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Abstract 
 

Endogenous Induced Cell Fate Change of the Müller Glia  
in Different Models of Retinal Degeneration 

 
by  
 

Jonathan Jui 
 

Doctor of Philosophy in Neuroscience 
 

University of California, Berkeley 
 

Professor John G. Flannery, Chair 
 
 
 

Retinal degeneration are blinding eye diseases that impact millions of lives around 
the world. Age-related macular degeneration alone is predicted to affect over 250 million 
people around 2040 as the population ages. The most prevalent form of inherited retinal 
degeneration, retinitis pigmentosa, has been found to have more than 200 different 
causative mutations, showing that treatments for retinal degeneration may not have a 
one-size-fit-all solution and require different approaches and concerted efforts from 
scientists around the world.  

 
Gene therapy is an emerging and effective treatment option in restoring the vision 

and the quality of life of a subset of retinal degenerative patients. However, the success 
of gene therapy faces the limitations of low vector transduction efficiency, low vector 
carrying capacity, and immutable disease progression. Stem cell therapies face similar 
problems of immunogenicity and low cell integration efficiency. We show here that, 
through a combination of these two treatment modalities, endogenous regeneration 
through the genetic reprogramming of glia may be another effective and more broadly 
applicable approach in treating retinal degeneration. 

 
Müller cells, the primary glia of the retina, have been demonstrated to possess 

neuroprotective as well as retinal progenitor cell-like regenerative properties in cases of 
retinal damage in zebrafish. The helix-loop-helix transcription factor Ascl1 is a key factor 
in determining neuronal cell fate in the nervous system, and it has also been shown to 
be capable of transdifferentiating astrocytes as well as Müller glia into neurons in vitro. 
The Let7 siRNA regulator Lin28 likewise seems to influence the zebrafish Müller glia 
cell fate through an Ascl1-dependent manner. While damage-dependent regeneration of 
the retina in zebrafish relies on the expression of Ascl1 and Lin28, no large scale 
proliferation and differentiation of the Müller glia have been observed in the mammalian 
retina, and as such, the role of Ascl1 and Lin28 in determining the mammalian Müller 
glia cell fate is currently unknown.  
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In chapter 2, we demonstrate that Müller glia in zebrafish and mice are capable of 
proliferation and fate change in vivo through the approach of forced expression of both 
Ascl1 and Lin28. Lin28 enhances the Ascl1-dependent proliferation of the Müller glia in 
zebrafish and mice when retinal damage is induced via NMDA. Notch suppression 
increases this proliferation in zebrafish further, but curiously not in mice. In chapter 3 we 
look at the different conditions involved in this Ascl1/Lin28 dependent proliferation 
through the exploration of different retinal damage models such as cobalt chloride 
induced hypoxic response and UV light induced photoreceptor apoptosis. We also 
attempt to induce Müller glia proliferation in retinal degenerative mouse models. 
Interestingly, while we find some success in inducing Müller glia proliferation in the 
retinal damage models, we find that genetic mouse models of retinal degeneration do 
not seem to respond to Ascl1 and Lin28 manipulation. 
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Chapter 1: Introduction 
 
 
 
 
 
 
 
 
 
 
 
The Retina 
 
 The retina is a highly organized nervous tissue with very well delineated structure 
and connectivity. Composed of six distinct neuronal cell types and one glia, it is made of 
three cell body layers and two connective plexiform layers. During phototransduction, 
the light enters the pupil and passes through the vitreous humor to reach the retina at 
the very back of the eye. The light then traverses through the various layers of the retina 
to reach the photoreceptors. In order, the various layers are: the ganglion cell layer 
(GCL), the inner plexiform layer (IPL), the inner nuclear layer (INL), the outer plexiform 
layer (OPL), the outer nuclear layer (ONL), and finally the outer segments of the 
photoreceptors. The outer segments are nurtured and supported by the retinal pigment 
epithelium (RPE) and are responsible for the initiation of phototransduction (Fig. 1.1). A 
light-dependent depolarizing signal is transferred from the outer segments to the cell 
bodies of the photoreceptors in the ONL, and the photoreceptors pass this signal to the 
bipolar cells and the horizontal cells of the INL. The bipolar cells, in response, transfer 
this signal to the ganglion cells with modulation from the amacrine cells. Ultimately, this 
causes the ganglion cells to send action potentials to V1, the primary visual center of 
the cerebral cortex (Rodieck, 1973). 
  
 Throughout the development of the vertebrate retina, the formation of the 
different cell types follows a distinctly conserved pattern. For prenatal development, the 
retinal progenitors first give rise to a population of ganglion cells, which is then followed 
by horizontal cells, cone cells, and amacrine cells. Postnatal development sees a 
second wave of differentiation leading to the rise of rod cells, bipolar cells, and finally 
the Müller glia (MG) cells (Kageyama, 2003). Throughout this process, unique patterns 
of transcription factor expression determine the final cell fate, creating a constantly 
changing pool of heterogeneous progenitor cells (Kageyama, 2001). Retinal 
development involves a complex sequence of transcription factor and signaling factor 
expression changes, but within this complexity lies the crucial clues to our goal in 
combating and reversing the damages caused by retinal degeneration. 
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Figure 1.1 The Retina 
The retina is situated at the very back of the eye. It is organized into distinct layers with distinct 
populations of cells. OS: Outer Segment, ONL: Outer Nuclear Layer, OPL: Outer Plexiform Layer, INL: 
Inner Nuclear Layer, IPL: Inner Plexiform Layer, GCL: Ganglion Cell Layer, HC: Horizontal Cell, MG: 
Müller Glia, BP: Bipolar Cell, AC: Amacrine Cell, GC: Ganglion Cell 
 
Retinal Degeneration 
 

Retinal degeneration (RD) are blinding eye diseases that involve retinal cell death. It 
is estimated that more than 250 million people in the world will be affected by age-
related macular degeneration (AMD) alone by 2040 (Wong, 2014). The most common 
form of inherited RD, retinitis pigmentosa (RP) currently affects roughly 1 in 2500 to 
7000 people in the U.S (Parmeggiani, 2011). While the severity of RD varies 
considerably and is entirely dependent on the patient and disease, RD, in general, leads 
to difficulty in completing everyday tasks and decreases the quality of life of the patients 
considerably. Even though in recent years, dozens of genes and hundreds of mutations 
associated with inherited RP have been identified and studied, effective treatments 
have not yet been forthcoming (Sullivan, 2007). The disease burden associated with RD 
will only increase as the population ages around the world.  

 
Retinitis pigmentosa, as a major inherited form of RD, result from mutations in 

critical phototransduction genes. AMD, on the other hand, involves the association of a 
multitude of factors. While all retinal cell types are potentially affected, both types of RD 
ultimately leads to the death of the ganglion cells, photoreceptors, or RPE (Miller, 
2008)(Juan, 1997). The preservation and restoration of vision, then, depends heavily 
upon the preservation and restoration of photoreceptors, ganglion cells, and RPE. 
However, currently available treatment for RD is limited in scope and efficacy. Most 
involve targeted correction of inherited mutations through gene therapy, and the effect 
of permanent cell lost isn’t addressed. Even clinical stem cell studies that aim to restore 
lost cells currently only involve the transplantation of RPE, with the transplantation of 
retinal neurons still being in the animal testing stage (Bainbridge, 2018). Merely halting 
disease progression requires herculean efforts, and most treatments that strive to 
restore vision are still many steps away from being applicable to humans. 
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Figure 1.2 Examples of Vision Under Retinal Degeneration 
For patients living with retinal degeneration, normal vision (left) gradually loses its periphery in retinitis 
pigmentosa (center) as the peripheral cones die off. In macular degeneration, patients lose central vision 
(right) and much of their visual acuity. 

 
Gene Therapy 
 

Pharmacological agents have found limited success in treating RD through the 
inhibition of external apoptotic factors. Anti-angiogenin antibodies are effective in 
treating wet AMD and diabetic retinopathy (DR) through preventing blood-induced 
damage of photoreceptors (Kim, 2006). Anti-apoptotic and protective agents such as X-
Linked Inhibitor of Apoptosis (XIAP) and Rod-Derived Cone Viability Factor (RDCVF) 
are potentially viable options for a broader range of patients (Flannery, 2014)(Tsilfidis, 
2003). The advent of gene therapy treatments, however, has brought forth a solution 
that aims at the root cause of RD. In gene therapy, viral vectors carrying functional 
genes could be readily tailored for each patient to correct the disease-causing mutation 
(Maguire, 1996). As a prime example, clinical trials for the treatment of Leber 
Congenital Amaurosis 2, which involve Adeno-Associated Viral (AAV) gene delivery of 
the RPE65 gene to patients lacking functional RPE65 proteins, have demonstrated 
substantial restoration of vision in patients (Auricchio, 2009). Furthermore, with the 
development of CRISPR, the option of gene editing instead of gene replacement has 
been made possible (Bumcrot, 2015). 

 
Nevertheless, photoreceptor and ganglion cell loss are an irreversible process, and 

due to the restrictive amount of genetic material that can be safely and efficiently 
delivered into retinal cells, many retinal diseases with mutations in large size genes fall 
outside the scope of gene therapy treatments (Frizzell, 2008). Viruses that possess 
larger carrying capacities such as lentivirus are known to either integrate into the 
genome, potentially causing undesired mutations in the host, or are potentially 
pathogenic (Naldini, 2001). Gene therapy possesses great potential, but limitations in 
current technology must be addressed for the mainstream application of these 
treatments. 

 
Exogenous Cell Replacement Therapy 
 

A distinct and complementary approach to rescue vision is the in vivo delivery of 
functional retinal cells. These cells could potentially be derived from embryonic stem 
cells (ESC) or induced pluripotent stem cells (iPSC). With the relatively simple 
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expression of a few transcription factors, various mature cell types of the body could be 
transformed into pluripotent progenitors, creating a seemingly unlimited source of cells 
for transplantation (Yamanaka, 2006). Using photoreceptors derived from iPSCs to 
replenish the degenerating retina could potentially lead to significant therapeutic benefit 
through the restoration of function, as has been seen in mice (Reh, 2008). Stem-cell 
derived photoreceptor cells have been successfully cultured, showing that neurons of 
the retina could possibly be replenished (Reubinoff, 2009). Success in animal trials had 
led to the current clinical trials involving iPSC-derived RPE transplantation (Lanza, 
2012). However, while the derivation of retinal cells is possible, the maintenance, 
purification, and transplantation aspects of cell replacement therapy faces many hurtles 
especially in the case of neuron transplantation. In vivo cell replacement therapies raise 
concerns with the tumorigenic potential of contaminating, undifferentiated pluripotent 
stem cells, limited cell integration efficiency, and immunogenicity challenges (Martin, 
2011). 

 
The Potential of the Müller glia 
 

An alternative path for cell replacement therapy is in situ regeneration, which 
harnesses endogenous cells for tissue repair. Non-mammalian vertebrates possess an 
innate ability to regenerate the retina in cases of damage. Zebrafish and chickens have 
been extensively studied for this process (Reh, 2010). Central to this regeneration is the 
glia cell of the retina, the Müller glia (MG). The MG is the structural, synaptic, and 
nutritional maintenance cell of the retina. It is a radial glia that spans the entire thickness 
of the retina and envelopes most of the synaptic connections. Different water, ion, and 
neurotransmitter reuptake channels and exchange pumps in the MG maintain not only 
the osmotic balance of the retina but also the voltage and neurotransmitter equilibriums 
(Reichenbach, 1996). As the only glia originating from the retinal tissue during 
development, the MG takes on many jobs and is an essential part of a healthy retina.  

 
In the damaged teleost fish retina, DNA epigenetic and gene expression changes 

induce MG dedifferentiation through the expression of a variety of signal transduction 
cascades. Notch, MAPK, PI3K, Jak/Stat, and GSK3β/β-catenin, have all been 
implicated in the establishment of this injury-induced MG response (Goldman, 2011). 
These dedifferentiated MG derived progenitors migrate to the various retinal layers and 
then differentiate into the appropriate types of retinal neurons (Goldman, 2014). This 
process, however, is severely limited in the mammalian retina, as the activation of the 
MG brought about by damage only introduces very limited gene expression changes or 
in the extreme cases, limited proliferation in rat retinas (Takahashi, 2004). The reason 
for this limitation is not well understood. Mammalian retinas cease growth after 
maturation while zebrafish retinas experience continuous growth. Presumably 
evolutionary pressures reduced the amount of aberrant cell proliferation to prevent 
tumorigenesis. However, as noted previously, retinal development and MG maturation 
is a well conserved process across many vertebrate species (Kageyama, 2003). 
Furthermore, the vertebrate MG shares structural and expression similarities with early 
retinal progenitor cells such as the expression of stem cell markers Sox2 and Nestin 
(Reh, 2003). 
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Previous work has already established that, in vitro, with the deprivation of 
mitogens and the supplementation of Notch inhibitors, both mouse and human cultured 
MGs can adopt neuronal expression profiles that overlap with those of photoreceptors 
(Broccoli, 2010). However, cultured MG differ in expression pattern and morphology 
when compared to MG in vivo (Khaw, 2002). Since, in vivo, MG maintains tight contact 
with every cell in the retina, it follows that cultured, dissociated, MG experiences an 
extreme case of activation beyond that of damaged or degenerated retinas. 
Nevertheless, the conserved developmental process, the expression of progenitor 
markers, and the ability to proliferate and differentiate in vitro all point to the potential of 
mammalian MG to be a source of lost retinal cells. There may exist a certain set of 
conditions that would enable mammalian MG to proliferate and enable endogenous 
regeneration. 

 
Ascl1 and Lin28’s Role in the MG Regenerative Response 

A variety of transcription factors are responsible for determining the various cell 
fates in the retina, and a complex cascade of signals are involved in the zebrafish retina 
repairing process. However, a simple helix-loop-helix transcription factor Ascl1 has 
been found to be a key player in both processes (Wallace, 2012)(Goldman, 2011). 
Ascl1 is a general proneuronal transcription factor that plays important roles in 
determining early neuronal cell fate in the central nervous system. Not only do Ascl1-
expressing progenitors follow a neuronal lineage as opposed to a glial one, the 
overexpression of Ascl1 in glioblastoma progenitors push the tumor cells toward a 
terminal neuronal fate (Dirks, 2017). Previous work suggests that in vivo transgenic 
expression of Ascl1 can even push mouse MG back into the cell cycle temporarily. In 
the injured juvenile Ascl1-expressing mouse retina, limited MG proliferation has been 
observed through BrdU lineage tracing, and the colocalization of BrdU expressing MG 
with retinal neuron markers has also been observed (Reh, 2013). 

As a key player in neurogenesis, Ascl1 seems to be able to reprogram MG to 
proliferate and adopt neuronal characteristics in vivo. However, this process appears to 
be limited, and the resulting MG-induced neurons lean towards the bipolar and 
amacrine cell fates. Most importantly, the resulting daughter cells typically do not 
survive (Reh, 2013). While Ascl1 may be sufficient for mammalian MG proliferation and 
fate change, the inefficiencies with this process points to other factors that may be 
needed to fully untap the regenerative potential of the MG. Further research has 
identified Lin28 as a possible complement to Ascl1-induced MG dedifferentiation. Lin28 
is a Let7-binding inhibitor, and Let7 is a microRNA precursor whose family of miRNAs 
are thought to be associated with terminal differentiation and tumor suppression 
(Gregory, 2008). Lin28, with Nanog, has even been used in iPSC formation by replacing 
Klf4 and c-Myc (Rao, 2013). As a general dedifferentiation factor, its expression is 
highly elevated after zebrafish retinal damage, and is thought to be a part of the 
zebrafish retinal injury response. In fact, Lin28 expression has been found to be 
dependent upon Ascl1 expression. The opposing action between Let7 and Lin28 
resembles that of embryonic stem cell differentiation versus proliferation (Goldman, 
2010). 
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Figure 1.3 The Complexity of the MG 
Response 
(Goldman, 2014) An illustration of the 
complex signals involved in zebrafish MG 
quiescence vs dedifferentiation. Note the 
interplay between Let7 and Lin28 which is 
under the control of Ascl1 expression. 

