summary diagram of the experimental protocol. IP: intraperitoneal injection. CDS: 
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coding sequence. Lightning bolt represents electroporation. B. Retinal sections from 

control electroporations stained for YFP and the Müller glia markers Sox2 and Lhx2 (B). 

YFP+ cells display  typical Müller glia morphology and express Müller glia markers. Scale 

bars: 38µm. C. Representative images of retinal sections immunostained for YFP and the 

cone marker Rxrg 3 weeks after Ikzf1/4-expression in vivo. Reprogrammed cells in the 

ONL (circled) stain positive for Rxrg. Arrow shows intermediate cells in INL. Dotted lines 

show ONL thickness. Scale bars: 5µm. Bottom: Proportion of reprogrammed cells in 

control- and Ikzf1/4-electroporated retinas at 3 and 5 weeks after tamoxifen injection. 

Graph represents mean + standard deviation. * p< 0.05; ** p<0.01; Mann-Whitney test. 

Control: 3 weeks n=5, 5 weeks n=4; Ikzf1/4: 3 weeks n=5, 5 weeks n=5.  D. Several 

representative images of retinal sections immunostained for YFP and the Müller glia 

markers Lhx2 and Sox2 3 weeks after Ikzf1/4 expression in vivo. YFP+ Ikzf1/4 

reprogrammed cells in the ONL (circled) do not express Müller glia markers. Scale bars: 

5µm. E. Immunostaining for YFP and Sox2 on retinal sections 3 weeks after tamoxifen. 
Some YFP+/mCherry+ cells (circled) in the INL show varying levels of Sox2, whereas 

reprogrammed cell in the ONL (arrowhead) is negative for Sox2. Scale bar: 5µm. F. High 

magnification image of an Ikzf1/4-reprogrammed cell, stained for YFP, showing pedicle-

like structure in the outer plexiform layer (circled). Scale bars: 10µm. All images shown 

are z projections except for (D; top row), which is a single plane. 

 

4. 4. Degenerated retinas are responsive to reprogramming by Ikzf1/4 

A key question for future use of cell reprogramming as therapy for retinal degeneration is 

whether Müller glia of diseased retinas are responsive to reprogramming factors. To 

address this question, we crossed Glast-CreER and R26R-EYFP mice to Pde6bRD1/RD1 

mice (section 1.2.3.2.2), a mouse model of retinitis pigmentosa in which glial cells are 

strongly and permanently activated (Ekström et al., 1988), to generate a Glast-

CreER;R26R-EYFP;Pde6bRD1/RD1 mouse line. We electroporated Ikzf1/4 in these mice at 

P0-1 and waited until they reached at least 12 weeks of age, when all rods have died and 
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only some cones remain (Carter-Dawson et al., 1978), to inject tamoxifen (Fig. 23A). Even 

in these highly degenerated retinas, Ikzf1/4 expression in Müller glia induced a number 

of YFP+/mCherry+ cells to migrate to the apical side of the retina, change morphology, 

and start expressing Rxrg (Fig. 23B). This demonstrates that Müller glia can be 

reprogrammed with Ikzf1/4 expression in diseased environments. 

 

 
Figure 23: Degenerated retinas are responsive to reprogramming by Ikzf1/4. 
A. Representation of experimental protocol performed in Glast-CreER;R26R-

EYFP;Pde6bRD1/RD1 animals. IP: intraperitoneal injection. CDS: coding sequence. 

Lightning bolt represents electroporation. B. Image of retinal section co-immunostained 

for YFP and Rxrg. YFP+/Rxrg+ cells are circled. Dotted lines show ONL thickness. 

Images are z-projections. Scale bar: 20µm. 

 

4. 5. Detection of reprogrammed cells following Ikzf1/4 expression in Müller glia 

is not the result of material exchange 

Previous studies showed that transplanted photoreceptor precursor cells readily 

exchange cytoplasmic material, including fluorescent reporters, with host photoreceptors 

(Ortin-Martinez et al., 2016; Pearson et al., 2016; Santos-Ferreira et al., 2016; Singh et 
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al., 2016) (section 1.3.2.3) sparking the need for additional controls in lineage tracing 

studies with fluorescent reporters in the retina (Boudreau-Pinsonneault and Cayouette, 

2018). As Müller glia are tightly associated with cones (Reichenbach and Bringmann, 

2013), we wondered whether the YFP+ cone-like cells observed after Ikzf1/4 expression 

might be explained by transfer of YFP from Müller glia to endogenous cones. Our 

observation that reprogrammed cells did not express all cone markers argued against this 

interpretation, but we could not exclude the possibility that transfer of Ikzf1/4 might occur 

and lead to downregulation of these markers. To directly address this question, we 

repeated the experiments in vivo as described in Figure 22, but additionally gave a daily 

intraperitoneal injection of EdU to the pups from P3 to P7 (Fig. 24A). This corresponds to 

the peak production period of Müller glia from retinal progenitors, and is well past when 

the last cone photoreceptors are born. Accordingly, in control electroporations, many 

Müller glia (YFP+) incorporated EdU, but cone photoreceptors did not (Fig. 24B) 

Following expression of Ikzf1/4, however, we found several reprogrammed YFP+ cone-

like cells in the ONL that were also EdU+ (Fig. 24C), indicating that these are not 

endogenous cones and providing additional support to our conclusion that they are 

derived from Müller glia that expressed Ikzf1/4.  
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Figure 24: Detection of reprogrammed cells following Ikzf1/4 expression in Müller 
glia is not the result of material exchange. 
A. Schematic representation of the experimental protocol. IP: intraperitoneal injection. 

