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ABSTRACT
NATALIA SURZENKO: Investigating Temporal Function of SOX2 Transcription Factor
in Retinal Neural Progenitor Cells.
(Under the direction of Larysa H. Pevny)
Generation of the appropriate types and numbers of neurons and glia in the
developing central nervous system (CNS) relies on complex networks of cell-intrinsic
and cell-extrinsic factors regulating the proliferative and differentiating competence of
neural progenitor cells. SOX2 transcription factor plays an essential role in specification
and maintenance of multipotent neural progenitors, thus functioning as a molecular
determinant of neural progenitor cell fate. Precise cellular and molecular mechanisms
regulated by SOX2, however, remain poorly understood. In this study, using a series of
Sox2 mutations in the mouse, we analyze cellular and molecular changes occurring
downstream of SOX2 in two temporally defined sets of retinal neural progenitor cells.
First, we describe experimental approaches aimed at characterization of global changes in
gene expression in embryonic retinal neural progenitor cells of Sox2 mutants exhibiting
severe

developmental

eye

malformations,

anophthalmia

and

microphthalmia.

Specifically, through analysis of gene expression profiles in eye tissues of Sox2 wild
type, heterozygous and compound null hypomorphic embryos, expressing progressively
reduced levels of Sox2, we generated a database of genes transcriptionally misregulated
as a consequence of reduction in Sox2 dosage. This analysis provides a basis for future
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investigation of cellular and molecular pathways regulated by SOX2 during eye
development. Second, to examine cellular and molecular consequences of acute ablation
of Sox2 in neural progenitor cells, we established methods for retina-specific temporallyregulated genetic ablation of Sox2 and for visualization of retinal progenitor cell
behaviorin situ. Using these methods, we ablated Sox2 in the postnatal retina, and
identified cell cycle progression as one of the cellular mechanism regulated by SOX2 in
retinal Müller glia - the quiescent retinal progenitor cells. Furthermore, we established
NOTCH1 signaling pathway as a downstream mediator of SOX2 function in retinal
Müller glial cells. Combined together, our results provide new genetic evidence for
cellular and molecular pathways regulated by SOX2 in retinal neural progenitors.
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CHAPTER 1
THE ROLE OF SOX TRANSCRIPTION FACTORS IN EYE DEVELOPMENT:
LITERATURE REVIEW.
INTRODUCTION
Since their discovery in 1990’s, SOX factors have quickly emerged as a diverse
family of developmentally expressed genes, acting in concert or each bringing their
unique contribution to the developing tissues and organs (Gubbay, Collignon et al. 1990;
Sinclair, Berta et al. 1990; Denny, Swift et al. 1992; Laudet, Stehelin et al. 1993; Wright,
Snopek et al. 1993; Collignon, Sockanathan et al. 1996; Wegner 1999). Identified based
on sequence similarity to Sry/SRY, the sex-determining gene located on the mammalian Y
chromosome, they were termed Sry-type HMG-box containing or Sox genes. The region
of similarity between the Sox genes and Sry is a conserved ~35kb element encoding a 79
amino acid HMG (high mobility group) DNA-binding domain. Based on the degree of
sequence conservation within the HMG DNA-binding domain, SOX proteins are
classified into subfamilies, A-G, with the entire protein family now consisting of more
than 20 members across different species (Schepers, Teasdale et al. 2002).
Many of the SOX family members are widely expressed, and in some cases coexpressed, in multiple embryonic tissues (Wegner 1999; Kamachi, Uchikawa et al. 2000;
Miyagi, Kato et al. 2009). Despite the evidence for a functional redundancy between the
SOX family members expressed within the overlapping domains, each SOX factor also

serves a unique function. How does the functional specificity of individual SOX proteins
arise? Strikingly, the mechanism of SOX protein specificity does not solely rely on DNA
sequence recognition - HMG domains of most SOX proteins recognize a single
consensus DNA sequence. Evidence suggests that functional specificity of individual
SOX proteins arises from their interactions with distinct partner binding proteins in
different temporal or spatial contexts (Bernard and Harley ; Kamachi, Uchikawa et al.
2000). In addition to transactivation or repression domains characteristic of transcription
factors, sequences outside the HMG domains of Sox genes encode regions involved in
protein-protein interactions, which are highly variable. Only upon formation of tertiary
complexes involving their binding partners, the SOX protein-DNA complexes are
stabilized, allowing for gene activation or repression (Williams, Cai et al. 2004). Unlike
the majority of other known DNA-binding motifs, HMG domains of SOX proteins bind
DNA within the minor groove and introduce conformational change into target DNA
structure. This change, characterized by 70-85° DNA bend and a widened minor groove,
may serve to shape local DNA architecture and to assemble other DNA-bound factors
into biologically functional complexes (Ferrari, Harley et al. 1992).
Together, the unique characteristics of the HMG DNA-binding domain and the
ability to interact with other proteins in formation of transcriptional complexes, underlie
two remarkable functional features of SOX proteins: 1) a capacity to serve as structural
components of the chromatin, and 2) tissue and organ-specific function through
interactions with partner binding proteins.
SOX factors are widely expressed in the developing central nervous system
(CNS), where they have been implicated to function in the initial establishment of the

	
  
	
  

2	
  

neural fate within neural ectoderm, as well as in differentiation of distinct cell lineages,
both neuronal and non-neuronal (Lefebvre, Dumitriu et al. 2007; Miyagi, Kato et al.
2009). Many of the tightly regulated processes involved in formation of the functional
CNS, including progenitor cell specification, morphogenesis and cell fate decisions, are
recapitulated during eye development. Notably, mutations affecting members of SOXB1
subfamily of human SOX genes, SOX2 in particular, have been implicated in severe
developmental ocular abnormalities, including anophthalmia and microphthalmia (Graw
2004; Hagstrom, Pauer et al. 2005; Ragge, Lorenz et al. 2005; Verma and Fitzpatrick
2007; Graw 2009). Thus, here we summarize the unique features of SOX proteins and
discuss novel findings that pertain to functions of these proteins during development, as
we review their roles in initial specification, morphogenesis and neuronal and glial
differentiation in the developing vertebrate eye.