 
 
 
 
 
 
 
 
 
 

In chapter 2, we will show that Ascl1 and Lin28 act in a synergistic manner in 
zebrafish to reprogram MG towards a proliferative state. Furthermore, this effect is also 
seen in mice in both cases of damaged and undamaged mature retina. This synergistic 
effect is then further enhanced by the suppression of Notch in zebrafish but not in mice. 
In chapter 3, we will take this further by exploring the effect of Ascl1 and Lin28 
overexpression in photoreceptor ablation models. Afterwards, we will also investigate 
the effect of Ascl1 and Lin28 in mouse models of retinal degeneration. We find that 
while photoreceptor ablation lead to MG proliferation that is enhanced by Ascl1 and 
Lin28 expression, we are unable to elicit a MG response in naturally degenerating 
mouse models even with Ascl1 and Lin28. Ultimately the mammalian MG proliferation 
response may be dependent upon the genetic background of the animal and the extend 
of retinal damage suffered. 
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2246-2261. 
 

2.1 Summary 

Müller glial (MG) cells in the zebrafish retina respond to injury by acquiring retinal stem-
cell characteristics. Thousands of gene expression changes are associated with this 
event. Key among these changes is the induction of Ascl1a and Lin28a, two 
reprogramming factors whose expression is necessary for retina regeneration. Whether 
these factors are sufficient to drive MG proliferation and subsequent neuronal-fate 
specification remains unknown. To test this, we conditionally expressed Ascl1a and 
Lin28a in the uninjured retina of male and female fish. We found that together, their 
forced expression only stimulates sparse MG proliferation. However, in combination 
with Notch signaling inhibition, widespread MG proliferation and neuron regeneration 
ensued. Remarkably, Ascl1 and Lin28a expression in the retina of male and female 
mice also stimulated sparse MG proliferation, although this was not enhanced when 
combined with inhibitors of Notch signaling. Lineage tracing in both fish and mice 
suggested that the proliferating MG generated multipotent progenitors; however, this 
process was much more efficient in fish than mice. Overall, our studies suggest that the 
overexpression of Ascl1a and Lin28a in zebrafish, in combination with inhibition of 
Notch signaling, can phenocopy the effects of retinal injury in Müller glia. Interestingly, 
Ascl1 and Lin28a seem to have similar effects in fish and mice, whereas Notch 
signaling may differ. Understanding the different consequences of Notch signaling 
inhibition in fish and mice, may suggest additional strategies for enhancing retina 
regeneration in mammals. 

2.2 Introduction 

Blinding eye diseases, like glaucoma and macular degeneration result from the death of 
retinal ganglion cells and photoreceptors. Neural regeneration has the potential to 
restore sight to the blind by generating replacements for these lost cells. Teleost fish, 
like zebrafish, exhibit a robust regenerative response to retinal injury that results in 
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neuron regeneration and restoration of visual function (Lindsey and Powers, 2007; 
Sherpa et al., 2008; Wan and Goldman, 2016). Unfortunately, mammals have lost the 
ability to regenerate any retinal cells once they have been lost. Understanding the 
pathways by which zebrafish regenerate neurons in response to injury may suggest 
therapeutic strategies for initiating retinal cell regeneration in mammals. 

In zebrafish, retina regeneration is initiated in Müller glia (MG) that respond to retinal 
injury by undergoing a reprogramming event that endows them with stem-cell 
characteristics and allows them to divide and generate multipotent progenitors for retinal 
repair (Goldman, 2014; Wan and Goldman, 2016). Many signaling cascades and gene 
expression programs underlying MG reprogramming and retina regeneration have been 
identified (Ramachandran et al., 2010b, 2011, 2012; Thummel et al., 2010; Nelson et 
al., 2012, 2013; Conner et al., 2014; Rajaram et al., 2014; Wan et al., 2012, 2014; Zhao 
et al., 2014). In particular, Ascl1a and Lin28a have emerged as major regulators of the 
regenerative program (Fausett et al., 2008; Ramachandran et al., 2010b, 2011; Nelson 
et al., 2012). Ascl1a is a basic helix-loop-helix transcription factor and Lin28 is an RNA 
binding protein. Following retinal injury in zebrafish, there is a rapid and dramatic 
increase in ascl1a and lin28a gene expression that precedes MG proliferation. 
Knockdown of Ascl1a or Lin28a reduces the injury-dependent activation of many 
regeneration-associated genes and this results in a reduced proliferative response by 
MG (Fausett et al., 2008; Ramachandran et al., 2010b, 2011; Nelson et al., 2012). 

Interestingly, these two proteins also participate in somatic cell reprogramming in 
mammals. Ascl1 can reprogram fibroblasts to adopt neuronal characteristics and Lin28 
participates in reprogramming fibroblasts to pluripotency (Yu et al., 2007; Chanda et al., 
2014). Furthermore, forced expression of Ascl1 or Lin28 can stimulate some MG 
proliferation in the injured and uninjured mouse retina, respectively; however, most of 
these cells do not survive (Ueki et al., 2015; Yao et al., 2016). Although Ascl1a and 
Lin28a are necessary for MG proliferation and retina regeneration in zebrafish, it is not 
known whether they are sufficient to drive these processes in the uninjured fish retina. 

We hypothesized that proteins that are sufficient to drive MG proliferation and retina 
regeneration in fish will be the most potent in stimulating these processes in mammals. 
Therefore, we searched for gene combinations that would stimulate MG proliferation in 
the uninjured zebrafish retina. We found that coexpression of Ascl1a and Lin28a 
stimulated a small amount of MG proliferation in the uninjured retina. Furthermore, in 
the injured retina, this expression expanded the zone of injury-responsive MG. 
Interestingly, the inhibition of Notch signaling dramatically enhanced the effects of 
Ascl1a and Lin28a on MG proliferation, resulting in widespread proliferation throughout 
the uninjured fish retina. Finally, Ascl1 and Lin28a coexpression stimulated a small 
amount of MG proliferation in the uninjured mouse retina, which was increased with 
retinal injury. However, unlike in fish, Notch inhibition had little effect on this 
proliferation. 
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2.3 Results 

Ascl1a and Lin28a stimulate MG proliferation in the uninjured zebrafish retina 

Injury-dependent induction of Ascl1a and Lin28a in zebrafish retinal MG cells allows for 
their reprogramming and proliferation (Fausett et al., 2008; Ramachandran et al., 
2010a). To investigate whether their induction is sufficient to drive MG proliferation in 
the uninjured retina we generated hsp70:ascl1a and hsp70:lin28a transgenic fish, and 
also bred these fish to each other to generate hsp70:ascl1a;hsp70:lin28a double-
transgenic fish. These fish allow for conditional Ascl1a and Lin28a expression with heat 
shock. In these fish, a 1 h heat shock at 37°C stimulates ascl1a and lin28a expression 

with RNA levels peaking ∼2 h post-heat shock and then returning to basal levels ∼10 h 

later (Fig. 2.1A). To maintain transgene expression for more prolonged periods of time, 
transgenic fish received a 1 h heat shock at 37°C, every 6 h for 1–4 d. 

We confirmed that hsp70:ascl1a transgenic fish produced a functional protein by 
injecting embryos with the 4RTK-Luc reporter that harbors four E-box sites (4R) from 
the MCK enhancer cloned upstream of the thymidine kinase (TK) basal promoter driving 
firefly luciferase expression (Weintraub et al., 1990). Ascl1 is a helix-loop-helix 
transcription factor that activates genes via their E-box sequences and thus regulates 
4RTK-Luciferase expression. Heat shock of hsp70:ascl1a embryos injected with the 
4RTK-Luc reporter stimulated Luciferase expression by >15-fold (Fig. 2.1B). To test for 
functional expression of Lin28a in hsp70:lin28a transgenic fish we assayed the effects 
of heat shock on endogenous let7 miRNA expression in the adult retina. Lin28a inhibits 
let7 family miRNA maturation and stimulates their degradation (Rybak et al., 2008; Heo 

et al., 2009). We found that heat shock reduced let7g RNA levels in whole retina by ∼
70% (Fig. 2.1C). Quantification of Sox9 and flag-Ascl1 or myc-Lin28a co-
immunofluorescence suggested that a 1 h heat-shock treatment was sufficient to 

stimulate transgenic protein expression in ∼ 40–50% of the Sox9+ MG when assayed 8 

h post-heat shock (Fig. 2.1D). Furthermore, Western blot analysis revealed ∼40–50-fold 

induction of flag-tagged Ascl1a (∼30 kDa) and myc-tagged Lin28a (∼29 kDa) protein 

expression after heat shock (Fig. 2.1E). Finally, we investigated whether Ascl1a or 
Lin28a were sufficient to stimulate each other's expression in the uninjured fish retina. 
For this analysis, hsp70:ascl1a and hsp70:lin28a transgenic fish received heat shock 
and 24 h later retinas were dissected and assayed for lin28a and ascl1a, respectively. 
We found no significant effect of forced expression of Ascl1a on lin28a expression, nor 
did forced Lin28a expression affect ascl1a RNA (Fig. 2.1F). 

In the injured fish retina, MG divide and generate multipotent progenitors that 
regenerate all major retinal cell types regardless of which cell type is ablated (Powell et 
al., 2016). However, in the uninjured retina MG rarely proliferate and when they do they 
appear to be restricted to a rod progenitor lineage (Bernardos et al., 2007). Therefore, 
we investigated whether forced Ascl1 and Lin28a expression stimulated MG in the 
uninjured retina to generate multipotent or unipotent progenitors. For this analysis we 
used a BrdU-based lineage tracing strategy where uninjured hsp70:ascl1a;hsp70:lin28a 
fish received heat shock every 6 h for 4 d and then an intraperitoneal injection of BrdU.  
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Figure 2.1: Forced expression of Ascl1a and Lin28a stimulates MG proliferation and neuron 
regeneration in the uninjured retina 
A, Time course of ascl1a and lin28a RNA expression in retinas of hsp70:ascl1a;hsp70:lin28a transgenic 
fish that received a 1 h heat shock; n = 3 different experiments. Error bars are SD. B, Luciferase assays 
show heat shock of hsp70:ascl1a embryos injected with 4RTK-Luc plasmid results in increased 
expression of the 4RTK-Luc reporter indicating expression of a functional Ascl1a protein; n = 3 different 
experiments. Error bars are SD. **p < 0.009. C, Heat shock-dependent induction of Lin28a in 
hsp70:lin28a adult fish results in reduced let7g miRNA expression indicating expression of a functional 
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Lin28a protein; n = 3 different experiments. Error bars are SD. **p < 0.01. D, Immunofluorescence 
quantification of the percentage of Sox9+ MG-expressing flag-Ascl1a and myc-Lin28a 8 h after a 1 h heat 
shock in hsp70:ascl1a and hsp70:lin28a transgenic fish. E, Western blot analysis showing flag-Ascl1a 
and myc-Lin28a protein induction 8 h after a 1 h heat shock in hsp70:ascl1a and hsp70:lin28a transgenic 
fish. F, Forced expression of Lin28a in hsp70:lin28a does not stimulate ascl1a expression and forced 
expression of Ascl1a in hsp70:ascl1a fish does not induce lin28a RNA expression. G, BrdU 
immunofluorescence on retinal sections was used to quantify proliferating MG in the INL of uninjured 
retinas from transgenic fish expressing the indicated transgenes for 4 d; n = 3 different experiments. Error 
bars are SD. **p < 0.01, ***p < 0.001. H, Timeline of experiment and representative retinal sections 
showing BrdU immunofluorescence (red) before and after heat shock in Wt and 
hsp70:ascl1a;hsp70:lin28a transgenic fish. DAPI nuclear stained cells are blue. Scale bar, 100 μm. I, 
Timeline of lineage trace experiment and representative retinal sections showing colocalization of either 
rod rhodopsin (Rho) photoreceptor in situ hybridization signal (left, blue), cone (Zpr1), MG (GS), or 
amacrine cell (HuC/D in INL) immunofluorescence signal (green), with BrdU immunofluorescence signal 
(red). Scale bar, 20 μm. J, Quantification of data presented in I; bipolar cells (protein kinase C, PKC); n = 
3 different experiments. Error bars are SD. 

Fish were then allowed to survive 21 d before harvesting retinas and assaying 
progenitor fate. Regenerated rods were identified by colocalizing BrdU 
immunofluorescence with rhodopsin in situ hybridization, whereas other cell types were 
detected by colocalizing BrdU immunofluorescence with cell-type-specific 
immunofluorescence. This analysis showed that Ascl1a and Lin28a expression forced 
some MG to enter the cell cycle and generate a variety of neurons (Fig. 2.1I, J); 
however, retinal ganglion cells (RGCs) were not detected. We suspect this reflects the 
very low number of progenitors that were generated and the relatively small numbers of 
RGCs normally regenerated from these progenitors (Wan et al., 2012, 2014). The 
relatively large number of BrdU+ rods after forced Ascl1a and Lin28a expression 
probably results from proliferating MG-derived multipotent progenitors in the INL (Fig. 
2.1H, arrows) and rod progenitors normally residing at the base of the ONL (Fig. 2.1H, 
arrowheads). The above data suggest that in the uninjured retina, Ascl1a and Lin28a 
expression are sufficient to stimulate some MG to proliferate and generate multipotent 
progenitors. 

Ascl1a and Lin28a act in a synergistic fashion to stimulate MG proliferation in the 
injured fish retina 

Although the above studies suggested that forced expression of Ascl1a and Lin28a 
could stimulate MG proliferation in the uninjured retina, the number of proliferating MG 
was quite modest. We next investigated whether Ascl1a and Lin28a may collaborate 
with other injury-derived factors to stimulate MG proliferation. For this analysis we 
injured retinas in Wt, hsp70:ascl1a, hsp70:lin28a, and hsp70:ascl1a;hsp70:lin28a 
transgenic fish with a single needle poke. Fish either remained at 28°C or received a 1 h 
heat shock at 37°C, every 6 h for 4 d. On 4 dpi fish received an intraperitoneal injection 
of BrdU 3 h before kill. Retinas were then isolated and sectioned, and proliferating MG 
identified by BrdU immunofluorescence. This analysis revealed that forced expression 
of either Ascl1a or Lin28a had little effect on injury-dependent MG proliferation (Fig. 
2.2A). 
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Figure 2.2: Forced expression of Ascl1a and Lin28a in the injured retina stimulates MG 
proliferation and retina regeneration 
A, Timeline for experiment and graph showing quantification of BrdU immunofluorescence in INL of 
injured retinas (needle poke) with forced expression of Ascl1a, Lin28a, or Ascl1a and Lin28a; n = 3 
different experiments. Error bars are SD. ***p < 0.001. B, C, Representative images of retinal sections 
showing BrdU immunofluorescence at the site of injury (needle poke) in Wt and 
hsp70:ascl1a;hsp70:lin28a transgenic fish with heat shock. Scale bars: B, 150 μm; C, 50 μm. D, Timeline 
depicting retinal needle poke injury (Inj) followed by a 0–1 hpi, 0–2 dpi, 2–4 dpi, and 0–4 dpi heat shock-
treatment and BrdU labeling at 4 dpi. Graph shows quantification of BrdU immunofluorescence in the 
retina's INL of Wt and hsp70:ascl1a;hsp70:lin28a transgenic fish; n = 3 different experiments. Error bars 
are SD. ***p < 0.001. E, Timeline of experiment, and graph quantifying the retinal area occupied by 
BrdU+ MG and their density in Wt and hsp70:ascl1a;hsp70:lin28a transgenic fish ± heat shock. For this 
analysis a single needle poke injury was made in each retina. Four days later we quantified the area 
occupied by proliferating MG by counting the number of 12 μm sections spanning the injury site that 
harbor nine or more BrdU+ MG. Their density per square micrometer was calculated from the three 
central section's spanning the injury site. Data are normalized to Wt, no heat shock. Error bars are SD. 
***p < 0.001; n = 3 different experiments. F, BrdU lineage trace experiment shows forced Ascl1a and 
Lin28a expression in the injured retina does not bias progenitors toward specific fates. Shown is timeline 
of experiment and graph quantifying the percentage of BrdU+ cells expressing a particular retinal cell-type 
marker. Markers are as follows: rods (rho), cones (zpr1), MG (GS), Bipolar (protein kinase C-β1, PKC), 
amacrine (HuC/D in INL), and ganglion cells (HuC/D in GCL); n = 3 different experiments. Error bars are 
SD. G, BrdU lineage trace experiment performed as in F shows MG-derived progenitors in the central and 
peripheral regions of the injury site do not exhibit biases in regenerated cell types when forced to express 
Ascl1a and Lin28a; n = 3 different experiments. Error bars are SD. 