CDS: coding sequence. Lightning bolt represents electroporation. B. Co-immunostaining 

for EdU and YFP (left) or cone arrestin (cone arr.; right) on retinal sections from control-

electroporated retinas. YFP+ Müller glia (circled) stained for EdU, whereas cone arrestin+ 



 

133 

cone photoreceptors did not (n=3). Scale bars: 33µm.  C.  Co-immunostaining for EdU 

and YFP on retinal sections after Ikzf1/4 electroporation. Reprogrammed cells (circled) in 

the ONL co-label with EdU. Scale bars: 15µm. All images are single planes except (C; 

middle and right), which are z projections. 

 

4. 6. Reprogrammed cells share transcriptional profiles with both cones and bipolar 

cells 

The low throughput of immunofluorescence analyses in the above experiments rendered 

the precise characterization of reprogrammed cell types difficult. To circumvent this issue 

and obtain a more complete molecular profiling of the reprogrammed cells, we performed 

single cell RNA-sequencing (scRNA-seq) on sorted YFP+ cells from control- and Ikzf1/4-

electroporated retinas three weeks after tamoxifen injection in adult Glast-CreER; R26R-

EYFP mice (³P21). The specificity of cell collection was tested by sorting YFP+ cells and 

analyzing the sorted population by flow cytometry. We found that, on average, 90% +/- 

3% (n=3) of collected cells are YFP+, indicating that, although some non-fluorescent 

contaminating cells are present in the sorted population, we strongly enrich YFP+ cells 

with this method.  

 

We sequenced 4207 cells from the control condition and 4608 cells from the Ikzf1/4 

condition. As expected, the main Uniform Manifold Approximation and Projections 

(UMAPs) cell cluster observed in both conditions was composed of MG. Interestingly, we 

found a clear increase in the number of cell clusters in the Ikzf1/4 condition compared to 

control, and the number of cells in the MG clusters was proportionally reduced (Fig. 25A). 

Surprisingly, the additional clusters in the Ikzf1/4 condition were identified as bipolar cells 
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based on top gene expression (Fig. 25B). Bipolar clusters 1, 2, 4, and 5 express markers 

of various bipolar cell subtypes and correspond to cone bipolar cells, whereas bipolar 

cluster 3 expresses rod bipolar markers (Shekhar et al., 2016) (Fig. 25C). Interestingly, 

we noticed that the bipolar clusters 2 and 4 additionally express Thrb, a cone 

photoreceptor gene (Fig. 25C), suggesting that these cells share transcriptional profiles 

with both cones and bipolars. In contrast to our immunostaining results, we did not detect 

Rxrg expression in these bipolar clusters, suggesting that Rxrg transcript levels may be 

below the detection threshold. Based on these data, we estimate that the MG to bipolar-

like cell conversion rate is around 40%, which is about twice as much as the 

reprogramming efficiency observed by immunostaining in vivo, suggesting that a greater 

percentage of cells adopt a bipolar/cone transcriptomic identity than what we observed 

by immunostaining. Of note, we did not find progenitor-like clusters in the Ikzf1/4 

condition, suggesting direct transdifferentiation of MG. 
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Figure 25: scRNA-seq identifies reprogrammed cells as bipolar-like cells 

A. Control UMAP (left) and Ikzf1/4 UMAP (right). Cell types were identified based on top 

marker expression (Clark et al., 2019). BP: Bipolar. B. Expression matrix of  bipolar 

subtypes (top label) markers (bottom label) and the cone marker Thrb for Ikzf1/4 bipolar 

(BP) clusters based on Shekhar et al. (Shekhar et al., 2016). Yellow denotes high 

expression and blue no expression. RBC: Rod bipolar cell. 
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To follow up on the idea that some Ikzf1/4 bipolar clusters might contain cells with both 

cone and bipolar transcriptional identity, we performed SCENIC analysis (Aibar et al., 

2017; Van de Sande et al., 2020), which identifies broad gene regulatory networks, or 

‘regulons’, active within different cell populations. We found that, in addition to bipolar 

regulons (Fig. 26B’’), cone regulons are active in Ikzf1/4 reprogrammed cell clusters 1-7 

(Fig. 26B’). Importantly, we found that the Rxrg regulon is active in Ikzf1/4 bipolar clusters 

(Fig. 26B’), consistent with our immunostaining data. Since we could not compare this 

population to endogenous bipolar cells, as they were not enriched in our control condition 

(Fig. 26A-A’’), we took advantage of a P14 retina scRNA-seq dataset previously published 

(Clark et al., 2019). As expected, bipolar cells from this dataset did not show activity of 

Thrb or Rxrg regulons, and showed low activity of other cone regulons (Fig. 26C’), 

supporting the interpretation that the Ikzf1/4 reprogrammed population represents a 

distinct cell type. We hence labelled these clusters as Bip/Co. Interestingly, we could not 

detect all MG regulons in our Ikzf1/4 dataset (Fig. 26B’’), suggesting that MG 

transcriptional programs are altered in this condition. Of note, the Rxrg regulon was not 

detected in both control datasets (Fig. 26A’, C’) potentially due to the low number of cones 

present and/or the low expression of Rxrg targets within this small population. Altogether, 

these data demonstrate that Ikzf1/4 expression in MG induces reprogramming to 

bipolar/cone cells. 
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Figure 26: Cone and bipolar regulons are active in Ikzf1/4 reprogrammed 
population 
A-C’’. SCENIC analysis of control (A-A’’), Ikzf1/4 (B-B’’), and (Clark et al., 2019) data of 

P14 retinas (C-C’’) for cone photoreceptor, bipolar and MG regulons. Left: UMAP for each 

dataset with bipolar (or Bip/co) clusters circled. Top regulons per cluster were found by 

calculating the regulon specificity scores for each cluster. Shown are the top 5 enriched 

regulons per cluster for the P14 dataset, and Rxrg and Thrb regulon to highlight cone 

regulons active in the Bip/Co population. Ikzf1/4 Bip/Co have active cone (B’) and bipolar 