However, forced expression of Ascl1a and Lin28a together, dramatically enhanced MG 
proliferation at the injury site and expanded the zone of injury-responsive (BrdU+) MG 
flanking the injury site (Fig. 2.2A–C). 

Quantification of the proliferative response in Wt and hsp70ascl1a;hsp70:lin28a fish with 
heat shock from 0 to 1 h postinjury (hpi), 0–2 dpi, 2–4 dpi, or 0–4 dpi, revealed that as 
little as 1 h of heat shock-dependent induction of Ascl1a and Lin28a was sufficient to 
stimulate MG proliferation (Fig. 2.2D). Quantification of the area occupied by BrdU+ MG 
and the density of BrdU+ MG near the injury site indicated that the forced expression of 
Ascl1a and Lin28a, expanded the zone of injury-responsive MG (BrdU+) and increased 
the density of BrdU+ MG within this zone (Fig.2.2E). Thus, Ascl1a and Lin28a seem to 
act very early during the injury response to affect MG reprogramming and proliferation. 

We next investigated whether forced expression of Ascl1a and Lin28a in the injured 
retina influenced the fate of MG-derived progenitors. For this analysis we used a BrdU-
based lineage tracing strategy where Wt and hsp70:ascl1a;hsp70:lin28a fish retinas 
were injured with a needle poke and then received heat shock every 6 h for 4 d before 
receiving an intraperitoneal injection of BrdU. Fish were then allowed to survive to 21 
dpi before harvesting retinas and assaying progenitor fate in retinal sections using BrdU 
and retinal cell-type-specific immunofluorescence. This analysis showed that forced 
expression of Ascl1a and Lin28a did not impose a significant bias on progenitor fate 
(Fig. 2.2F). This global analysis of progenitor fate may have minimized differences 
occurring in the peripheral regions flanking the injury site where normally quiescent MG 
are recruited to an injury response by Ascl1a and Lin28a overexpression. However, 
when the fate of progenitors close to the injury site was compared with those at the 
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periphery of the injury-responsive region no significant difference was noted (Fig. 2.2G). 
Thus, together these data suggest that MG-derived progenitors resulting from forced 
Ascl1a and Lin28a expression in both the uninjured and injured retina are intrinsically 
multipotent. 

Ascl1a and Lin28a enhance MG responsiveness to injury-related growth factors 

The above data showed that forced expression of Ascl1a and Lin28a recruits normally 
quiescent MG that flank the injury site to mount a proliferative response. This could 
result from a lowering of the threshold at which MG respond to injury-derived factors. 
We previously reported that growth factors, like HB-EGF and insulin, are increased at 
the injury site and capable of stimulating MG proliferation (Wan et al., 2012, 2014). To 
investigate whether forced expression of Ascl1a and Lin28a lowered the threshold at 
which MG proliferate upon challenge with growth factors, we divided uninjured 
hsp70:ascl1a;hsp70:lin28a transgenic fish into two groups; one group received heat 
shock, whereas the other did not. Both groups received 3 daily intravitreal injections of 
PBS-BSA, insulin, or HB-EGF at concentrations that caused only a small amount of MG 
proliferation; 2 d later, fish received an intraperitoneal injection of BrdU 3 h before kill 
(Fig. 2.3A). BrdU immunofluorescence on retinal sections was used to visualize and 
quantify MG proliferation in the INL. This analysis showed a significant increase in MG 
proliferation in fish with forced Ascl1a and Lin28a expression (Fig. 2.3A, B), which is 
consistent with the idea that Ascl1a and Lin28a lowers the threshold at which MG mount 
a proliferative response to injury-induced growth factor expression. Furthermore, this 
reduced threshold can explain why the zone of proliferating MG is expanded in injured 
retinas of heat shocked hsp70:ascl1a;hsp70:lin28a transgenic fish. 
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Figure 2.3: Forced expression of Ascl1a and Lin28a in the uninjured retina lowers the proliferative 
threshold of MG proliferation response to growth factor stimulation 
A, Timeline for experiment and representative images of BrdU immunofluorescence in retinal sections 
from hsp70:ascl1a;hsp70:lin28a transgenic fish ± heat shock and growth factor treatment. Scale bar, 50 
μm. B, Quantification of BrdU immunofluorescence shown in A; n = 3 different experiments. Error bars 
are SD. *p < 0.05, ***p < 0.001. 

Notch signaling inhibition collaborates with Ascl1a and Lin28a to stimulate MG 
proliferation in the uninjured fish retina 

In contrast to growth factors and cytokines that stimulate MG proliferation, Notch 
signaling is associated with MG quiescence and inhibits injury-dependent MG 
proliferation (Wan et al., 2012; Conner et al., 2014; Wan and Goldman, 2017). 
Therefore, we wondered whether this Notch-driven inhibitory environment may be 
contributing to the relatively small effect of Ascl1a and Lin28a expression on MG 
proliferation in the uninjured retina. Notch signaling was visualized in Tp1:mCherry 
transgenic fish that harbor 12 RBP-Jk binding sites upstream of a minimal promoter that 
drives nuclear localized mCherry expression (Parsons et al., 2009). In the uninjured 
retina of Tp1:mCherry fish, mCherry expression is restricted to quiescent MG (Fig. 
2.4A). To investigate whether Ascl1a and Lin28a-dependent MG proliferation is 
associated with Notch signaling inhibition, we bred hsp70:ascl1a;hsp70:lin28a double-
transgenic fish with Tp1:mCherry transgenic fish. Heat shock of uninjured or injured 
hsp70:ascl1a;hsp70:lin28a;Tp1:mCherry fish showed Notch signaling was repressed in 
proliferating MG regardless of whether the stimulus to proliferate was forced Ascl1a and 
Lin28a expression, retinal injury, or a combination of both (Fig. 2.4A). 

Although loss of Notch signaling is associated with MG proliferation, we recently 
reported that Notch inhibition is not sufficient to stimulate MG proliferation in the 
uninjured retina (Wan and Goldman, 2017). Indeed, immersing uninjured fish in water 
containing the Notch signaling inhibitor DAPT for 4 d had little effect on MG proliferation 
in the uninjured retina (Fig. 2.4B, C). However, if DAPT-treatment was combined with 
forced expression of Ascl1a and/or Lin28a, MG proliferation ensued and this was most 
dramatic in fish expressing both Ascl1a and Lin28a together (Fig. 2.4B–D). We 
previously reported that DAPT suppresses mCherry expression in MG of Tp1:mCherry 
transgenic fish (Wan and Goldman, 2017). Consistent with this, we find that DAPT also 
inhibited her4.1 gene expression in the uninjured retina (Fig. 2.4E). Similar results were 
obtained with a second Notch signaling inhibitor, RO4929097 that was delivered into the 
vitreous (Fig. 2.4C, E). These data, along with our previous studies (Wan et al., 2012; 
Wan and Goldman, 2017), suggest that MG quiescence is driven/maintained by Notch 
signaling and that this signaling must be relieved for MG proliferation to occur. 
Importantly, our data suggest that in conjunction with Notch inhibition, Ascl1a and 
Lin28a are sufficient to stimulate MG proliferation. 
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Figure 2.4: Ascl1a and Lin28a expression synergize with Notch signaling inhibition to stimulate 
MG proliferation throughout the uninjured retina 
A, Left, mCherry expression and GS immunofluorescence (green) in uninjured retinas of Tp1:mCherry 
fish and indicate that Notch signaling is confined to quiescent MG. Remaining panels show that MG 
proliferation (BrdU+; green signal) stimulated by forced Ascl1a and Lin 28 expression in the uninjured and 
injured retina of hsp70:ascl1a;hsp70:lin28a;Tp1:mCherry triple-transgenic fish is accompanied by 
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  20  

 

reduced mCherry expression (red). Scale bar, 50 μm. B, BrdU immunofluorescence (red) shows that 
forced Ascl1a and Lin28a expression synergizes with DAPT-treatment to stimulate MG proliferation 
(BrdU+) in the INL of uninjured retinas. Scale bar, 50 μm. C, Quantification of BrdU+ cells in Wt, 
hsp70:ascl1a, hsp70:lin28a, and hsp70:ascl1a;hsp70:lin28a fish treated with heat shock, ± DAPT or 
RO4929097; n = 3 different experiments. Error bars are SD. *p < 0.05, **p < 0.01, ***p < 0.001. D, BrdU 
immunofluorescence shows that forced Ascl1a and Lin28a expression synergizes with DAPT-treatment to 
stimulate MG proliferation (BrdU+) throughout the INL of uninjured retinas. Scale bar, 150 μm. E, qPCR 
quantification of her4.1 gene expression in uninjured retinas treated with DMSO, DAPT, or RO4929097; n 
= 3 different experiments. Error bars are SD. ***p < 0.001.  

Regulation of regeneration-associated genes following DAPT-treatment and 
Ascl1a/Lin28a expression 

Zebrafish MG respond to retinal injury by acquiring characteristics of a retinal stem cell 
and this is associated with changes in gene expression (Kassen et al., 2007; Qin et al., 
2009; Ramachandran et al., 2012; Sifuentes et al., 2016). These regeneration-
associated gene expression changes include those that are associated with somatic cell 
reprogramming, cell-cycle regulation and other events that are associated with the 
response of MG to an injured retinal environment (Kassen et al., 2008; Ramachandran 
et al., 2010b, 2012; Thomas et al., 2016). We wondered whether gene expression 
programs driving MG proliferation in the injured retina were shared with those driving 
MG proliferation in the uninjured, DAPT/Ascl1a/Lin28a-treated retina. For this analysis 
we quantified the expression of select injury-responsive genes whose induction is 
necessary for MG proliferation in the injured retina (Fig. 2.5). Interestingly, except for 
cdk1 and mych, all of these regeneration-associated genes retained basal expression 
levels after either DAPT-treatment or forced expression of Ascl1 and Lin28a; however, 
when these treatments were combined, a dramatic increase in the expression of these 
genes was noted (Fig. 2.5). Together with previous studies (Wan et al., 2012; Wan and 
Goldman, 2017), our data suggest that Notch signaling drives a quiescence program 
that impinges on regeneration-associated genes and that Notch signaling must be 
relieved in order for MG to proliferate. Furthermore, neither Notch inhibition alone nor 
the activation of regeneration-associated genes, like ascl1a and lin28a, is sufficient to 
activate a program of gene expression that drives MG proliferation; rather Notch 
inhibition must be combined with injury-related factors, like Ascl1a and Lin28a, to fully 
activate a regeneration-associated gene expression program. 

Ascl1 and Lin28a synergize to stimulate MG proliferation in the uninjured mouse 
retina 

Because forced Ascl1a and Lin28a expression in the uninjured fish retina was sufficient 
to drive a small amount of MG proliferation (Fig. 2.1G, H), we wondered whether they 
would have a similar effect in mice where MG proliferation and retina regeneration does 
not occur. Before investigating the consequence of Ascl1 and Lin28a on MG 
proliferation in the mouse retina, we examined whether Ascl1 and Lin28a RNAs are 
expressed in the uninjured and injured retina. For this analysis, retinas were injured by 
intravitreal injection of NMDA, which predominantly ablates RGCs (Fig. 2.6A). Unlike 
their injury-dependent induction in the fish retina, Ascl1 and Lin28a RNAs remain 
undetectable in the uninjured and injured mouse retina (Fig. 2.6B). However, Ascl1 and 
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Lin28a were detected in P0 retina and brain, respectively, which served as positive 
controls (Fig. 2.6B). To investigate whether Ascl1 and Lin28a could stimulate MG 
proliferation in the mouse retina, we took advantage of AAV ShH10 to deliver genes 
encoding GFP, Ascl1 and/or Lin28a to MG (Klimczak et al., 2009; Byrne et al., 2013). 
Intravitreal injection of AAV ShH10-GFP efficiently delivered the transgene constructs to 
MG (Fig. 2.6C, D) and PCR confirmed expression of Ascl1 and Lin28a RNAs (Fig. 
2.6E). We determined that AAV ShH10-Ascl1 and AAV ShH10-Lin28a produced 
functional proteins by infecting HEK 293 cells and assaying their effects on a 
transfected 4RTK- 
 
Figure 2.5: Ascl1a and Lin28a expression synergize with Notch signaling inhibition to stimulate 
regeneration-associated gene expression 
A, B, qPCR quantification of cell-cycle related genes (A) and reprogramming-associated genes (B) in Wt 
and hsp70:ascl1a;hsp70:lin28a fish retinas treated as indicated. HS, Heat shock. n = 3 different 
experiments. Error bars are SD. *p < 0.05, **p < 0.01, ***p < 0.001. 
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Luc reporter construct (Weintraub et al., 1990), and on endogenous let7 microRNA 
levels (Rybak et al., 2008; Heo et al., 2009), respectively (Fig. 2.6F,G). Infection of 

HEK293 cells with AAV ShH10-Ascl1 resulted in ∼25-fold increase in 4RTK-Luc reporter 

activity (Fig. 2.6F), whereas infection with AAV ShH10-Lin28a reduced let7g RNA levels 
by >60% (Fig. 2.6G). 
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Figure 2.6: Ascl1 and Lin28a expression synergize with each other to stimulate MG proliferation in 
the uninjured mouse retina 
A, TUNEL stain (red) shows NMDA stimulates cell death in the GCL. Scale bar, 100 μm. B, PCR shows 
Ascl1 and Lin28a are detectable in the P0 retina and brain, respectively, but not in the uninjured or NMDA 
damaged (Inj) adult retina. C, GFP fluorescence in flat mount retina shows AAV ShH10-GFP expression 
throughout the uninjured retina. Scale bar, 100 μm. D, GFP immunofluorescence on retinal sections 
shows AAV ShH10-GFP expression in MG of the uninjured retina. Scale bar, 50 μm. E, PCR shows Ascl1 
and Lin28a expression in retinas transduced with AAV ShH10-Ascl1 and AAV ShH10-Lin28a. F, 
Luciferase assays show HEK293 cells transfected with 4RTK-Luc and transduced with AAV ShH10-Ascl1 
result in increased expression of the 4RTK-Luc reporter indicating expression of a functional Ascl1 
protein; n = 3 different experiments. Error bars are SD. ***p < 0.001. G, Transduction of HEK293 cells 
with AAV ShH10-Lin28a result in reduced let7g expression consistent with expression of a functional 
Lin28a protein; n = 3 different experiments. Error bars are SD. *p < 0.05. H, Timeline of experiment and 
representative images of AAV ShH10-Ascl1 and AAV ShH10-Lin28a infected retinas showing Ascl1 and 
Lin28a synergize to stimulate some MG proliferation (Sox9+/BrdU). Sox9+ MG are labeled green and 
proliferating BrdU+ cells are labeled red. DAPI labels cell nuclei blue. Scale bar, 100 μm. I, Quantification 
of data shown in H shows Ascl1 and Lin28a synergize to stimulate MG proliferation in the uninjured 
retina; n = 4 different experiments. Error bars are SD. **p < 0.01. 

To investigate whether forced expression of Ascl1 and Lin28a could stimulate MG 
proliferation in the uninjured adult mouse retina, we injected AAV ShH10-GFP, AAV 
ShH10-Ascl1, AAV ShH10-Lin28a, or a combination of these viruses into the vitreous of 
P17 mouse eyes. Three and one-half weeks later, mice received daily injections of BrdU 
for 4 d before kill. Retinal sections were then prepared and BrdU and Sox9 
immunofluorescence was used to assay cell proliferation and identify MG, respectively. 
Although overexpression of Ascl1 or Lin28a, individually, had no effect on MG 
proliferation (Fig. 2.6H, I), they did result in a small amount of MG delamination (Fig. 
2.6H). In contrast, we noted an increase in MG proliferation and delamination when 
Ascl1 and Lin28a were coexpressed (Fig. 2.6H, I). Quantification of BrdU+/Sox9+ MG 

suggests this proliferation represents <1% of the total Sox9+ MG population (∼
170,000/retina). Nonetheless, these data suggest that similar to their action in the fish 
retina, Ascl1 and Lin28a synergize with each other to stimulate a small amount of MG 
proliferation in the uninjured mouse retina. 