(B’’) regulons, which are not detected or present in low levels in control bipolar datasets 

(A’’, C’’). Scales represent AUC values (black indicates no regulon activity; Yellow 

represents high regulon activity). 
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4. 7. Ikzf1/4 convert mouse embryonic fibroblasts into neurons  

To investigate whether Ikzf1 and Ikzf4 have general neuronal reprogramming capacities 

in non-neural cells, we asked if they were sufficient to convert MEFs to neurons, as 

previously reported for Ascl1 (Vierbuchen et al., 2010) (section 1.3.1.3). Using a 

doxycycline-inducible lentiviral expression system (Fig. 27A), we expressed Ikzf1/4, 

together with Brn2 and Myt1l (BM/Ikzf1/4), which are known to support neuronal 

differentiation (Mall et al., 2017; Vierbuchen et al., 2010; Wapinski et al., 2013), and used 

Brn2/Ascl1/Myt1l (BAM) as positive control, and Brn2/Myt1l (BM) as negative control. As 

expected, neurons were present in the BAM condition, but not in the BM control condition 

(Fig. 27B). Remarkably, we also found neurons when BM/Ikzf1/4 was expressed in MEFs. 

These neurons expressed Tau, and had clear neuronal morphologies (Fig. 27B). These 

data demonstrate that Ikzf1/4 can generate neurons from MEFs, and thus have broad 

neuronal reprogramming capacities. 

 

 

Figure 27: BM/Ikzf1/4 convert MEFs into neurons. 
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A. Schematic representation of the MEF reprogramming protocol described in sections 

2.9 and 2.10. Day 0 (D0) of reprogramming assay corresponds to the first day of 

doxycycline-induced (dox) expression of lentiviral vectors. B. Representative images of 

MEF cultures expressing BM, BAM, or BM/Ikzf1/4 at D14 of reprogramming assay 

immunostained for the neuronal marker Tau. Scale bars: 50µm. 

 

4. 8. Ikzf1/4 increase chromatin accessibility and activate a neuronal program in 

mouse embryonic fibroblasts 

To gain insights on the molecular mechanisms underlying Ikzf1/4 reprogramming 

function, we next carried out epigenetic and transcriptomic analyses on MEFs 48 hours 

after doxycycline-induced expression of Brn2 and Myt1l only (BM), as control, or together 

with Ikzf1/4 (BM/Ikzf1/4) (Fig. 27A). As classical reprogramming factors generally modify 

the chromatin landscape, we first investigated chromatin accessibility by ATAC-seq. We 

found that BM/Ikzf1/4 expression leads to a general increase in chromatin accessibility 

compared to the BM control condition, with open chromatin in clusters 2 and 4 forming 

about two thirds of all significantly altered peaks (Fig. 28A). Peak clusters 1 and 3 

represent closed chromatin in BM/Ikzf1/4 compared to BM, with cluster 1 peaks showing 

a partial reduction in signal, and cluster 3 peaks showing almost complete loss of signal 

(Fig. 28A). To identify genes associated with closed and opened chromatin regions, we 

focused our analysis +/- 2kb from transcription start sites (TSS). Interestingly, we found 

that many chromatin regions that become closed after expression of Ikzf1/4 are in the cis-

regulatory region of fibroblast genes, such as Tead2, Ednra, Ogn, Fibin and Matn4, which 

correspond to transmembrane transport gene ontology (GO) terms (Fig. 28B). In contrast, 

many chromatin regions that become opened after expression of Ikzf1/4 are associated 
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with neuronal genes, such as Gabra4, Gabrg1, Sox2, Neurod2, Pou4f1 and Lhx5, and 

are classified as general nervous system GO terms (Fig. 28C). Of note, numerous 

olfactory receptor genes were also associated with opened peaks. These data 

demonstrate that expression of Ikzf1/4 in MEFs promotes chromatin accessibility of 

neuronal genes while reducing accessibility of fibroblast genes.
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Figure 28: Ikzf1/4 increase chromatin accessibility and activate a neuronal gene 
expression program in MEFs  
A. ATAC signal aligned at peak center of all significantly (p<0.05) enriched or depleted 

ATAC peaks in BM/Ikzf1/4 (right) compared to BM (left). Clusters 1 and 3 show peaks 
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with decreased signal in BM/Ikzf1/4 (closing of chromatin), and clusters 2 and 4 show 

peaks with increased signal in BM/Ikzf1/4 (opening of chromatin). Top graphs show mean 

signal for each cluster. Scale represents peak coverage with no coverage in white and 

maximum coverage in dark blue. Columns represent replicates (Rep) per infection 

condition. B, C. Closed (B) or opened (C) chromatin regions located +/- 2kb from the 

transcription start site (TSS) represented as a table of GO term classification. Genes were 

classified using GREAT algorithm. Examples of genes associated with closed or opened 

chromatin regions are shown in red (B) and blue (C) boxed areas, respectively. TSS 

genomic tracks for Fibin and Matn4 (B) or Pou4f1 and Lhx5 (C) are shown in the bottom 

panels. D. Heatmap of log2 expression fold change and GO term classification of the 

most significantly upregulated and downregulated genes in MEFs 48 hours after BM (left) 

or BM/Ikzf1/4 (right) induced expression. Parameters used for scoring significant genes 

were Log2FC>0.25 and p-value<0.05. High expression is denoted by red whereas low 

expression is denoted by blue. Each replicate is represented as a column (n=3). 

Examples of downregulated fibroblast genes and upregulated neuronal genes in 

BM/Ikzf1/4 compared to BM are listed on the right side of the heatmap. GOrilla 

classification of GO terms are represented as a table on the right. 