Ascl1-dependent MG proliferation in the injured mouse retina is enhanced by 
Lin28a expression 

Ascl1a and Lin28a collaborate with injury-derived factors to stimulate MG proliferation in 
the injured fish retina (Fig. 2.2A–C). To investigate whether Ascl1 and Lin28a had a 
similar effect in the injured mouse retina, we infected retinas with AAV ShH10-Ascl1 
and/or AAV ShH10-Lin28a at P17; damaged retinas with NMDA at P41; and then gave 
daily BrdU injections for 4 d to label proliferating cells (Fig. 2.7A). Consistent with a 
previous report (Ueki et al., 2015), Ascl1 expression in the NMDA damaged retina was 
sufficient to stimulate a small amount of MG proliferation (Fig. 2.7B, C). Interestingly, 
this proliferation was further enhanced by Lin28a coexpression (Fig. 2.7B, C). The effect 
of Ascl1 and Lin28a on MG proliferation in the injured retina was >10-fold more than 
that observed in the uninjured retina, suggesting interaction with injury-responsive 
factors similar to what we noted in the injured fish retina. 
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We used GFP and mCherry tagged versions of Ascl1 and Lin28a, respectively, to 
determine whether proliferating cells harbored virally transduced genes (Fig. 2.7D). 
Because AAV ShH10-Ascl1 is sufficient to stimulate MG proliferation (Fig. 2.7C), we 
quantified the number of BrdU+ MG infected with virus. Interestingly, we found that only 

∼47% of the BrdU+ MG was associated with viral-mediated transgene expression. This 

might suggest that Ascl1 can act in a cell nonautonomous fashion or, alternatively, may 
reflect our limits in detecting virus encoded transgenes. Finally, we note that although a 
previous study indicated that Lin28a expression was sufficient to drive MG proliferation 
(Yao et al., 2016), in our hands Lin28a infection alone had no discernable effect on MG  
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Figure 2.7: Ascl1-dependent MG proliferation in the injured mouse retina is enhanced by Lin28a 
expression 
A, Experimental timeline. B, Sox9 and BrdU immunofluorescence on retinal sections from injured retinas 
shows forced expression of Ascl1 stimulates a small amount of MG proliferation that is enhanced when 
combined with Lin28a expression injured retina. Scale bar, 100 μm. C, Quantification of proliferating MG 
in injured retinas that were infected with the indicated AAV ShH10 virus; n = 5 different experiments. Error 
bars are SD. *p < 0.05, ***p < 0.001. D, P17 mouse retinas were infected with either AAV ShH10-Ascl1-
GFP or AAV ShH10-Lin28a-mCherry and then treated with NMDA and BrdU, and killed as indicated in A. 
BrdU/GFP or BrdU/mCherry immunofluorescence on retinal section showed BrdU+ MG expressed Ascl1-
GFP or Lin28a-mCherry (Lin28a-mCh), respectively. Scale bar, 100 μm. E, PCR shows retinas infected 
with AAV ShH10-Ascl1 express Ascl1, but do not activate the endogenous Lin28a gene. 

proliferation (Fig. 2.6H, I). The reason for this difference is not known, but may reflect 
differences in Lin28a expression levels resulting from the use of different gene 
promoters. 

Because Ascl1 and Lin28a synergize to stimulate MG proliferation in the uninjured fish 
and mouse retina, we went on to examine whether the effect of Ascl1 expression on MG 
proliferation in the injured mouse retina resulted from induction of the endogenous 
Lin28a gene. To investigate this possibility, retinas were transduced by intravitreal AAV 
ShH10-Ascl1 and 3.5 weeks later mice received intravitreal injections of NMDA. Retinas 
were harvested 4 d later and Ascl1 and Lin28a gene expression assayed by PCR. This 
analysis indicated Ascl1 expression does not stimulate widespread Lin28a expression in 
the injured mouse retina (Fig. 2.7E). We note that two Ascl1 consensus binding sites 
exist upstream of the mouse Lin28a gene's transcription start site, but their functional 
significance remains unexplored. Thus, consistent with a previous report (Ueki et al., 
2015), we found that forced expression of Ascl1 is sufficient to stimulate MG 
proliferation in the injured mouse retina; however, our data suggest that this can be 
enhanced by combining Ascl1 with Lin28a expression. 

Ascl1 and Lin28a enhance survival of proliferating MG and allow reprogramming 
to multipotency 

Our data indicated that Lin28a expression can enhance Ascl1-dependent MG 
proliferation. We next investigated whether the survival of MG stimulated to proliferate 
by Ascl1 expression was altered by Lin28a expression. For this analysis, P17 mice 
received an intravitreal injection of AAV ShH10-Ascl1 or a mixture of AAV ShH10-Ascl1 
and AAV ShH10-Lin28a. At P41, mice received an intravitreal injection of NMDA and 
BrdU followed by daily intraperitoneal injections of BrdU for 4 d; mice were then killed at 
either P45 or P59 (Fig. 2.8A). Interestingly, when we compared the number of double-
labeled BrdU+/Sox9+ MG cells at P45 with those at P59 we found many more persisted 
when expressing both Ascl1 and Lin28a compared with those expressing Ascl1 alone 
(Fig. 2.8B). However, the fact that most BrdU+/Sox9+ cells remained Sox9+ two weeks 
after BrdU labeling and were concentrated in the INL suggested that these cells retain 

MG characteristics (Fig. 2.8C). Quantification showed that these cells represent ∼76% 

of the total BrdU population in the INL and ONL (Fig. 2.8C, D). Although many 
BrdU+/Sox9− cells were located on the vitreal side of the GCL and expressed the 

microglia marker 4C4 (Fig. 2.8C), only ∼16% of the BrdU+ cells in the INL and ONL 
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were 4C4+ microglia (Fig. 2.8D). Of the remaining (∼8%) BrdU+ cells in these retinal 

layers (Fig. 2.8D, “other”), co-immunofluorescence showed some expressed markers 
for photoreceptors (Crx), amacrine cells (AP2), bipolar cells (Chx10), and RGCs 
(RBPMS; Fig. 2.8E). 

Effects of transient versus sustained Ascl1 and Lin28a expression in fish and 
mice 

Our data suggested that constitutive expression of Ascl1 and Lin28a in mice stimulates 
MG proliferation in the injured retina, but only a very small fraction of these proliferating 
cells differentiate into retinal neurons (Fig. 2.8D, E). During development Ascl1 and 
Lin28a are transiently expressed in stem-cell populations and suppressed as 
differentiation proceeds (Jasoni and Reh, 1996; Xu et al., 2009). To investigate whether 
transient expression of Ascl1 and Lin28a facilitate differentiation of MG-derived 
progenitors, we generated AAV ShH10-tetCMV expression vectors driving Ascl1, 
Lin28a, and GFP using an optimized Tet-On system (V10; Zhou et al., 2006). These 
vectors harbor a minimal CMV promoter controlled by rtTA and allow for conditional 
transgene expression. A mixture of these viruses was injected into the eye's vitreous of 
P17 mice. At P41, mice received an intravitreal injection of doxycycline (2 μl of 4 μg/μl) 
1 d before the standard NMDA injury. A second intravitreal injection of doxycycline was 
performed 2 d after the NMDA treatment. For these experiments EdU was substituted 
for BrdU and lineage tracing experiments were performed as described above with 
progenitor differentiation assayed on P59. Although we confirmed doxycycline-
dependent transgene induction in vivo in MG (Fig. 2.8F), we did not observe any 
significant effect on progenitor differentiation. 

Figure 2.8: Ascl1 and Lin28a expression enhances survival of proliferating MG and regenerate 
multiple neuron types in the injured retina 
A, Experimental timeline. B, Lin28a expression when combined with Ascl1 expression enhances survival 
of proliferating MG in the injured retina compared with Ascl1 expression alone. Sox9 and BrdU 
immunofluorescence on retinal sections were used to quantify MG proliferation; n = 5 different 
experiments. Error bars are SD. C, Representative images of lineage traced BrdU+ cells in the injured 
retina suggests that most proliferating cells in the Ascl1- and Lin28a-expressing retina are Sox9+ MG 
(arrows). Arrowheads indicate 4C4+ microglia. Scale bar, 50 μm. D, Quantification of data shown in C; n 
= 5 different experiments. Error bars are SD. E, Lineage tracing experiments were performed as indicated 
in A and BrdU+ cells (red) with cell-type-specific markers (green) of photoreceptors (Crx), bipolar 
(Chx10), amacrine (AP2), and ganglion cells (RBPMS) are indicated by arrows. F, Dox-dependent 
expression of GFP in eyes that received intravitreal injection of a mixture of AAV ShH10-tetCMV:GFP, 
AAV ShH10-tetCMV:Ascl1, and AAV ShH10-tetCMV:Lin28a. G, Timeline and quantification of lineage 
trace experiment in hsp70:ascl1a;hsp70:lin28a fish treated with heat shock for 4 or 15 d when using EdU 
labeling at 4 d post-heat shock. Retinal cell-type antibodies were used to quantify the number of Edu+ 
cells that costain with cone (Zpr1), MG (GS), amacrine cell (HuC/D in INL), and RGC (in RGC layer) 
antibodies; n = 3 different experiments. Error bars are SD. H, NMDA has no effect on Notch-responsive 
genes in the uninjured retina; n = 3 different experiments. Error bars are SD. I, DAPT-treatment inhibits 
MG proliferation in injured retinas expressing Ascl1 and Lin28a. Top illustration is timeline of experiment 
and graph quantifies the number of Sox9+ and BrdU+ double-labeled cells/retina; n = 5 different 
experiments. Error bars are SD. J, DAPT treatment has no effect on Notch-responsive genes in the 
uninjured AAV ShH10 Ascl1 and AAV ShH10 Lin28a transduced retina. n = 3 different experiments. Error 
bars are SD. 
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We next compared the effects of transient (4 d) with sustained (15 d) Ascl1a and Lin28a 
expression on progenitor differentiation in fish. For this analysis, we exposed fish to 
either a 4 or 15 d heat shock paradigm with an intraperitoneal injection of EdU at day 4 
and then killed 11 d later (Fig. 2.8G). This experiment revealed more differentiated 
progenitors with sustained Ascl1a and Lin28a expression at 15 d of heat shock. 
Analysis of the fraction of proliferating MG that retain MG characteristics (GS+), indicate 

∼59% with sustained heat shock and ∼34% with transient heat shock, which is 

consistent with the idea that sustained Ascl1a and Lin28a expression inhibited 
progenitor differentiation. Nonetheless, this was a relatively small effect and it did not 
reduce the amount of progenitor differentiation to the very low levels observed in mice. 
This suggests that additional factors will be required for enhancing MG proliferation and 
differentiation in mice. 

Ascl1 and Lin28a-dependent MG proliferation and differentiation is not enhanced 
by Notch inhibition in the mouse retina 

Our data suggest that forced expression of Ascl1 and Lin28a can stimulate a small 
amount of MG proliferation in the fish and mouse retina (Figs. 2.1G, H, ,77B, C; ;88D, 
E). In fish, this proliferation can be greatly enhanced by Notch signaling inhibition (Fig. 
2.4). Therefore, we investigated whether Notch inhibition in the mouse retina would also 
enhance Ascl1 and Lin28a-dependent MG proliferation. Notch signaling is low, but 
detectable in MG residing in the p21 mouse retina (Nelson et al., 2011; Riesenberg et 
al., 2018). To determine whether this residual Notch signaling was suppressed following 
retinal injury, we assayed the expression of Notch target genes, Hes1, Hes5, and Hey1, 
and found no significant change following NMDA-induced retinal damage (Fig. 2.8H). 
We next investigated whether the residual Notch signaling observed in adult mouse 
retinas influenced Ascl1/Lin28a-induced proliferation after injury. For this analysis, P17 
Wt mice received intravitreal injections of AAV ShH10-Ascl1 and AAV ShH10-Lin28a. At 
P41 mice received BrdU, ±NMDA as described in the previous section; however, mice 
also received intravitreal injections of DAPT or vehicle for the 4 d following NMDA 
treatment (Fig. 2.8I). Retinal sections were then assayed for BrdU and Sox9 co-
immunofluorescence. This analysis showed that although DAPT had no effect on MG 
proliferation in the uninjured retina (data not shown), it suppressed MG proliferation in 
the injured retina (Fig. 2.8I). However, this effect was not correlated with changes in the 
expression of Notch reporter genes Hes1, Hes5, and Hey1 (Fig. 2.8J). Thus, Notch 
reporter gene expression may not reflect small changes in Notch signaling in the adult 
mouse retina where Notch signaling is already at a low level (Nelson et al., 2011; 
Riesenberg et al., 2018). Furthermore, we cannot rule out the possibility that the anti-
proliferative effect of DAPT may be a consequence of inhibiting a γ-secretase unrelated 
to Notch signaling. 

During retina development Notch signaling is increased in progenitors that acquire a 
MG fate (Furukawa et al., 2000). We wondered whether the reduced number of BrdU+ 
MG noted following retinal damage and DAPT treatment (Fig. 2.8I) reflected a loss of 
glial identity and enhanced neuronal differentiation. For this analysis, we used DNMAML 
mice that allow for Cre-mediated expression of a dominant-negative mastermind-like 
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protein and should allow us to maintain Notch inhibition over prolonged periods 
(Maillard et al., 2006). DNMAML mice were treated as described in Figure 2.8A except 
that at P27 the left eye received an intravitreal injection of AAV ShH10-Cre, whereas the 
contralateral control eye received a PBS vehicle injection. At P55, mice were killed and 
retinas sectioned and immunofluorescence used to assay for BrdU+ cells that 
coexpress retinal neuron-specific markers. This analysis revealed no significant effect of 
DNMAML on MG-derived progenitor differentiation. Altogether, our studies suggest 
Notch signaling inhibitors have little effect on neural differentiation of MG-derived 
progenitors in the adult mouse retina. 

2.4 Discussion 

Fish and amphibians have remarkable regenerative powers that provide us with an 
opportunity to understand this process at the cellular and molecular level. In the 
zebrafish retina, MG are a source of retinal progenitors used to repair a damaged retina 
(Goldman, 2014; Wan and Goldman, 2016). It is anticipated that identification of the 
molecular strategies underlying MG reprogramming and the acquisition of stem-cell 
properties may suggest strategies for stimulating these events in mammals. Here we 
report that forced expression of Ascl1a and Lin28a can stimulate sparse MG 
proliferation and retinal neuron regeneration in both fish and mice. Interestingly, when 
this expression was combined with Notch signaling inhibition, only in the fish retina did 
we observe a large increase in MG proliferation. 

Ascl1a and Lin28a are potent regulators of zebrafish retina regeneration and appear to 
coordinate the expression of many genes critical for MG reprogramming and 
proliferation (Fausett et al., 2008; Ramachandran et al., 2010b, 2011, 2012; Nelson et 
al., 2012, 2013; Wan et al., 2012, 2014; Gorsuch et al., 2017). Ascl1 and Lin28a are 
also mammalian reprogramming factors that can convert fibroblasts and astrocytes to 
neurons and participate in converting somatic cells to pluripotent stem cells, 
respectively (Yu et al., 2007; Chanda et al., 2014; Liu et al., 2015). Despite these 
characteristics, forced expression of Ascl1a and Lin28a did not lead to widespread MG 
proliferation in the uninjured fish retina. We wondered whether this lack of proliferation 
resulted from antiproliferative signals that MG receive in the uninjured retinal 
environment. A candidate signaling pathway that might convey these anti-proliferative 
signals to the MG genome was Notch signaling, which is restricted to quiescent MG and 
must be suppressed in order for MG proliferation to ensue (Wan et al., 2012; Conner et 
al., 2014; Wan and Goldman, 2017). Indeed, when Ascl1a and Lin28a expression was 
combined with Notch inhibition, widespread MG proliferation was noted. 