 

We next assessed whether this change in chromatin architecture resulted in altered gene 

expression by RNA-seq. We found that expression of BM/Ikzf1/4, compared to BM, leads 

to significant upregulation of several neuronal genes like Neurog2, Pax6, Lhx5, Pou4f1, 

and some GABA and glutamate receptors (Fig. 28D), suggesting that both gabaergic and 

glutamatergic neurons are generated. Notably, Ikzf1/4 also upregulates expression of 

Sall3, Pou2f1 and Onecut2, three genes that were previously linked to cone 

photoreceptor development (de Melo et al., 2011; Javed et al., 2020; Sapkota et al., 

2014), as well as Lhx4 and Isl1, which are involved in bipolar cell specification (Dong et 

al., 2020; Elshatory et al., 2007). Ascl1 expression was not upregulated in the BM/Ikzf1/4 

condition, suggesting that Ikzf1/4 does not require Ascl1 expression to induce neuronal 
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reprogramming. Upregulated genes were associated with GO terms like cell-cell 

signaling, ion transmembrane transport, and chemical synaptic transmission (Fig. 28D). 

Conversely, we observed downregulation of several fibroblast genes like Matn4, Tead2, 

Nfatc4, and Fibin (Fig. 28D). These genes belong to GO terms associated with various 

metabolic processes (Fig. 28D). Of note, olfactory receptors that were found to have 

opened chromatin after Ikzf1/4 expression did not generally show an increase in transcript 

levels, suggesting they are not involved in reprogramming. Overall, approximately 17% 

of genes associated with BM/Ikzf1/4-enriched ATAC peaks show increased transcript 

levels, including the neuronal genes Sall3, Gabra4, Lhx5, Pou4f1, and Zic2 (Fig. 29). A 

similar percentage of genes associated with reduced ATAC peaks show decreased 

transcript levels, including MEF genes Ednra, Fibin, Matn4, and Tead2 (Fig. 29). 

Together, these results demonstrate that Ikzf1/4 quickly inhibit fibroblast and activate 

neuronal transcriptional programs in MEFs.  
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Figure 29: Correlation between BM/Ikzf1/4 ATAC and RNA-seq. 
A. Upset plot showing correlation between ATAC and RNA-seq hits for BM/Ikzf1/4 in 

MEFs. Y-axis represents intersection size as number of genes, and x-axis represents 

conditions (black dots indicating condition, with connected black dots indicating 

intersection). Set size represents the total number of genes associated with each 

condition. ATAC-seq opened and closed genes correspond to genes associated with 

peaks +/- 2kb from TSS. Blue highlights intersection of genes associated with opened 

BM/Ikzf1/4 peaks and BM/Ikzf1/4 upregulated transcripts. Red highlights intersection of 

genes associated with closed BM/Ikzf1/4 peaks and BM/Ikzf1/4 downregulated 

transcripts. B. Example of genes included in both intersections. Colors correspond to (A). 
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Chapter 5: Discussion 
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5. 1. Summary 

Work presented in this thesis has shown that simple manipulations of injury and growth 

factor treatment are not sufficient to induce robust neurogenic potential of mammalian 

Müller glia (Fig. 30A), highlighting the need for novel methods to achieve this. Taking 

inspiration from developmental processes, we postulated that temporal identity factors 

could mediate Müller glia reprogramming to neurons. We show that the early temporal 

identity factor Ikzf1, when co-expressed with its family member Ikzf4, is a potent 

reprogramming factor capable of converting retinal glia and MEFs, with Brn2 and Myt1l 

co-expression, to neuron-like cells (Fig. 30B).  

 

5. 1. 1. Contributions to knowledge 

Chapter 3 (Fig. 30A) makes a small, but important contribution to the field of retinal 

regeneration by demonstrating the low endogenous regenerative capacity of mouse 

Müller glia, effectively completing aim 1, and showcasing the importance of genetic 

lineage tracing. Work presented in Chapter 4 (Fig. 30B) contributes to the field of cellular 

reprogramming by identifying novel neuronal reprogramming factors, capable of 

generating neurons from Müller glia, thus fulfilling aim 2, and establishing a previously 

unappreciated relationship between temporal and cell identity reprogramming. This work 

also represents a first step to generate cone-like cells from Müller glia, which have never 

been produced from mouse Müller glia and are important targets for regenerative 

therapies in numerous retinal degenerative diseases. Altogether, Chapter 3 and 4, by 

identifying a temporal identity factor-mediated method to induce the generation of 

neurons from mammalian Müller glia, reach the main objective of this thesis. 
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Figure 30: Schematic summary of thesis results. 
A. Chapter 3. NMDA injury with EGF treatment (orange box) did not induce robust Müller 

glia neurogenic potential in vivo. Representation of a retina after treatment with fewer INL 

and GCL cells (nuclei) due to NMDA injury. Müller glia keep their identity. B. Chapter 4. 
Left: Ikzf1 and Ikzf4 co-expression (orange box) reprograms (arrow) Müller glia to neuron-

like cells ex vivo and in vivo. Right: Ikzf1, Ikzf4, Brn2 and Myt1l co-expression (orange 

box) reprograms MEFs to neurons in culture. ONL: Outer nuclear layer, INL: Inner nuclear 

layer, GCL: Ganglion cell layer, MG: Müller glia, MEF: Mouse embryonic fibroblast. 

 
 
5. 2. Discrepancies in Müller glia cell cycle re-entry and neurogenesis 

In contrast to what was previously reported (Suga et al., 2014), we did not find increased 

cell cycle re-entry of Müller glia in 129SvJ compared to C57BL/6J mice. In this prior study, 

increased proliferation in 129SvJ animals was observed after explanting the retina, 

leading mostly to photoreceptor death, whereas the NMDA injury performed in this thesis 

targeted RGCs and interneurons. This implies that differences exist in Müller glia cell 

cycle re-entry between mouse strains depending on injury types. 
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Our genetic lineage tracing of Müller glia after NMDA and EGF injections indicate that 

these manipulations are not sufficient to efficiently induce neurogenesis from Müller glia 

in the mammalian retina. This contrasts with the interpretation of previously published 

results (Karl et al., 2008). BrdU+ neurons observed in this latter study may have been 

dying cells or cells repairing their DNA, two processes which have been shown to induce 

BrdU incorporation (Kuan et al., 2004), and may not correspond to Müller-derived cells. 

 

Because our genetic lineage tracing method labels approximately 35% of Müller glia, cell 

cycle re-entry events may be underrepresented in our data. If we extrapolate our findings 

to all Müller glia, we conclude that a total of about 11-12 Müller glia per retina would re-

enter the cell cycle after injury and growth factor injection, still representing a minute 

population. This labelling limitation may also impact our ability to identify Müller glia-

derived neurons. Still, in 17 replicates, we have only observed evidence of one potential 

Müller glia-derived neuron. It seems unlikely that neurogenesis would have been entirely 

outside of the labelled cell population in 16 out of 17 replicates.  

 

Of note, differences between our manipulations and the ones previously published may 

account for some disparities in the results obtained. Karl et al. (2008) provided BrdU to 

animals both by intravitreal injections and IP injections, whereas we injected EdU 

intravitreally only. Although, in our hands, these methods seemingly gave comparable 

numbers of labelled cells, we cannot exclude the possibility that there were BrdU/EdU 

incorporation differences between administration techniques. Additionally, Karl et al. 

(2008) gave multiple injections of growth factors and BrdU to some animals after NMDA 
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injury, while we focused our analysis on single injections (also suggested to induce 

neurogenesis). 

 

That only a small subset of Müller glia re-enter the cell cycle after these manipulations 

suggests that these cells have varying susceptibility to proliferate. Although it is known 

that Müller glia show heterogeneous responses to injury within a single retina (Bringmann 

et al., 2009), subtypes of Müller glia were not found by scRNA-sequencing analyses 

(Clark et al., 2019), suggesting that, under normal conditions, these cells form a 

homogeneous population. What mediates divergent responses of Müller glia to injury and 

could account for variability in cell cycle re-entry remains to be determined.  

 

Overall, our results highlight the importance of performing lineage tracing with multiple 

techniques to confirm the source and presence of regeneration, and suggests that 

previous studies using BrdU/EdU to lineage trace Müller glia may have overestimated the 

number of neurons derived from these cells. Although genetic lineage tracing is generally 

more convincing than BrdU/EdU lineage tracing, even this technique has limitations and 

potential pitfalls as found with label transfer in retinal transplantation (section 1.3.2.3) 

(Boudreau-Pinsonneault and Cayouette, 2018). A combination of lineage tracing methods 

is hence optimal for regenerative studies whether in the CNS or other systems. 

 

5. 3. Reprogramming glia to neuron-like cells with Ikzf1/4 

During development Ikzf1 regulates the early temporal identity of retinal progenitors, 

providing them the competence to generate early-born RGCs, horizontal and amacrine 
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cells (section 1.2.1.2). Although cone photoreceptors are also early-born, they are not 

considered part of Ikzf1 competence. Knock-out of Ikzf1 during retinal development did 

not alter the number of cone photoreceptors, suggesting that it is not required for cone 

genesis (Elliott et al., 2008). Yet, whether Ikzf1 could induce cone photoreceptors remains 

somewhat unclear, since its overexpression was found to cause photoreceptor apoptosis 

(Elliott et al., 2008). This renders the detection of potential roles for Ikzf1 in photoreceptor 

genesis difficult. Still, this raises the possibility that Ikzf4, and not Ikzf1, is responsible for 

cone genesis in our reprogramming context. Of note, Ikzf1 toxicity may also explain why 

the number of Ikzf1/4 reprogrammed cone-like cells in vivo was found to decrease with 

time (section 4.3). Generating transient Ikzf1 expression, with a tetracycline inducible 

expression system for instance, could address this point.  

 

We were surprised to find that Ikzf1/4-reprogrammed cells were of a mixed cone and 

bipolar identity as revealed by scRNA-seq analyses. During retinal development, certain 

precursor cells have the potential of generating both bipolar cells and photoreceptors 

(Brzezinski and Reh, 2015). It is therefore possible that Ikzf1/4 reprogram Müller glia to 

this precursor state, but that factors that allow fate selection between photoreceptor or 

bipolar cells are missing, leading to the production of a mixed cell type. We failed to find 

reprogrammed cells positive for bipolar markers by immunofluorescence. This may stem 

from the low throughput of these analyses or from low translation levels of mRNA into 

detectable proteins.  
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Whether reprogrammed cells integrate retinal circuitry, are functional, and could improve 

vision in models of retinal degeneration remains to be addressed. As reprogrammed cells 

were not found to express mature cone markers by immunofluorescence analyses, it 

seems unlikely that they would be responsive to light. We have tried to induce the 

maturation of reprogrammed cells ex vivo and in vivo with various manipulations that were 

shown to promote photoreceptor maturation. These include treatments with taurine 

(Altshuler et al., 1993), retinoic acid (Kelley et al., 1994), Fgf8 (da Silva and Cepko, 2017), 

and/or Notch inhibition with DAPT (Kaufman et al., 2019). We also tested factors known 

to increase epigenetic plasticity and reprogramming efficiency, including NMDA injury 

(Ueki et al., 2015), and treatment with the histone deacetylase inhibitor TSA (Jorstad et 

al., 2017). Unfortunately, none of these manipulations were successful. Whether this was 

due to the factors tested being inefficient at inducing maturation, a suboptimal timing of 

administration, the continuous expression of Ikzf1/4, potentially maintaining 

reprogrammed cells in an immature state, or the limited number of cells available to 

analyze, which renders the detection of small, but potentially important effects difficult, is 

hard to conclude.  