The observation that Ascl1a and Lin28a expression and Notch inhibition together, but 
not individually, stimulated MG proliferation suggested they act in parallel pathways that 
converge on genes that drive MG proliferation and retina regeneration. Although Notch 
signaling generally leads to gene activation, we recently reported that forced activation 
of Notch signaling in the injured retina represses genes associated with MG 
reprogramming and proliferation (Wan and Goldman, 2017). This repression might be 
mediated by Notch-target genes, like the hes/her/hey gene family of repressors which 
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are known to regulate neural stem-cell maintenance (Kageyama et al., 2007; Imayoshi 
et al., 2010; Imayoshi and Kageyama, 2011). Indeed, we found that hey1 and her4.1 
gene expression can be activated by Notch signaling in fish MG (Wan et al., 2012; Wan 
and Goldman, 2017). Furthermore, Hey1 expression has been associated with 
gliogenesis and inhibition of Ascl1 expression in the mammalian brain (Sakamoto et al., 
2003). Thus, our studies suggest that individually, Notch inhibition and Ascl1/Lin28a 
expression contribute to different aspects of MG activation that must be combined to 
fully unleash a regeneration-associated gene expression program. Identifying the 
genetic underpinnings of these activated states may be crucial for devising strategies to 
stimulate a robust regenerative response in mammals. 

Although spontaneous MG proliferation is very low in the uninjured fish retina, it does 
occur, and is responsible for generating rod progenitors that help maintain a constant 
rod density as the retina expands throughout the fish's life (Johns and Fernald, 1981; 
Otteson and Hitchcock, 2003; Bernardos et al., 2007). Our studies suggest that 
enhancing spontaneous MG proliferation with forced Ascl1a and Lin28a expression 
stimulates the formation of multipotent progenitors. Although it is not known whether 
MG that generate unipotent rod progenitors are different from those that make 
multipotent progenitors, it is noteworthy that we recently identified a heterogeneous 
population of MG in the zebrafish retina (Wan and Goldman, 2017). The differences in 
MG responsiveness to forced expression of Ascl1a and Lin28a in the uninjured and 
injured retina may also reflect MG heterogeneity. 

Based on the robust effect that Notch signaling inhibition combined with forced Ascl1a 
and Lin28a expression had on MG proliferation in the uninjured fish retina, we 
investigated whether they would have a similar consequence on MG proliferation and 
neuron regeneration in the mouse where retina regeneration does not normally occur. 
Similar to the observation that Ascl1 expression can stimulate a small amount of MG 
proliferation in the injured postnatal mouse retina (Ueki et al., 2015), we found Ascl1-
dependent MG proliferation in the injured adult retina. Interestingly, this was 
independent of Lin28a induction. However, our studies suggested that in the absence of 
Lin28a, most of these cells do not persist. We did not observe an effect of Lin28a on 
MG proliferation in the injured mouse retina and this is consistent with what we 
observed in fish; however, our results are different from a recent study in mice where 
Lin28a was reported to stimulate MG proliferation (Yao et al., 2016). The reason for this 
difference is not known, but may be related to the level of Lin28a expression because 
different promoters were used in these two studies. Nonetheless, like that observed in 
fish, combined expression of Ascl1 and Lin28a in the mouse retina was sufficient to 
stimulate a small amount of MG proliferation in the uninjured retina that was enhanced 
by retinal injury. These similarities in response to Ascl1 and Lin28a are encouraging; 
however, differences between fish and mice were also noted. First, in the injured mouse 
retina, Ascl1 stimulated a small amount of MG proliferation, whereas no enhancement 
of MG proliferation was noted in fish. Second, Lin28a enhanced survival of proliferating 
MG in mice, whereas it collaborated with Ascl1a to stimulate MG proliferation in fish. 
Third, Ascl1 and Lin28a-dependent MG proliferation in mice only rarely generated 
neurons, whereas in fish, neuronal regeneration was more prevalent. Finally, the low 
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levels of basal Notch signaling in the adult mouse retina appears somewhat resistant to 
pharmacological or genetic means of reduction, which was indicated by Notch-
responsive genes. However, it is possible that these genes remain elevated by intrinsic 
regulators, like Lhx2 (de Melo et al., 2016a,b). Regardless, attempts to reduce Notch 
signaling did not enhance Ascl1 and Lin28a-dependent MG proliferation in the uninjured 
or injured mouse retina; however, in the uninjured fish retina, Notch signaling is 
relatively high in MG and its inhibition, when combined with Ascl1a and Lin28a 
expression, dramatically stimulated widespread MG proliferation. This latter effect 
seems to be a major difference between fish and mice and understanding its roots may 
help devise strategies for recruiting MG to a regenerative response in mammals. 

In addition to generating retinal progenitors through cell division, MG can 
transdifferentiate into bipolar cells after overexpression of Ascl1 and treatment with the 
histone deacetylase inhibitor trichostatin-A (TSA; Jorstad et al., 2017). This 
transdifferentiation process occurs in adult mice and is not dependent on MG 
proliferation. Although the consequences of reducing the MG population by 
transdifferentiation is not known, it may have a detrimental effect on retinal structure 
and function. Regardless, because Lin28a impacts the survival of MG stimulated to 
proliferate by Ascl1 in the injured retina, it would be interesting to investigate whether 
Lin28a also affects MG transdifferentiation. Importantly, the combinatorial action of 
Ascl1 and TSA on MG reprogramming for transdifferentiation highlights the impact 
chromatin modifying agents can have on stimulating gene expression programs 
normally suppressed in a differentiated cell type. The potential for these agents to help 
reprogram MG to generate progenitors for retinal repair is intriguing and is an area for 
future studies. 

In summary, our research identified key components underlying zebrafish retina 
regeneration that are sufficient to stimulate this process in the uninjured fish retina. 
Some of these components, like Ascl1 and Lin28a, were also able to stimulate a small 
amount of MG proliferation and neuron regeneration in mice. Remarkably, Notch 
signaling inhibition synergizes with Ascl1a and Lin28a expression to stimulate 
widespread MG proliferation in fish, but not mice. This lack of synergy in mice may 
reflect our inability to inhibit basal levels of Notch signaling, which are already very low. 
Although sustained expression of NICD can inhibit MG proliferation (Wan et al., 2012), 
we recently reported that the cessation of Notch signaling following forced and transient 
NICD expression stimulates MG proliferation in the injured fish retina (Wan and 
Goldman, 2017). It is tempting to speculate that cessation of Notch signaling may also 
be critical for stimulating MG proliferation in the injured mammalian retina; perhaps one 
will need to enhance Notch signaling in mammals to see an effect of its cessation. 
Furthermore, Notch signaling may regulate different genes in fish and mice, and 
identification of these differences may suggest additional strategies for enhancing 
mammalian MG proliferation. Finally, many gene products and signaling molecules 
have been found to regulate retina regeneration in zebrafish (Goldman, 2014; Wan and 
Goldman, 2016) and these provide a rich resource for testing in mammals. It is 
anticipated that some of these molecules will collaborate with Ascl1 and Lin28a to 
stimulate retina regeneration in mammals. 
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2.5 Experimental Procedures 

Animals 

Animal studies were approved by the University of Michigan's Institutional Animal Care 
and Use Committee. Zebrafish were kept at 26–28°C with a 10/14 h light/dark cycle. 
Adult male and female fish from 6 to 12 months of age were used in these studies. 1016 
tuba1a:GFP, gfap:GFP, and tp1:mCherry fish were previously described (Fausett and 
Goldman, 2006; Kassen et al., 2007; Parsons et al., 2009; Kwon et al., 2010). We 
generated 1016 tuba1a:GFP;hsp70:flag-myc-ascl1a (referred to as hsp70:ascl1a) and 
1016 tuba1a:GFP;hsp70:myc-lin28a (referred to as hsp70:lin28a) transgenic fish. The 
1016 tuba1a:GFP expression cassette was used to identify fish harboring the various 
ascl1a and lin28a transgenes and the flag and myc tags were used to ensure protein 
expression after heat shock. The hsp70:ascl1a and hsp70:lin28a transgenic lines were 
created using standard recombinant DNA techniques using Tol2 vector backbone. 
Expression constructs were injected into single-cell zebrafish embryos as previously 
described (Fausett and Goldman, 2006). Retinas were injured with a needle poke injury 
as previously described (Fausett and Goldman, 2006; Montgomery et al., 2010; Powell 
et al., 2016). Wild-type C57BL/6J mice were obtained from our breeding colony. 
DNMAML mice harbor amino acids 13–74 of MAML1 fused to GFP (Maillard et al., 
2006). 

AAV, intravitreal injection, retinal injury, and BrdU/EdU labeling 

A Müller cell-specific AAV capsid variant, ShH10 was used to deliver genes to MG 
(Klimczak et al., 2009). GFP, mouse Ascl1, human Lin28a, and Cre expression 
cassettes, under control of the CAG, CMV, or TetCMV promoters were individually 
packaged into ShH10 AAV vectors. Recombinant ShH10 AAV was prepared as 
previously described (Klimczak et al., 2009; Flannery and Visel, 2013). Viral titers were 

between ∼0.5 × 1013 to 5 × 1013 vg/ml and ∼1 μl was intravitreally injected into isoflurane 

anesthetized postnatal day (P)17 mice using a Hamilton syringe equipped with a 33-

gauge needle. Adult (P41) mice were anesthetized with isoflurane and received ∼2 μl 

intravitreal injections of PBS containing 1 mg/ml BrdU or EdU, ±100 mm NMDA using a 
Hamilton syringe equipped with a 33-gauge needle. Mice received a second intravitreal 
injection of BrdU/EdU 3 d later; mice also received daily intraperitoneal injections of 
BrdU/EdU (50 μg/g body weight) for 3 d following NMDA treatment. 

Fish were anesthetized in tricaine and retinas were injured with a needle poke injury as 
previously described (Fausett and Goldman, 2006). Fish received an intraperitoneal 
injection of BrdU (20 μl of 20 mm stock) at 4 d postinjury (dpi). For growth factor 
treatment, fish were anesthetized with tricaine and the left eye (control) was 

intravitreally injected with ∼1 μl of vehicle (PBS, 0.1% BSA) and the right eye was 

injected with ∼1 μl of HB-EGF (50 ng/μl; R&D Systems) or insulin (500 ng/μl; Invitrogen), 

pH7.6, using a Hamilton syringe equipped with a 33-gauge needle as previously 
described (Wan et al., 2014). Recombinant proteins were injected once daily for 3 d, 
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and 4 d after the first injection fish received an intraperitoneal injection of BrdU (20 μl of 
20 mm stock). 

RNA isolation and PCR 

Total RNA was isolated using Trizol (Invitrogen). cDNA synthesis and PCRs were 
performed as previously described (Fausett et al., 2008; Ramachandran et al., 2010b). 
Real-time qPCRs were performed in triplicate with ABsolute SYBR Green Fluorescein 
Master Mix (Thermo Scientific) on an iCycler real-time PCR detection system (Bio-Rad). 
The ΔΔCt method was used to determine relative expression of mRNAs in control and 
injured retinas and normalized to gapdh or γ-actin mRNA levels. To assay let7g miRNA, 
poly(A) tails were first added to total RNA (Ambion) and then samples were reverse 
transcribed with Superscript II and a poly(T) adapter. Following cDNA synthesis real-
time qPCR was performed as described above. Individual comparisons were done 
using unpaired two-tailed Student's t test. ANOVA with Fisher's PLSD post hoc analysis 
was used for multiple-parameter comparison. Error bars are SD. 

Western blots 

Samples were boiled in SDS sample loading buffer and fractionated on 10% SDS-
polyacrylamide gels. Samples were then transferred to nitrocellulose membranes, 
blocked with 5% nonfat dry milk, and incubated in primary antibodies mouse anti-myc 
(1:2000; Sigma-Aldrich, catalog #M4439) or mouse anti-flag (1:2000; Sigma-Aldrich, 
catalog #F1804) at 4°C overnight. Membranes were then washed in 0.1% Triton-X in 
PBS three times and incubated with horseradish peroxidase-conjugated secondary 
antibody goat anti-mouse IgG (1:10,000; Rockland, catalog #610-1302) in 5% nonfat 
dry milk for 2 h at room temperature and visualized using an ECL kit (ThermoFisher). 
Western blots were quantified using NIH ImageJ software. 

Primers used in this study 

The following primers are 5′ to 3′. Unless otherwise indicated primers are for zebrafish. 
ascl1a 
Forward: ATTCCAGTCGGGCGTCCTGTCA 
Reverse: CCTCCCAAGCGAGTGCTGATATTTT 
cdk1 
Forward: GCTTCACGCTATTCCACACC 
Reverse: GCCAGATTCCCAGATTTCCAC 
cdk2 
Forward: GACTACAAACCCTCCTTTCCC 
Reverse: AAACCGATGAACAAGAGCGT 
cdk4 
Forward: GCAGTATGAGCCAGTAGCAG 
Reverse: ATGTTGGGATGGTCGAACTG 
ccna2 
Forward: ACGAGACTCTTTACCTGGCT 
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Reverse: GAGAGAACTGTCAGCACCAG 
ccnb1 
Forward: TGACATGGTCCACTACCCTC 
Reverse: GATGCTTAGAAAGGCCCTCG 
Ccnd 
Forward: AAGTGGGATCTGGCCTCAGT 
Reverse: GGCAACTGTCGGTGCTTTTC 
dkk1b 
Forward: AAGCACAAGAGGAAAGGCA 
Reverse: TGGGAGCTGGTGAAAGAAA 
Gapdh 
Forward: ATGACCCCTCCAGCATGA 
Reverse: GGCGGTGTAGGCATGAAC 
insm1a 
Forward: GCACCACAGTAACCACCAAA 
Reverse: TGCACAGCTGACAGACGAAC 
Lepb 
Forward: TCCCCGTCACCTCCAACTAC 
Reverse: TCCTTGCATGTGCCATTGTGT 
lin28a 
Forward: TAACGTGCGGATGGGCTTCGGATTTCTGTC 
Reverse: ATTGGGTCCTCCACAGTTGAAGCATCGATC 
mcm5 
Forward: CCAGTAGGAGAAGAGACTGT 
Reverse: TCTGCATCCGCGGCACTGAA 
mych 
Forward: CCCGACCGCTTAAAACTGGA 
Reverse: CTCATCGTCAAACAGCAACGG 
Mycn 
Forward: CAGAACAGTCTTCAGTCGCC 
Reverse: ATCCTCGTCCGGGTAGAAAC 
socs3a 
Forward: CACTAACTTCTCTAAAGCAGGG 
Reverse: GGTCTTGAAGTGGTAAAACG 
stat3 
Forward: AGCAGCAAAGAGGGAGGAATCACA 
Reverse: GTACAGGTAGACCAGCGGCGACAC 
her4.1 
Forward: GCTGATATCCTGGAGATGACG 
Reverse: GACTGTGGGCTGGAGTGTGTT 
Mouse-Gapdh 
Forward: TCAACAGCAACTCCCACTCTTCCACCTTC 
Reverse: ACCCTGTTGCTGTAGCCGTATTCA 
Mouse γ-ctin 
Forward: AGAAGAAATCGCCGCACTCGTCAT 
Reverse: CCTCTTGCTCTGGGCCTCGTCAC 
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Mouse-Ascl1a 
Forward: TCTCGTCCTACTCCTCCGAC 
Reverse: ATTTGACGTCGTTGGCGAGA 
Mouse-Lin28a 
Forward: CCTTTGCCTCCGGACTTCTC 
Reverse: AGGGCTGTGGATCTCTTCCT 
Mouse-Let7 g 
Forward: TGAGGTAGTAGTTTGTACAGTT 
Reverse: GCGAGCACAGAATTAATACGACTCACTATAGG(T)12VN 
Mouse-Hes5 
Forward: TAATCGCCTCCAGAGCTCCA 
Reverse: GCGAAGGCTTTGCTGTGTTT 
Mouse-Hes1 
Forward: ACACCGGACAAACCAAAGAC 
Reverse: ATGCCGGGAGCTATCTTTCT 
Mouse-Hey1 
Forward: TGAGCTGAGAAGGCTGGTAC 
Reverse: ACCCCAAACTCCGATAGTC. 