 

The novel technique developed here, electroporation of conditional overexpression 

constructs (section 4.1), is optimal for screening different conditions of gene expression. 

However, it is limited in terms of the number of cells targeted: a small region of the retina 

is electroporated with the construct, of which a subset of transfected progenitors will give 

rise to Müller glia, which will express the transfected gene(s) of interest if CreER is 

efficiently activated, leading to about one fifth of transfected glia undergoing 
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reprogramming in vivo. This results in a small population of reprogrammed cells. As 

mentioned above, identifying factors which could enhance reprogramming efficiency or 

induce full cone photoreceptor differentiation of the reprogrammed cells is difficult 

because of this limited cell population available for analysis. Investigating the function of 

reprogrammed neuron-like cells with pan-retinal recordings or behavioral tests is also 

problematic, since broad visual changes are not expected from a small pool of de novo 

cells. Inducing expression of Ikzf1/4 in a larger population of Müller glia, resulting in a 

bigger population of reprogrammed cells, by generating a mouse line to conditionally 

express Ikzf1/4 or with AAV vectors, would circumvent this limitation and be optimal to 

address these points. Such wider targeting of Müller glia would additionally provide a 

larger population of cells to investigate mechanisms underlying Ikzf1/4-mediated 

reprogramming with transcriptomic and epigenetic approaches. 

 

5. 4. Eliciting the reprogramming potential of temporal identity factors  

It was previously shown that, in Drosophila, hb and kr cannot reprogram late-born 

neurons, or progenitors past the tenth division, to earlier fates (Cleary and Doe, 2006; 

Pearson and Doe, 2003), probably due to chromatin remodeling that renders older cells 

unresponsive to temporal identity factor expression (Kohwi et al., 2013). Similarly, we 

show that Ikzf1 cannot reprogram mammalian glia to neurons when expressed on its own. 

However, we find that co-expression with Ikzf4 elicits a reprogramming response in the 

retina, converting Müller glia to Bip/Co cells. Ikzf1 and Ikzf4 are known to physically 

interact (Honma et al., 1999), and this interaction may potentiate Ikzf1 reprogramming 

ability in Müller cells. As Ikzf4 is also expressed in the developing retina, these results 
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raise the possibility that it might cooperate with Ikzf1 to control early temporal identity of 

retinal progenitor cells, potentially for cone photoreceptor genesis.  

 

We also screened several other factors for glia to neuron conversion, including other 

temporal identity factors like Casz1v2 and Pou2f1, but did not observe reprogramming. It 

is possible that appropriate potentiating factors were missing, limiting our ability to detect 

the reprogramming potential of these factors. It will be interesting to extend the screen to 

identify co-factors, as this might help induce Müller glia reprogramming into several other 

cell types. Identifying such potentiating factors could provide a robust method for temporal 

identity factor-mediated regeneration of diverse cell types. 

 

Interestingly, Fezf2, a transcription factor regulating cortical progenitor output, was shown 

to reprogram late-born neurons to an early-born neuronal cell type (De la Rossa et al., 

2013; Rouaux and Arlotta, 2013). Although Fezf2 reprogramming was limited to young 

neurons and consisted of changing neuronal subtype rather than cell identity, the ability 

of this transcription factor to alter the identity of differentiated cells parallels our work. Still, 

it remains to be determined whether cell identity reprogramming can be achieved by other 

temporal factors.  

 

Another type of temporal reprogramming has recently been identified for regenerative 

purposes: Expressing Oct4, Sox2, and Klf4 in old or injured RGCs restores their youthful 

epigenetic landscape conferring them the capacity to regenerate their axons and leading 

to visual improvements (Lu et al., 2020). These three factors can hence act both as cell 
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type reprogramming, when expressed in somatic cells in culture (Takahashi and 

Yamanaka, 2006) (section 1.3.1.3), and competence reprogramming factors (Lu et al., 

2020), similarly as Ikzf1. This supports the notion that cell identity and temporal 

competence are closely related. It will be interesting to investigate how the environment 

in which these reprogramming factors are expressed modulates their activity to induce 

cell identity or competence reprogramming effects.  

 

5. 5. Ikzf1/4 have classic reprogramming properties 

Ikzf1/4 expression in MEFs leads to widespread chromatin reorganization, as observed 

with most classical reprogramming factors studied to date (Dall'Agnese et al., 2019; 

Koche et al., 2011; Wapinski et al., 2017; Wapinski et al., 2013). Reprogramming factors 

usually have pioneer activity, binding and opening chromatin regions that are normally 

not accessible to transcription factors (Iwafuchi-Doi and Zaret, 2016). While it remains 

unclear whether Ikzf1/4 function as pioneer factors, the widespread changes in chromatin 

accessibility observed 48 hours after their expression in MEFs is consistent with this 

possibility. In such context, Ikzf1 might play a critical role, as it is known to interact with 

the chromatin remodeling complexes Mi-2/NuRD and SWI/SNF (Kim et al., 1999; O’Neill 

et al., 2000). Mattar et al. (2021) recently reported that the late temporal identity factor 

Casz1 also interacts with the NuRD complex and requires polycomb activity to control the 

neurogenesis to gliogenesis transition in retinal progenitors, suggesting that altering 

chromatin state is a common theme for vertebrate temporal factors. Conversely, in 

Drosophila, spatial patterning factors, rather than temporal factors, alter chromatin 

accessibility, suggesting that temporal factors use different mechanisms to alter 
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progenitor competence in vertebrates and invertebrates (section 1.2.1.2). The chromatin-

modifying ability of vertebrate temporal identity factors might explain why Ikzf1/4 can elicit 

neuronal reprogramming, whereas hb and kr cannot.  