Heat shock, Notch inhibition, and TUNEL 

For heat shock, fish were immersed in a water bath at 37°C for 1 h before returning to 
system water at 28°C. For extended periods of heat shock, this was repeated every 6 h. 
To inhibit Notch signaling in fish, we immersed fish in water containing 40 μm DAPT 
(Sigma-Aldrich) or RO4929097 (Cayman) prepared in DMSO and diluted 1/200 in fish 
water. Control fish were immersed in fish water treated with DMSO (1:200). To inhibit 
Notch signaling in mice, we intravitreally injected DAPT (100 μm) daily into the eye of 
Wt mice for up to 4 d, or we injected shH10 AAV Cre into the eye's vitreous of 
DNMAML-GFP mice 1–2 weeks before NMDA injury and/or analysis. 

We used an in situ Cell Death Detection Kit (TMR red; Applied Science) to detect cells 
undergoing apoptosis. 

Immunohistochemistry, in situ hybridization, and microscopy 

Zebrafish samples were prepared for immunofluorescence as previously described 
(Fausett and Goldman, 2006; Ramachandran et al., 2010a,b). Preparation of mouse 
samples was similar to fish except retinas were fixed for 20–30 min in 2% 
paraformaldehyde. Primary antibodies used in this study: Zpr-1, Zebrafish International 
Resource Center (1/500); anti-HuC/D, Invitrogen, catalog #A-21275 (1/500); anti-PKCβ1, 
Santa Cruz Biotechnology, catalog #SC-209 (1/200); anti-glutamine synthetase (GS), 
EMD Millipore, catalog #MAB302 (1/500); anti-BrdU, ThermoFisher, catalog #MA 1-
82088 (1/500); anti-CRX, Abnova, catalog #H00001406-M02 (1/1000); anti-SOX9, EMD 
Millipore, catalog #AB5535 (1/500); anti-Chx10 antibody, EMD Millipore, catalog #AB-
9016 (1/300); anti-RBPMS, Phospho Solutions, catalog #1830-RBPMS (1/500); anti-
AP2α, Developmental Studies Hybridoma Bank, catalog #3B5 (1/1000); anti-4C4 (Gift 
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from Peter Hitchcock, University of Michigan). Secondary antibodies: AlexaFluor 555 
donkey anti-mouse-IgG (H+L), ThermoFisher, catalog #A31570 (1:500); AlexaFluor 555 
donkey anti-rabbit IgG (H+L), ThermoFisher, catalog #A31572 (1:500); AlexaFluor 555 
donkey anti-sheep IgG (H+L) ThermoFisher, catalog #A21436; Cy3, Jackson 
ImmunoResearch, catalog #712-166-150 (1:500); AlexaFluor 488 donkey anti-mouse 
ThermoFisher, catalog #A21202 (1:500); AlexaFluor 488 goat anti-rabbit, 
ThermoFisher, catalog #A11008 (1:500); Cy5 goat anti-mouse, ThermoFisher, catalog 
#A10524 (1:500); and AlexaFluor 647 goat anti-rabbit, ThermoFisher, catalog #A21244 
(1:500). In situ hybridization was performed as described previously (Barthel and 
Raymond, 2000). Images were captured by a Zeiss Axiophot fluorescence microscope 
or an Olympus Fluoview FV1000 confocal microscope. 

Cell quantification and statistical analysis 

BrdU immunofluorescence was used to identify and quantify proliferating cells in retinal 
sections as previously described (Fausett and Goldman, 2006; Ramachandran et al., 
2010a; Wan et al., 2012, 2014). All experiments were done in triplicate with three 
animals per trial. Error bars are SD. ANOVA with Fisher's PLSD post hoc analysis was 
used for multiple-parameter comparison; two-tailed Student's t test was used for single-
parameter comparison 
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Chapter 3: Ascl1 and Lin28 Treatment Induce Different 
Müller Glia Responses in Different Models of Retinal 
Degeneration 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.1 Summary 

In the previous chapter, the enhanced Müller glia proliferation response to the 
combinatorial treatment of Ascl1 and Lin28 show that the mammalian retina retains 
some regenerative capabilities. In this chapter, we investigate the different conditions 
that lead to the enhanced MG proliferative response through the exploration of different 
mouse and retinal damage models. We look at transient UV and chemical induced 
injury where the insult more closely resembles those of natural degeneration. While 
baseline MG proliferation is observed, the different retinal damage models lead to 
different levels of MG proliferation. Nevertheless, Ascl1 and Lin28 overexpression 
appears to enhance MG proliferation across all damage conditions. In order to see 
whether Ascl1 and Lin28 treatment could elicit the same MG response in cases of 
natural degeneration, we treat three different naturally degenerating mouse models 
RD10, RD12, and P23H with Ascl1 and Lin28. However, despite our success in the 
damage models, we are unable to induce any meaningful MG proliferation in all three 
RD models. We expected the different speed of degeneration between the RD10, 
RD12, and P23H mouse models to have different effects on MG proliferation, but this 
complete lack of response show that natural degeneration may be altogether too slow 
and the MG activation too mild when compared to transient damage. We also attempt to 
lineage trace the proliferating MG with fluorescently labeled Ascl1 and Lin28 AAV 
viruses. Surprisingly, through injections of these fluorescent labeled ShH10 viruses, we 
discover that the specificity of the ShH10 AAV is lower than previously thought with 
many different off-target infections. To overcome this problem, we engineer 7m8 AAV 
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vectors containing a shortened glia fibrillary acidic protein (GFAP) promoter that prove 
to be more efficient and specific for targeted MG gene expression.  

3.2 Introduction 

With the approach of forced Ascl1 and Lin28 expression, a strong MG proliferative 
response could be elicited from both adult zebrafish and mouse retinas. This type of MG 
proliferation has not been shown in the uninjured mouse retina before, and this 
development represents an important step towards fully harnessing the potential of MG 
endogenous regeneration. Nevertheless, uninjured mammalian retinas are still resistant 
to regeneration, and we were ultimately able to induce meaningful MG proliferation only 
with transient NMDA damage; a common result as observed from previous studies 
(Reh, 2015). While NMDA is a potent excitotoxic agent when administered in large 
quantities in the central nervous system, its effect on the retina is mostly restricted to 
the ganglion cells (Tamm, 2012). To investigate the effect of Ascl1 and Lin28 in retinal 
damage models that more closely resemble natural RD, we used cobalt chloride and 
strong UV light to selectively ablate photoreceptors. While others have utilized light 
successfully as a retinal damage model, most of the previous studies involve light 
exposure over an extended period of time (Albert, 2011). We examined whether 
extreme transient UV light administered over minutes could provide a stronger MG 
response with Ascl1 and Lin28 due to the fast pace of induced cell death. Cobalt 
chloride is a hypoxia inducing agent that has been shown to cause strong selective 
photoreceptor apoptosis when injected intravitreally in mice. To explore the 
effectiveness of Ascl1 and Lin28 under cobalt chloride damage, we injected increasing 
amounts of cobalt chloride in order to observe a dose-response relationship between 
retinal damage and Ascl1/Lin28 induced MG proliferation (Mori, 2006). 

Previous studies on MG proliferation in vivo mostly utilized mice with wildtype 
backgrounds such as C57BL/6J mice (Reh, 2015; Goldman, 2018; Chen, 2018). 
However, it has been shown that different strains of mice may possess MG cells that 
behave differently in vitro. Specifically, the cultured primary MG cells of 129/SVJ mice 
proliferate significantly faster than the MG cells of the C57BL/6J mice (Takahashi, 
2014). Whether the MG of 129/SVJ mice show improved proliferation in vivo is not 
known. To complement our damage models, we looked at the effects of Ascl1 and 
Lin28 on the damaged 129/SVJ retina in vivo. For the purpose of lineage tracing, we 
also utilized the Aldh1l1-GFP transgenic reporter mouse line. This mouse line has 
previously been described to express GFP in astrocytes in the central nervous system 
(Khakh, 2016). We discovered that its GFP expression is MG specific in the retina and 
that this mouse model is potentially a great tool for visualizing MG proliferation and 
transformation in vivo. Through these two mouse models, we established that 
photoreceptor damage appears to elicit a general MG proliferative response that is 
correlated with the strength of the damage. Regardless, with Ascl1 and Lin28 
administration through MG-specific ShH10 AAV injection, we were able to improve this 
proliferative response across the board, showing that Ascl1 and Lin28 remain essential 
for inducing robust MG proliferation (Schaffer, 2009). 
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We also investigated methods of identifying pro-proliferative and pro-neuronal factors in 
vitro through establishing primary MG cell lines from 129/SVJ and Aldh1l1-GFP retinas. 
We hypothesized that 129/SVJ MG would experience a significant change in its 
expression profile after Ascl1 and Lin28 forced expression in vitro. We hoped to utilize 
these expression changes in order to establish a reliable cell line for the identification of 
factors that would induce MG fate change. The MG specific GFP expression in Aldh1l1-
GFP primary MG cells is also a potentially useful tool in factor identification. However, 
while 129/SVJ primary MG indeed showed an increase in the expression of neuronal 
factors and a decrease in the expression of MG factors in response to Ascl1 and Lin28 
expression, this response may be dependent on confounding factors such as age of the 
cells and cell confluency. Furthermore, Aldh1l1-GFP primary MG cells gradually lost 
their GFP expression over time without any infection or forced expression, casting doubt 
on their usefulness as a reporter cell line for MG fate change in vitro.  

In our previous studies, the forced expression of Ascl1 and Lin28 in vivo has only been 
measured indirectly through mRNA or protein expression. While labeling methods for 
the two proteins exist, we wished to develop a direct and lasting way of detecting AAV 
delivered Ascl1 and Lin28 in vivo without using a transgenic reporter mouse line. We 
developed ShH10 AAV that express fluorescence coupled Ascl1 and Lin28. With these 
new viruses, we set out to see whether Ascl1/Lin28 treatment could induce MG 
proliferation in naturally degenerating retinas. We expressed GFP linked Ascl1 and 
Lin28 with shH10 in three different RD mouse models: P23H, RD10, and RD12 

The P23H mice carry a proline to histidine mutation in the 23rd amino acid codon in their 
opsin gene. They show progressive retinal degeneration similar to a subset of human 
patients with autosomal dominant forms of retinitis pigmentosa. The mutated opsin fails 
to be glycosylated and does not participate in photoreceptor disk formation which leads 
to the disruption of the outer segment and eventual photoreceptor cell death through 
toxic protein buildup (Palczewski, 2011). The retinal degeneration involved in the 
homozygous P23H mutation is relatively fast, leading to a drastic loss of vision and 
photoreceptors at around 1 month of age. The RD10 mice are a model of autosomal 
recessive RP. They carry a spontaneous mutation in the rod-phosphodiesterase (PDE) 
gene, which leads to a defect in rod phototransduction. This disruption eventually leads 
to rod cell death followed by cone death but is generally mild with mice still retaining 
some photoreceptors at 2 months of age (Strettoi, 2007). The last form of RD mouse 
models in this chapter, RD12, involves a nonsense mutation in exon 3 of the RPE65 
gene. This mutation prevents retinol regeneration during phototransduction which again 
leads to cell death. However, retinal degeneration in RD12 is slow, beginning at around 
3 weeks of age with most of the photoreceptors still intact at around 2 months of age 
(Heckenlively, 2005). By treating these three models, we strive to not only promote MG 
proliferation in RD mouse models that are more relevant to RD in humans, but also to 
probe the effect that different types and rates of retinal degeneration may have on the 
MG response. 

Unfortunately, we were unable to induce a proliferation response in vivo from the RD 
mouse models that are comparable to those of damage models. Interestingly, we were 
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unable to elicit any meaningful MG proliferation at all even though in the undamaged 
wildtype mouse retina, Ascl1 and Lin28 expression lead to minimal MG proliferation. We 
hypothesize that this may be due to not only the slowness of the degeneration process 
of these mice when compared to damage models, but also that the MG are more 
resistant to activation and proliferation. This resistant may arise from the wildly different 
genetic backgrounds and the slow but constant MG activation from sporadic 
photoreceptor apoptosis. There’s evidence that different retinal degenerative mouse 
models show different levels of Müller glia activation, further providing evidence for this 
theory (Pearson, 2015). In addition to these complications, we also discovered that the 
shH10 virus, when injected in pairs, appeared to elicit strong off-target expression. By 
utilizing the pan-retinal 7m8 virus and a shortened GFAP promoter, we developed the 
next generation of MG targeting AAV vectors for induced MG cell fate change. 

3.3 Results 

UV Light induced photoreceptor cell death leads to Ascl1 and Lin28 dependent 
MG proliferation  

In the previous chapter we established that under the damaging effects of intravitreal 
NMDA, mouse MG activate and reenter the cell cycle, an effect which is significantly 
enhanced by the viral delivery of Ascl1 and Lin28a. However, NMDA is a neuron 
receptor channel agonist that selectively affects ganglion cells in the retina, damaging 
them at high concentrations through excitotoxicity. As such, this model of retinal 
damage is far removed from the phenotype seen in retinal degeneration such as retinitis 
pigmentosa where photoreceptors selectively undergo apoptosis. Whether Ascl1 and 
Lin28 enhanced proliferation could be observed with mouse models of photoreceptor 
damage and degeneration has yet to be seen. To investigate, we injected 129/SVJ mice 
intravitreally at P15 and delivered AAV vectors shH10-CAG-Ascl1 and shH10-CAG-
Lin28 while using phosphate-buffered saline (PBS) for control injections. As described 
previously, shH10 is a MG specific viral vector developed through directed evolution, 
and the viruses express their genes of interest under the ubiquitous CAG promoter 
(Schaffer, 2009). 129/SVJ is an albino mouse strain that has been shown to possess 
MG that are more proliferative in vitro (Takahashi, 2014). 

Each mouse was injected either with PBS, shH10-CAG-Ascl1, or shH10-CAG-Ascl1 
and shH10-CAG-Lin28 together in each of its eyes. After allowing three weeks for 
protein expression, the mice then underwent 15 minutes of strong xenon UV light 
exposure to each of their eyes to selectively ablate photoreceptors. This process was 
then followed by intraperitoneal BrdU injections, and the mice continued receiving daily 
intraperitoneal injections of BrdU, culminating in their sacrifice 4 days after UV exposure 
(Fig. 3.1A). Initial TUNEL staining revealed that while NMDA damage lead to little cell 
apoptosis throughout the different retinal layers, transient UV light damage lead to 
significant amounts of photoreceptor specific apoptosis (Fig. 3.1B left, middle). This 
apoptosis lead to low amounts of MG proliferation (Fig. 3.1C) with control PBS exposure 
and a moderate amount of proliferation with Ascl1 (Fig. 3.1D) forced expression. 
However, it was when the 129/SVJ mice overexpressed both Ascl1 and Lin28 that UV 
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Figure 3.1: UV light damage induces MG proliferation that is enhanced by Ascl1 and Lin28 
expression 
A, Experimental timeline. B, DAPI and TUNEL staining of retinal sections of 129/SVJ retinas that were 
damaged through NMDA, UV light, and cobalt chloride. This indicates that NMDA causes little damage 
pan-retinally while UV light and cobalt chloride induce apoptosis in many photoreceptors specifically. C, 
DAPI, glutamine synthetase (GS) and BrdU staining of UV-exposed 129/SVJ mouse retina section 
previously injected with PBS control. Small amounts of MG proliferation could be seen after UV light 
damage. D, DAPI, GS, and BrdU staining of UV-exposed 129/SVJ mouse retina sections previously 
injected with shH10-CAG-Ascl1 AAV. More MG proliferation is seen in the ONL and INL after UV light 
damage. E, DAPI, GS, and BrdU staining of UV-exposed 129/SVJ mouse retina sections previously 
injected with a combination of shH10-CAG-Ascl1 and shH10-CAG-Lin28. Significant amount of MG 
proliferation could be seen after UV light damage. F, Quantification of MG proliferation per retina under 
the different injections conditions. This shows that significant MG proliferation under the UV light damage 
model could be seen only through Ascl1 and Lin28 expression. n = 3 different experiments. Error bars are 
SD. *p < 0.05. 

light damage lead to significant MG proliferation, similar to what was previously 
observed with NMDA damage (Fig. 3.1E, F). Unexpectedly, while this model of 
photoreceptor damage replicated our findings, the combination of both 129/SVJ mice 
and UV light damage did not lead to higher amounts of proliferation when compared to 
C57BL/6J mice injected with NMDA (Fig. 3.1F). Many factors could have influenced this 
result. Since this light exposure was short and the light beam concentrated, retinal 
damage was not pan-retinal and only certain areas of the retina saw a significant loss of 
photoreceptor cells. This could be observed in Fig. 3.1C where the retina shows an 
ONL of uneven thickness. While the genetic background of 129/SVJ mice lead to more 
MG growth in vitro, the environment is vastly different in vivo with different proliferation 
thresholds. A different approach may be needed in order to establish a more consistent 
photoreceptor degeneration model for MG proliferation. 

Chemical induced photoreceptor cell death leads to Ascl1 and Lin28 dependent 
MG proliferation  

Cobalt chloride is an established inducer of hypoxia-like response that has been shown 
to target photoreceptors for apoptosis when injected intravitreally (Mori, 2006). Its 
damaging effect to the photoreceptor layer and its consistency in instilling damage 
through intravitreal injections make cobalt chloride the ideal candidate for establishing a 
retinal degeneration-like damage model for studying MG proliferation. To visualize the 
MG response we utilized the Aldh1l1-GFP mouse strain, which was a generous 
donation from the Kaufer lab. This transgenic mouse line expresses GFP under the 
aldehyde dehydrogenase 1 family member L1 promoter, and this expression is 
astrocyte specific in the brain (Fig. 3.2A) (Khakh, 2016). Through fundus imaging and 
retinal sections, we showed that this Aldh1l1 driven GFP expression is also MG specific 
in the retina, with GFP outlining the uniquely shaped MG and coinciding with Sox9 
expression (Fig. 3.2B, C).  
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Figure 3.2: Aldh1l1-GFP mice express MG specific GFP in vivo and in vitro 
A, Schematic expression cassette and mouse color (mouse picture is from the Jackson Laboratory 
website). B, Fundus picture of the Aldh1l1-GFP mouse through a RetCam device. The retina is viewed 
through the lens, and the picture is centered on the optic disk. GFP expression is seen throughout the 
retina. C. A section of the Aldh1l1-GFP retina. The GFP appears MG specific, and the GFP positive cell 
bodies express Sox9, indicating that they are mature MG. D. Cultured primary MG cells from the Aldh1l1-
GFP mice at 1 week post dissociation. The cells appear to be dividing and mostly express GFP. E. After 4 
weeks of culture, the primary MG cells stop expressing GFP altogether. Even though the cells are 
dividing and are confluent in the picture, there was little to no GFP expression. 
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Similar to the previous experiment, we injected Aldh1l1-GFP mice intravitreally with 
either PBS, the shH10-CAG-Ascl1 virus, or the shH10-CAG-Ascl1 and shH10-CAG-
Lin28 viruses together. After allowing 3 weeks for viral protein expression, the mice 
were injected intravitreally with either 1mM, 5mM, or 8mM of cobalt chloride in PBS with 
BrdU. They then received daily intraperitoneal injections of BrdU for 4 days and were 
sacrificed afterwards. Interestingly, even though the amount of photoreceptor apoptosis 
was dependent upon the concentration of cobalt chloride injected (Fig. 3.1B right; Fig. 
3.2A), we found proliferating MG as long as photoreceptor damage was observed. With 
control PBS injections, MG proliferation was low at 1mM concentration of cobalt 
chloride, but this proliferation was significantly increased at 5mM. Increasing the 
concentration of cobalt chloride injected past 5mM did not seem to affect the amount of 
proliferating MG, perhaps signifying an intrinsic cap on chemical damage induced MG 
proliferation without influence from exogenous factors (Fig. 3.3A, B). However, with the 
expression of Ascl1 alone and Ascl1 and Lin28 together, the MG was capable of 
proliferating at a rate beyond this cap (Fig. 3.3C, D). Thus, we found that cobalt chloride 
induced retinal damage lead to a proliferative MG response in the Aldh1l1-GFP mice. 
This response was dependent upon the amount of damage induced, and it was also 
further enhanced by Ascl1 and Lin28 forced expression. 

Attempt to establish an in vitro system to identify MG fate-change factors 

While forced expression of Ascl1 and Lin28 is sufficient to induce mouse MG to reenter 
the cell cycle, the fate of the proliferating MG remains unchanged. Unlike the zebrafish 
retina, the mouse retina remains unable to produce new retinal neurons at a significant 
quantity. New and unexplored factors may be needed in order to further push the 
proliferating MG towards a neuronal fate. In order to identify such factors, we set out to 
establish a stable primary MG reporter cell line with dissociated MG from the 129/SVJ 
and Aldh1l1-GFP mouse lines. Eyes from both mouse lines were enucleated at 10 days 
of age and the retinas extracted and dissociated with trypsin. The dissociated cells were 
left to grow in culture media for a week. Cells that did not attach to the cell culture dish 
were washed away, and the final attached cells were allowed to grow further. After the 
cells had grown to confluency, they were split and allowed to be tested further. 

Ascl1, Lin28, and other factors of interest such as NeuroD4 (ND4) were packaged into 
tetracycline/doxycycline responsive lentiviral vectors separately. The primary MG from 
the 129/SVJ mouse line were infected with individual lentiviral vectors and were allowed 
four days for protein expression. Puromycin was then added to the culture media over 
ten days to screen for infected cells as the lentivirus carried puromycin resistance. 
Doxycycline was added after selection to allow the factors of interest to be expressed. 
We extracted the RNA from the selected cells and did reverse transcription and 
quantitative polymerase chain reaction (RT-qPCR) on the mRNA to look for retinal glia 
and neuron markers. The quantified expression levels were divided by the expression 
levels of control cells that never received doxycycline. Worryingly, the control uninfected 
cells saw a decrease in expression levels of both neuron specific markers βIII-tubulin 
(B3T) and Atoh7 and MG specific markers glutamine synthetase (GS) with only the  
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Figure 3.3: Cobalt chloride induced retinal damage leads to MG proliferation 
A, Retinal sections of Aldh1l1-GFP mice injected with different concentrations of cobalt chloride. With 
increasing concentrations of cobalt chloride, GFP-expressing MG increase their proliferative response. B. 
Quantification of MG proliferation with cobalt chloride damage. There is a significant increase in 
proliferation going from 1mM to 5mM of cobalt chloride, but with 8mM of cobalt chloride no difference is 
observed. C. Using 8mM of cobalt chloride as a baseline damage model, forced expression of Ascl1 
using the shH10 AAV lead to more MG proliferation while expressing both Ascl1 and Lin28 lead to the 
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highest amount of proliferation. D. Quantification of MG proliferation with 8mM cobalt chloride under 
different treatment regimes. Significant difference was found between PBS control and Ascl1 expression. 
Combined expression of both Ascl1 and Lin28 lead to a significantly higher amount of MG proliferation 
even when compared with Ascl1. n = 3 different experiments. Error bars are SD. *p < 0.05 

addition of doxycycline (Fig. 3.4A). However, Ascl1 infected cells saw a significant 
increase in βIII-tubulin and Atoh7 expression with doxycycline exposure in contrast to 
the control cells (Fig. 3.4B), and the Lin28 infected cells saw a decrease in Nestin 
expression accompanying an increase in βIII-tubulin (Fig. 3.4C). These differences in 
response were significant and were unexplainable with simple doxycycline exposure as 
they ran counter to the responses of control cells. Nevertheless, a second round of 
quantification saw the trends reversing with many of the different markers across the 
different cell lines, with the only significant constant being the accompanying increase in 
βIII-tubulin expression when Ascl1 was expressed (Fig. 3.4D). We hypothesized that 
different factors such as cell confluency and cell age may have affected these changes 
in expression, and we looked at the expression profile of ND4 infected cells at 2 weeks 
vs 1 month. Even though the cells were of the same lineage except in age, the 
expression levels of the different MG and neuron factors were wildly different (Fig. 
3.4E). Thus, the 129/SVJ primary MG were determined not to be a reliable reporter cell 
line. Unfortunately, Aldh1l1-GFP primary MG cells gradually lost their fluorescence as 
they remained in culture (Fig. 3.2D, E), showing that the MG specific GFP expression is 
not a reliable marker in vitro as well.  

Ascl1 and Lin28 do not stimulate MG proliferation in naturally degenerating 
mouse models 

We have shown previously that a combined delivery of Ascl1 and Lin28 to the MG in the 
mouse retina by AAV pushed MG into a proliferative state. While this proliferation was 
increased by NMDA, UV light, and cobalt chloride damage, we wished to investigate 
whether the same treatment would elicit a similar response in the retinas of natural RD 
mice. For this experiment, we looked at three different transgenic retinal degenerative 
mouse models: P23H, RD10, and RD12. The three different RD models allowed us to 
look at the effects of different rates of degeneration on the MG proliferation response. 
P23H showed the fastest rate of degeneration, losing most of its photoreceptors at 1 to 
2 months of age. RD10 mice showed intermediate degeneration and retained small 
amounts of functional photoreceptors at 2 months of age. RD12 mice did not lose a 
significant amount of photoreceptor function until 4 to 6 months of age (Palczewski, 
2011; Strettoi, 2007; Heckenlively, 2005). 
 
Similar to the previous experiments, we injected, intravitreally, ShH10 AAV viruses 
containing Ascl1 and Lin28 under the CAG promoter into the eyes of P23H, RD10, and 
RD12 mice. However, in order to lineage trace Ascl1 and Lin28 infected cells without 
the use of a transgenic reporter mouse line, we inserted GFP into the vectors and 
connected its expression to Ascl1 and Lin28 with P2A peptides. The 2A peptides 
allowed for equal expression of both GFP and Ascl1/Lin28 under the CAG promoter 
(Jethwa, 2015). After waiting three weeks for viral expression, we injected each mouse   
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Figure 3.4: 129/SVJ primary MG is an unreliable reporter cell lines for detecting MG fate change 
A, Expression levels of βIII-tubulin (B3T), glutamine synthetase (GS), Nestin, Atoh7, glial fibrillary acidic 
protein (GFAP), and Ascl1 of control uninfected cells cultured with doxycycline were measured through 
RT-qPCR. The quantified results were then divided over the baseline expression of the cell line cultured 
without doxycycline. The red line signifies expression levels over baseline. B, The same measurements 
were made with Ascl1 lentivirus infected cells. C, Similar measurements were taken with Lin28 lentivirus 
infected cells. NeuroD4 (ND4) was measured. D, A second experiment was conducted measuring only 
B3T, GS, and Nestin over all of the cell lines. E, Measurements of NeuroD4 lentivirus infected cells taken 
after 2 weeks of NeuroD4 expression and after 1 month of NeuroD4 expression. n = 3 different cell plates. 
Error bars are SD. *p < 0.05 
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with BrdU intravitreally at 1mg/mL. The mice then received peritoneal injections of BrdU 
at 50ug/g of body weight daily and were sacrificed after four days (Fig. 3.5A). At the 
time of sacrifice, P23H mice retained a single layer of photoreceptor cell bodies in the 
ONL, RD10 mice retained 1 to 3 layers, and RD12 mice retained all but a few of its 
photoreceptor cells (Fig. 3.5B). Unfortunately, across all three different mouse models, 
MG proliferation was rarely seen (Fig. 3.5C, E arrows). The vast majority of BrdU 
labeling occurred with cells outside of the retinal layers (Fig. 3.5D arrows) that were 
mostly likely invading immune cells. Since co-labeling of GFP and BrdU was such a rare 
event, the expression of Ascl1 and Lin28 appeared to have no effect on MG proliferation 
in these natural RD mouse models. The slow rate of degeneration compared to 
transient damage may not be enough to activate the MG to the extent where it reenters 
the cell cycle, and the constant baseline damage and activation experienced by these 
retinas may have rendered the MG unresponsive to Ascl1 and Lin28. 
 
Establishing new AAV vectors for lineage tracing the MG 

Through our experiments on the retinal degenerative mice, we found that the GFP 
labeled shH10 AAV viruses were not as specific to the MG as we once thought. We had 
shown in a previous study that the shH10 virus appeared to be greater than 95% 
specific to the MG when injected into the mouse eye (Schaffer, 2009). In this study, we 
found that the shH10 virus remains efficient in vitro, but has inconsistent expression in 
vivo. Seemingly unexplainable off-target expression occurred despite the maintenance 
of consistent DNA and viral quality. This off-target expression also seemed to be 
exacerbated with the coinjection of two viruses in a single eye. With the expression of a 
single fluorescent protein, we found a significant amount of off-target expression in the 
ganglion cell layer (Fig. 3.6A arrows). Strangely, with the expression of both shH10-
CAG-GFP-2A-Ascl1 and shH10-CAG-mCherry-2A-Lin28 in a single eye, the off target 
expression appeared to spread to other cells such as amacrine cells (Fig. 3.6B) and 
even photoreceptor cells (Fig. 3.6C). On average, the shH10 virus expressing a single 
factor appeared to be less than 80% specific for the MG, while a double infection with 
the shH10 virus dropped this specificity to less than 30% (Fig. 3.6D). This difference in 
specificity may stem from the amount of total virus injected. With double injections, the 
total amount of each virus injected were invariably halved in order to allow room for the 
other virus. Nevertheless, the specificity of the AAV is largely determined by the capsid 
and promoter, as such, differences in titer and expressed DNA ultimately fail to explain 
this discrepancy. 

Figure 3.5: P23H, RD10, and RD12 MG do not proliferate with the overexpression of Ascl1 and 
Lin28 
A, Experimental timeline. B, Recoverin labeling of the photoreceptor cell layer at the date of sacrifice. 1 
layer of photoreceptors remain in the P23H retina while 1-3 layers remain in the RD10 retina. The RD12 
retina appears to have retained most of its photoreceptors. C, Retina sections of P23H mice injected with 
shH10-CAG-GFP, shH10-CAG-GFP-2A-Ascl1, or shH10-CAG-Ascl1 and shH10-CAG-Lin28. Extremely 
small amounts of MG proliferation are visible in a few of the injected mice (arrows). D, Retina sections of 
RD10 mice injected with shH10-CAG-GFP, shH10-CAG-GFP-2A-Ascl1, and shH10-CAG-GFP-2A-Ascl1 
and shH10-CAG-GFP-2A-Lin28. BrdU labeling mostly occurred in cells outside of the retinal layers 
(arrows). E, Retina sections of RD12 mice injected with shH10-CAG-GFP, shH10-CAG-GFP-2A-Ascl1, 
and shH10-CAG-Ascl1 and shH10-CAG-Lin28. Again, small amounts of proliferation are visible (arrows). 
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In order to not only validate our previous findings with fluorescent tagged proteins but to 
also allow for a more consistent way to lineage trace the proliferating MG in the future, 
we set out to construct AAV that are more specific to the MG in vivo. Our interest first 
settled on the glia specific GFAP promoter that has been extensively utilized in the 
central nervous system. However, its large size of 2.2k base pairs prohibited its 
inclusion in the size limited AAV vector. However, a truncated version of the GFAP 
promoter named gfaABC1D was determined to be efficient in expressing genes of 
interest in astrocytes (Brenner, 2008). In order to determine if the gfaABC1D is efficient 
at expression in the retina in vivo, we constructed 7m8-gfaABC1D fluorescent vectors 
for future study. The 7m8 AAV capsid variant was found to be efficient at expressing 
factors pan-retinally. With the 7m8- gfaABC1D vector, we were able to observe 
seemingly 100% MG specificity in vivo (Fig 3.7A) not only with simple fluorescent 
vectors, but also with 2A peptide viruses expressing Ascl1 and Lin28 along with GFP 
(Fig 3.7B). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: ShH10 fluorescent vectors show nonspecific expression in single and double 
infections 
A, Retinal sections of 129/SVJ mice injected with shH10-CAG-mCherry virus. While specific mCherry 
expression was observed with GS staining, nonspecific ganglion cell expression was observed (arrows). 
B, Retinal sections of 129/SVJ mice injected with both shH10-CAG-GFP-2A-Ascl1 and shH10-CAG-
mCherry-2A-Lin28 viruses. Nonspecific expression was observed in amacrine-like cells at the bottom of 
the INL. C, Similar retinal sections, but nonspecific photoreceptor expression was observed in the ONL, 
complete with GFP and mCherry expression in the long and thing outer segments. D, Quantification of 
MG specific expression. Single infection averaged 78% MG specificity while double infection averaged 
25% specificity. n = 3 different mice. Error bars are SD. *p < 0.05 
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Figure 3.7: 7m8- gfaABC1D viruses are MG specific in vivo 
A, Retinal sections of wildtype C57BL6/J mice infected with 7m8- gfaABC1D-GFP colabelled with GS. 
Viral expression appears 100% MG specific. B, Retinal sections of Aldh1l1-GFP mice (cobalt chloride 
damaged) expressing 7m8-gfaABC1D-GFP, 7m8-gfaABC1D-GFP-2A-Ascl1, and 7m8-gfaABC1D-GFP-2A-
Lin28 shows viral specificity even with 2A peptides and double infections. Strong BrdU labeling shows the 
effectiveness of these new viruses in enhancing damage-induced MG proliferation response. 
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3.4 Discussion 

We have previously established an uninjured mouse model of MG proliferation brought 
about by a combinatorial treatment of Ascl1 and Lin28 overexpression. This proliferation 
was enhanced by NMDA damage and improved further through Notch suppression. 
Even though significant MG proliferation was only seen with retinal damage, this 
marked the first time that MG proliferation was observed in an uninjured mature mouse 
retina. Nevertheless, the NMDA induced ganglion cell specific damage model appeared 
incomparable to retinal damage brought about by natural degeneration. In response to 
this observation, we established retinal damage models that specifically target the 
photoreceptors. Using xenon lamp UV light as a damage source, we injured the albino 
129/SVJ mouse retina to test if its MG’s capability to proliferate in vitro also translated to 
a more active MG in vivo. While we were successful in establishing a MG proliferation 
response, the amount of proliferation was unexpectedly low. We hypothesized that the 
inconsistent damage brought about by the concentrated UV light was a limiting factor 
and attempted to use cobalt chloride as a source for pan-retinal photoreceptor damage.  