 

Importantly, our data indicate that Ikzf1/4 expression not only alters chromatin 

accessibility, but that this quickly translates into activation of a neuronal transcriptional 

program and repression of fibroblast gene expression. Whether Ikzf1 and Ikzf4 co-

expression is required for MEF to neuron conversion, as observed for Müller glia to 

neuron conversion, remains to be addressed. Single expression of these factors, with or 

without Brn2 and Myt1l, will provide a clearer picture of their individual roles in 

reprogramming and allow for deeper investigation of underlying mechanisms. 

 

Ikaros family members, including Ikzf1 and Ikzf4, are well known for their implication in 

the hematopoiesis system (Heizmann et al., 2017; John and Ward, 2011). Accordingly, 

we found that some upregulated genes in MEFs are associated with two neutrophil 

differentiation GO terms. Still, most upregulated genes were found to be associated with 

neuronal and not hematopoiesis processes. It is possible that Brn2 and Myt1l direct 

Ikzf1/4 towards neuronal rather than hematopoiesis targets. Indeed, Myt1l has been 

shown to suppress non-neuronal gene expression (Mall et al., 2017). Interestingly, we 

also find that Ikzf1/4 control chromatin conformation at olfactory receptor loci. Although 

this did not result in altered expression of olfactory receptor genes in MEFs, it suggests 

that Ikzf1/4 could be involved in olfactory neuron specification by regulating chromatin 

accessibility of olfactory receptor promoters. Ikzf1 binding sites were previously identified 
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at promoter regions of olfactory receptors (Lane et al., 2001; Plessy et al., 2012), but its 

role in olfactory neurons is unknown.  

 

Similar reprogramming properties to Ikzf1/4 were identified for Onecut factors in MEFs 

(van der Raadt et al., 2019). We observed rapid upregulation of Onecut2 in MEFs 48 

hours after Ikzf1/4 expression, suggesting that these factors might act through a common 

program. In contrast, we find that Ikzf1/4 expression does not upregulate Ascl1 in MEFs, 

supporting an Ascl1-independent reprogramming mechanism.  

 

5. 6. Implications for temporal identity factor-mediated reprogramming in the CNS 

Temporal identity factor-mediated neuronal reprogramming is a potentially broadly 

applicable technique. As Ikzf1 also regulates early temporal identity in cortical progenitors 

(Alsio et al., 2013), it is tempting to speculate that it might also act as a reprogramming 

factor in the cortex. Our findings indicate that Ikzf1 can reprogram both MEFs and glia to 

neurons, when co-expressed with appropriate potentiating factors. This argues against a 

cell-specific predisposition to reprogramming by Ikzf1. Still, it should be noted that Müller 

glia have a similar transcriptome to late retinal progenitors (Blackshaw et al., 2004; 

Jadhav et al., 2009; Roesch et al., 2008), which may render them more prone to temporal 

factor-mediated reprogramming than other cell types. Reactive astrocytes also show 

some progenitor-like properties and gene expression profile (Gotz et al., 2015), 

suggesting they could similarly be susceptible to reprogramming with temporal identity 

factors. 
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Regenerative responses elicited in the mammalian CNS to date are still far from reaching 

the regenerative levels of lower vertebrates. Inducing glia to adopt progenitor-like states, 

thus conferring them the capacity to generate all types of neurons present in a tissue, 

remains a major challenge. We had proposed that temporal identity factors would confer 

glia broad neurogenic potential. Although Ikzf1/4 reprogram glia to an early-born 

neuronal-like cell type, which aligns with our initial hypothesis (section 1.6), whether this 

is due to a temporal reprogramming of glia, through a progenitor-like state, or to a direct 

cell type conversion is unknown at this time. Still, the identification of novel neuronal 

reprogramming factors consists of an important breakthrough. Additionally, that these 

factors are capable of generating cells with cone properties for the first time from retinal 

glia, does suggest that they confer glia some neurogenic potential that had not been 

achieved previously. We hope that work presented in this thesis will serve as a building 

block for investigations of the reprogramming potential of temporal identity factors and 

contribute to the advancement of CNS regenerative approaches.  

 

5. 7. Future perspectives 

Numerous avenues of research could be undertaken in order to enhance Ikzf1/4 

reprogramming, and further investigate the reprogramming potential of temporal factors. 

 

5. 7. 1. Identifying mechanisms underlying Ikzf1/4-mediated Müller glia reprogramming 

As mentioned previously (section 5.6), whether Ikzf1/4-mediated glia reprogramming 

induces an intermediate progenitor-like state remains to be addressed. Generating a 

method to express Ikzf1/4 in a larger pool of Müller glia (discussed in section 5.3) would 
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render the investigation of the underlying mechanism of these transcription factors 

feasible. To achieve this, we could perform a time course analysis of transcriptomic and 

epigenetic changes occurring during glia reprogramming, for instance at 48 hours, one 

week, and two weeks post-expression of Ikzf1/4. Investigating intermediate stages of glia 

reprogramming would allow us to generate a comprehensive trajectory of their 

reprogramming, and to identify key players in this reprogramming process. These data 

could also be compared to transcriptomic changes induced by Ikzf1 expression in late 

retinal progenitors (unpublished data of the laboratory), which results in temporal 

reprogramming (section 1.2.1.2), as well as to MEF transcriptomic and epigenetic data 

described in this thesis (section 4.8). Such analysis, by identifying shared effectors of 

competence and identity reprogramming in progenitors and differentiated cells, should 

help uncover wide-ranging regulators of cell state and neurogenic competence. 

 

5. 7. 2. Inducing cone-like cell maturation 

A major challenge to obtain functional regeneration from Müller-derived neuron-like cells 

remains their full differentiation and maturation in cone photoreceptors. Although we have 

tested several factors to achieve this (section 5.3), none were successful. Other 

manipulations are thus required to induce cone-like cell maturation. Since these Ikzf1/4 

reprogrammed cells express high levels of Rxrg, one possibility would be to increase or 

transiently block Rxrg activity with agonists or antagonists, respectively. During retinal 

development, Rxrg is implicated in the induction of cone opsin expression, with 

maintained expression promoting m-opsin cones and transient reduction in expression 
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generating s-opsin cones (Roberts et al., 2005). Increasing or blocking Rxrg activity with 

drugs may hence induce opsin expression in Müller-derived cone-like cells.  

 

The addition of transcription factors, along Ikzf1/4, that are important in normal cone 

photoreceptor specification and maturation could also induce reprogrammed hybrid cells 

to adopt a cone identity. For instance, expression of the key photoreceptor differentiation 

factors Crx and Otx2 (Chen et al., 1997; Furukawa et al., 1997; Nishida et al., 2003) and 

cone differentiation factor Sall3 (de Melo et al., 2011) may allow for a more complete 

cone-like cell specification from Ikzf1/4 expression. Knock-down of bipolar differentiation 

genes, as Chx10 (Livne-Bar et al., 2006), could also direct Müller-derived Bip/Co cells 

towards a cone identity. More in depth analysis of the Müller glia Ikzf1/4 reprogramming 

trajectory (section 5.7.1) may also provide other targets to improve this regenerative 

process. 

 

5. 7. 3. Generating other cell types from Müller glia with temporal identity factors 

Different co-factors may be required to broadly elicit the regenerative potential of temporal 

identity factors. Retinal cells affected by most degenerative diseases, including rod 

photoreceptors and RGCs (section 1.2.3), would be important to generate for eventual 

regenerative therapies. The late temporal identity factor Casz1 strongly promotes rod 

photoreceptor fate during development (Mattar et al., 2015), raising the possibility that co-

expression of rod differentiation factors may be necessary to unravel Casz1 

reprogramming ability. In this way, co-expression of Casz1 with the photoreceptor 

differentiation factors Otx2, Crx, and/or Nrl (Chen et al., 1997; Furukawa et al., 1997; 
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Mears et al., 2001; Nishida et al., 2003) in Müller glia may elicit a regenerative response 

to produce rod photoreceptors. 

 

Other co-factors may also allow Ikzf1 reprogramming towards different early-born cell 

types, such as RGCs, horizontal cells, or amacrine cells, which are ectopically produced 

by late retinal progenitors upon expression of Ikzf1 (Elliott et al., 2008). In particular, co-

expression of Ikzf1 with factors implicated in RGC differentiation during retinal 

development, as Brn3b, Atoh7, and Isl1 (Brown et al., 2001; Gan et al., 1996; Pan et al., 

2008), may reprogram Müller glia to RGC-like cells. These different conditions for rod and 

RGC production from Müller glia could be easily tested with the assay developed in 

chapter 4.  

 

5. 7. 4. Investigating the scope of temporal identity factor-mediated reprogramming 

A major question remaining is whether broad reprogramming capacities are inherent to 

all vertebrate temporal identity factors. It will be important to test this by expressing 

temporal identity factors in MEFs, along Brn2 and Myt1l, as done in section 4.7 for Ikzf1/4, 

and examining the generation of neurons. This could be performed for Pou2f1, Foxn4, 

and Casz1. These experiments, along with the one described in the previous section for 

Casz1, would establish whether broad neuronal reprogramming properties are common 

for vertebrate temporal identity factors or limited to Ikzf1.  

 

To further investigate the reprogramming potential of Ikzf1/4, we could test whether these 

factors can reprogram retinal cells, other than Müller glia, to bipolar/cone-like cells. For 
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instance, expressing Ikzf1/4 in mature rod photoreceptors to convert them in cone-like 

cells, similarly as described for potential therapies in section 1.3.1.3. An approach to 

target rods with electroporations, as described for Müller glia in chapter 4, could be 

developed by replacing the Müller specific Glast-CreER line with another line expressing 

CreER in rods instead. Alternatively, adeno-associated viral vectors with a rod-specific 

promoter could be used to transfect and express Ikzf1/4 in rods, while still genetically 

lineage tracing these cells. This experiment would provide another therapeutic avenue 

for retinal degenerative diseases. It would additionally address whether Ikzf1/4 

reprogramming of Müller glia is made possible due to their transcriptomic resemblances 

with progenitors cells (sections 1.5 and 5.6), or whether Ikzf1/4 are capable of 

reprogramming varied mature retinal cells independent of their similarity to a progenitor 

identity. 

 

5. 7. 5. Exploring temporal identity factor reprogramming in other CNS areas 

Finally, it will be important to investigate whether Ikzf1 could reprogram other CNS glia to 

neurons. As described in section 5.6, astrocytes would be appealing targets for 

reprogramming. Cortex and spinal cord astrocytes could be transfected with Ikzf1 and 

Ikzf1/4 with adeno-associated viral or lentiviral vectors, as done previously (Liu et al., 

2015; Niu et al., 2013; Su et al., 2014), while lineage tracing of these cells could be 

achieved with the same Glast-CreER;R26R-EYFP line as used in this thesis. If 

successful, this reprogramming method could be performed in cortical and spinal cord 

injury models to investigate astrocyte reprogramming in degenerated environments, and 

potential rescue of tissue integrity and function by the astrocyte-derived neurons. 
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5. 8. Conclusion 

Stimulation of endogenous regeneration in the CNS is a promising therapeutic approach 

to restore tissue integrity after neurodegeneration. The identification of factors which 

could reprogram resident cells to a desired identity is required to achieve this. Work 

presented in this thesis has demonstrated that the early temporal identity factor Ikzf1, 

when co-expressed with its family member Ikzf4, can reprogram retinal glia to neuron-like 

cells. This work identifies a novel method for neuronal reprogramming with potential 

implications for nervous system regeneration.!  
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