Using a transgenic MG reporter mouse line, Aldh1l1-GFP, and increasing amounts of 
cobalt chloride, we showed that differing amounts of photoreceptor damage lead to 
different levels of MG proliferation without exogenous factor expression. This 
proliferation, however, seemed to reach an inherent limit before total photoreceptor 
ablation, and this limit was breached by Ascl1 and Lin28 overexpression. Unlike our 
previous experiments with NMDA, photoreceptor damage by itself induced the MG to 
reenter the cell cycle in a limited fashion. However, we were only able to test the 
damage models on the albino 129/SVJ and Aldh1l1-GFP mouse strains. Since 129/SVJ 
mice MG appeared to possess higher proliferative capabilities in in vitro dissociated cell 
cultures and in ex vivo retinal explants, it remains possible that both strains of mice 
possess certain expression profiles that result in MG that were more responsive to 
photoreceptor cell damage. We wish to explore this difference further in future studies 
through identifying the differences in MG expression patterns between different strains 
of mice and through including different retinal damage models. 

Even though, conceptually, 129/SVJ mice along with photoreceptor apoptosis brought 
about by UV light and cobalt chloride exposure seemed primed to maximize the MG 
activation response, the amount of proliferation found ultimately fell short of what was 
previously observed with NMDA damage. With Ascl1 and Lin28 as the only factors 
responsible for facilitating a strong MG proliferation response, we believe that there are 
potent pro-proliferative factors yet to be identified. In addition, the ultimate glial fate of 
the daughter MG remained unchanged, and in order to promote endogenous 
regeneration, identification of new factors to push the proliferating MG towards a 
neuronal cell fate is necessary. We attempted to establish primary reporter MG cell lines 
with the dissociated MG of 129/SVJ and Aldh1l1-GFP mice. However, through RT-
qPCR analysis, we found that cultured MG expression profile fluctuated dramatically 
over time and appeared to be an unreliable reporter system. In addition, Aldh1l1-GFP 
cultured cells eventually lost their GFP expression, further revealing the expression 
inconsistencies inherent with cultured MG. We hypothesize that, since MG proliferation 
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in vitro relies heavily on cell to cell contact, the dissociated state represents an 
extremely damaging/activating environment whereby MG cell expression becomes far 
removed from those of in vivo MG. 

Disappointingly, we also found that mouse models carrying retinal degenerative 
mutations did not respond to exogenous Ascl1 and Lin28 treatment. Even though these 
mouse models carry mutations found in human RP, the degeneration associated with 
the P23H, RD10, and RD12 mouse line may be too slow compared to the damage 
models we explored earlier. While the P23H and RD10 mice eventually lost all 
photoreceptor function, due to photoreceptor apoptosis taking place over a period of 
months, retinal degenerative cell death at any one point of time was relatively low even 
when compared to cases of more rapid degeneration such as in RD11 mice (Pang, 
2017). Despite the fact that we were able to elicit small amounts of MG proliferation in 
the C57BL/6J mice without damage, we weren’t able to do so in the RD mice. Another 
explanation for this discrepancy would be the inherent genetic differences between 
mouse strains impeding the MG from reentering the cell cycle. Perhaps the low baseline 
damage experienced by the RD retina inhibited the MG from proliferating in response to 
Ascl1 and Lin28, or the baseline activation experienced by the MG instilled resistance to 
genetic reprogramming. We find that further experiments are warranted, and we plan to 
include different retinal degenerative models in the future. 

Through our experiments with fluorescently tagged AAV vectors we found that the 
shH10 virus exhibited more off-target effects than previously thought. This off-target 
expression was dramatically increased by the addition of an extra virus within a single 
injection. A combination of 2A peptide interference and decreased viral titer may be at 
play. With the addition of an extra virus, the viral titers of the new and original viruses 
were invariably lowered due to volume constraints. However, it was not clear how the 
2A peptide and a lower titer affected the specificity of an AAV virus. An additional theory 
is the existence of interference between .the different injected viruses. Perhaps the 
vectors themselves interacted with each other in some fashion to affect the specificity. 
Nevertheless, we constructed 7m8 pan-retinal vectors carrying MG specific truncated 
GFAP promoters to bypass this problem, and further experiments showed that the new 
viruses were not only more specific but also appeared to have higher infection rates. 
There may be additional studies to be done in order to elucidate the exact mechanism 
at play with the low specificity observed, but going forward, we will be utilizing this new 
suite of viruses for MG targeting experiments. 

In a recent study, Crx, Otx2, and Nrl transcription factors had been shown to be 
effective in pushing proliferating MG towards a photoreceptor specific fate (Chen, 2018). 
After Wnt pathway induced MG proliferation, the combination of these three vectors 
appeared to change fluorescently labeled MG into photoreceptors. However, as 
previously mentioned in our experimental results, a combinatorial injection of shH10 
viruses, which the study utilized, lead to off-target expression in not only amacrine cells 
and ganglion cells, but also photoreceptors. Worryingly, there appeared to be no 
transitional state between an infected mature MG and an infected mature 
photoreceptor, which raises doubts as to whether or not the fluorescence seen was fate 
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change or simple off-target infection. Nevertheless, the study has identified interesting 
avenues to pursue. By combining photoreceptor damage and Wnt activation while also 
using the 129/SVJ mouse line, it seems possible to push MG proliferation further. In 
addition, by utilizing the new 7m8 GFAP viruses, we could validate the effectiveness of 
the Crx, Otx2, and Nrl factors in pushing for photoreceptorigenesis.  

3.5 Experimental Procedures 

Animals 

Animal studies were approved by the University of California Berkeley’s Institutional 
Animal Care and Use Committee. Wild-type 129/SVJ mice were obtained from the 
Jackson Laboratory. Aldh1l1-GFP mice were a kind gift from UC Berkeley professor 
Daniela Kaufer. Rd10, Rd12, and P23H mice were from our breeding colonies. 

AAV, intravitreal injection, retinal injury, and BrdU labeling 

A Müller cell-specific AAV capsid variant, ShH10 was used to deliver genes to MG 
(Klimczak et al., 2009). GFP, mouse Ascl1 and human Lin28a under control of the CAG 
promoter were individually packaged into ShH10 AAV vectors. Recombinant ShH10 
AAV was prepared as previously described (Klimczak et al., 2009; Flannery and Visel, 

2013). Viral titers were between ∼0.5 × 1013 to 5 × 1013 vg/ml and ~1.5 μl was 

intravitreally injected into ketamine and xylazine anesthetized postnatal day (P)15 mice 
using a Hamilton syringe equipped with a 33-gauge needle. Adult (P40) mice were 

anesthetized with ketamine and xylazine and received ∼2 μl intravitreal injections of 

PBS containing 1 mg/ml BrdU, ±1, 5, or 8 mM cobalt chloride using a Hamilton syringe 
equipped with a 33-gauge needle. Mice received a second intravitreal injection of BrdU 
3 d later; mice also received daily intraperitoneal injections of BrdU (50 μg/g body 
weight) for 3 d following cobalt chloride treatment. 

UV light damage was induced via xenon arc lamp. Mice were anesthetized via ketamine 
and xylazine intraperitoneal injection and were put in an isolated chemical hood on heat 
pads. A xenon arc lamp was placed inside the chamber with a fiber optic cable and a 
focuser attached. The focuser was placed 10 inches from the head of the mouse and 
aligned with one eye. The UV light exposure was kept at 15 minutes. After exposure 
and allowing time for cooldown, the other eye was exposed for 15 minutes. Proper 
protection was used including UV shields, face masks, tinted goggles, and extra layer 
PPE. 

The pan-retinal 7m8 AAV capsid variant was used to deliver genes to MG as well 
(Dalkara, 2013). GFP, mouse Ascl1, human Lin28a, GFP-2A-Ascl1, and GFP-2A-Lin28 
under the control of the shortened GFAP promoter gfaABC1D were individually 
packaged into 7m8 AAV vectors prepared as previously described. Viral titers were 

between ∼0.5 × 1013 to 5 × 1013 vg/ml and ~1.5 μl was intravitreally injected into 

ketamine and xylazine anesthetized postnatal day (P)15 mice using a Hamilton syringe 
equipped with a 33-gauge needle. Adult (P40) mice received daily intraperitoneal 
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injections of BrdU (50 μg/g body weight) for 3 days. The gfaABC1D promoter is a kind 
gift from Sergey Kasparov (Addgene plasmid #19974). 

RNA isolation and PCR 

Total RNA was isolated using a total RNA minikit (Qiagen). Samples were reverse 
transcribed with Superscript III (Invitrogen). Real-time qPCRs were performed in 
triplicate with ABsolute SYBR Green Fluorescein Master Mix (Thermo Scientific) on an 
iCycler real-time PCR detection system (Bio-Rad). The ΔΔCt method was used to 
determine relative expression of mRNAs in control and injured retinas and normalized to 
gapdh or γ-actin mRNA levels. Individual comparisons were done using unpaired two-
tailed Student's t test. ANOVA with Fisher's PLSD post hoc analysis was used for 
multiple-parameter comparison. Error bars are SD. 

Primers used in this study 

The following primers are 5′ to 3′. Unless otherwise indicated primers are for mice. 
Ascl1 
Forward: GCAACCGGGTCAAGTTGGT 
Reverse: GTCGTTGGAGTAGTTGGGGG 
Lin28 
Forward: TGCGGGCATCTGTAAGTGG 
Reverse: GGAACCCTTCCATGTGCAG 
NeuroD4 
Forward: AGGAGCAAGAGAGAAGACCG 
Reverse: CTTGGGACCTCTTCTTTTAGGT 
Beta Actin 
Forward: GGCTGTATTCCCCTCCATCG 
Reverse: CCAGTTGGTAACAATGCCATGT 
Tuj1 
Forward: TCTTTGGTCAGAGTGGTGCT 
Reverse: ATTCTCACACTCTTTCCGCAC 
Glutamine Synthetase 
Forward: GGATAGCCCGTTTTATCTTGC 
Reverse: GTGGTACTGGTGCCTCTTGC 
GFAP 
Forward: ACCTCCAGATCCGAGAAACC 
Reverse: CCTTAATGACCTCACCATCCCG 
Nestin 
Forward: AGTTCTACTGGTGTCCTCCC 
Reverse: TAGAGTGGTGAGGGTTGAGG 
Atoh7 
Forward: GCTGTCCAAGTACGAGACAC 
Reverse: AGGTAGACCCTGAGCCCTA 
GFP 
Forward: AGTCCGCCCTGAGCAAAGA 
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Reverse: TCCAGCAGGACCATGTGATC 

TUNEL staining, Immunohistochemistry, and microscopy 

We used an in situ Cell Death Detection Kit (TMR red; Applied Science) to detect cells 
undergoing apoptosis. 

Mouse retinas were surgically removed from enucleated eyes and fixed for 12–18 hours 
in 4% paraformaldehyde. Afterwards, the retinas were embedded in 5% agarose and 
sectioned via vibrotome to 100 μm thickness. For staining, the sections were first 
immersed in 0.5% Triton-X100 in PBS, washed, and then incubated with 10% goat 
serum, 1%BSA, and 0.1% Triton-X100 in PBS for an hour. The sections were then 
incubated with the primary antibodies overnight at 4°C. For secondary antibody 
incubation, the sections were washed and incubated with the secondary in PBS for an 
hour. The sections were then mounted with DAPI for imaging. The Primary antibodies 
used in this study: anti-glutamine synthetase (GS), EMD Millipore, catalog #MAB302 
(1/500); anti-BrdU, Abcam, catalog #ab6326 (1/500); anti-SOX9, EMD Millipore, catalog 
#AB5535 (1/500); anti-Recoverin, Abcam, catalog #ab85292. Secondary antibodies: 
AlexaFluor 488 goat anti-rat-IgG (H+L), ThermoFisher, catalog #A11006 (1:1000); 
AlexaFluor 594 goat anti-rat IgG (H+L), ThermoFisher, catalog #A11007 (1:1000); 
AlexaFluor 488 goat anti-rabbit IgG (H+L) ThermoFisher, catalog #A11036 (1:1000); 
AlexaFluor 594 goat anti-rabbit IgG (H+L) ThermoFisher, catalog #A27016 (1:1000); 
AlexaFluor 488 goat anti-mouse IgG (H+L), ThermoFisher, catalog #A28175 (1:1000); 
and AlexaFluor 633 goat anti-rat IgG (H+L), ThermoFisher, catalog #A21094 (1:1000). 
Images were captured by a Zeiss LSM710 confocal microscope courtesy of the UC 
Berkeley Bioimaging Facility Core and analyzed via Zen (Zeiss) and ImageJ. 

Primary MG Culture and lentiviral selection 

Mice were euthanized with carbon dioxide according to UC Berkeley animal use 
protocol. The eyes were enucleated and the retinas extracted surgically. The retinas 
were submerged in 0.05% Trypsin-EDTA at 37°C and triturated lightly over 15 minutes. 
The dissociated cells were then spun down and suspended in 1:1 DMEM/F12 with 10% 
FBS. The cells were plated onto poly-D-lysine coated plates and left for one week in an 
incubator. None-adherent cells were washed and the cells were left to grow to 
confluence. 

The lentiviral packaging system were a gift from the Schaffer lab. The packaging 
plasmids were transfected via PEI into HEK293T cells. The resulting supernatant were 
harvested over 4 days, and the mixture was spun down by ultracentrifugation at 
>24,000 RPM. The lentivirus pellet was washed and suspended in PBS for infection. 

Primary MG cells were infected with the purified lentivirus over 3 days. Afterwards, 
puromycin was added to the media at 5μg/ml. The selection took place over 10 days, at 
the end of which the cells were split and allowed to grow. After confluency, doxycycline 
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was added at 1μg/ml. The cells were cultured in doxycycline conditions for three days 
before harvest. 

Cell quantification and statistical analysis 

BrdU immunofluorescence was used to identify and quantify proliferating cells in retinal 
sections as previously described (Fausett and Goldman, 2006; Ramachandran et al., 
2010; Wan et al., 2012, 2014). All experiments were done in triplicate with three animals 
per trial. Error bars are SD. ANOVA with Fisher's PLSD post hoc analysis was used for 
multiple-parameter comparison; two-tailed Student's t test was used for single-
parameter comparison 
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