SOX PROTEINS FUNCTION DURING SPECIFICATION OF OPTIC
PRIMORDIA.
Development of the vertebrate eye begins with the specification of the optic field.
This single territory in the anterior region of the neural plate is molecularly defined by
overlapping expression domains of a group of eye field transcription factors (EFTF’s),
including ET, RX1 (RAX), PAX6, SIX3, LHX2, tll, OPTX2 (Six6), as well as
transcription factor OTX, which functions to establish the entire forebrain region (Li,
Tierney et al. 1997; Zuber, Gestri et al. 2003; Zaghloul, Yan et al. 2005). A complex
cross-regulatory network formed by EFTF’s serves to specify eye anlage and is essential
for the consecutive steps of eye development. One of these steps is separation of a single
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optic field into two eye anlagen required for the establishment of the bilateral optic
primordia, and is achieved through downregulation of EFTF expression in the medial
region of the developing diencephalon in response to Shh signals derived from the ventral
midline (Yang 2004; Adler and Canto-Soler 2007). Initial specification of the optic
primordia is followed by evagination of the lateral walls of the diencephalon leading to
formation of the optic vesicles. Combined actions of the EFTF’s and the extracellular
signals derived from the overlying surface ectoderm, the ventral midline and the
surrounding mesoderm, initiate patterning of the optic vesicle into distinct compartments
of the developing eye – the optic stalk, pigmented epithelium, the lens and the neural
retina.

SOX PROTEINS REGULATE ESTABLISHMENT OF NEURAL PROGENITOR
CELL FATE IN THE ANTERIOR NEURAL PLATE.
Several members of the SOX family of proteins are expressed in the anterior
neural plate during establishment of the optic primordia (Uwanogho, Rex et al. 1995;
Collignon, Sockanathan et al. 1996; Penzel, Oschwald et al. 1997; Rex, Orme et al. 1997;
Uchikawa, Kamachi et al. 1999; Nitta, Takahashi et al. 2006). Xenopus SoxD (Group G)
is one of the earliest markers of neural ectoderm, and itself possesses a neuralizing
capacity (Mizuseki, Kishi et al. 1998). At blastula stages, expression of SoxD is observed
in the prospective ectoderm and becomes restricted specifically to neural ectoderm by
mid-gastrulation. Importantly, when the function of SoxD in the early Xenopus embryo is
disrupted by misexpression of its dominant negative form lacking the DNA-binding
domain (SoxD BD(-)), development of the anterior neural structures, including the eyes,
is severely disrupted. Consistent with its role in specification of the anterior neural
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structures, expression of the forebrain determinant, Otx, and one of the EFTF’s, Pax6, in
the optic field is significantly decreased when SoxD function is perturbed.
Similarly to SoxD, expression of SOXB1 group members, SOX2 and SOX3,
initiates during blastula - early gastrula stages, and is regulated by neural-inducing
signals (Uwanogho, Rex et al. 1995). As development proceeds, all three SOXB1 factors,
SOX1-3, are co-expressed throughout the anterior-posterior axis of the developing central
nervous system (CNS). The high degree of homology between these proteins (over 80%),
coupled with the experimental evidence, suggest a possible redundancy in their functions
(Bylund, Andersson et al. 2003; Graham, Khudyakov et al. 2003; Lefebvre, Dumitriu et
al. 2007). Although SOXB1 proteins do not possess direct neuralizing capacity, the
function of SOX2 in regulating responsiveness of the early ectoderm to FGF signaling
suggests their role in establishing neural competence within the ectoderm (Mizuseki,
Kishi et al. 1998). Unlike SoxD, SOX2 does not mediate the decision of ectoderm to
acquire either neuronal or epidermal cell fate, but instead functions in the maintenance of
both anterior and posterior neural identity (Kishi, Mizuseki et al. 2000). Misexpression of
a dominant-negative form of Sox2 (Sox2 BD(-)) in Xenopus , in addition to loss of Otx
expression in the presumptive forebrain, leads to downregulation of the posterior neural
epithelium marker HoxB9. Together, these data demonstrate that at early stages of neural
development SOX proteins function to establish and maintain neural competence. How
does this function of SOX proteins fit into a cross-regulatory network of transcription
factors that specify the optic field?
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SOX2 IS INVOLVED IN REGULATION OF EYE FIELD TRANSCRIPTIONAL
NETWORK.
Studies in Xenopus suggest that SOX2 may be directly involved in the EFTF
network by regulating the expression of a homeobox transcription factor Rax during the
establishment of eye primordia (Danno, Michiue et al. 2008). Specifically, synergistic
dose-dependent interactions between SOX2 and a homeodomain transcription factor
OTX2 are important in regulation of Rax expression. A cis-regulatory element, termed
CNS1, upstream of Rax gene is conserved among vertebrate species and contains an
OTX2 and SOX consensus binding sites. CNS1 activity is most strongly induced by
synergistic binding of OTX2 and SOX2 to their respective binding sites. However, the
relationship between OTX2 and SOX2 in regulating CNS1 activity is rather complex.
While SOX2 alone is unable to activate CNS1, OTX2 is capable of doing so, albeit only
in the presence of the intact SOX binding site. Furthermore, synergistic regulation of
CNS1 by OTX2 and SOX2 is dose-dependent. At low levels, SOX2 functions to
positively regulate CNS1 activity in concert with OTX2. High Sox2 expression levels, on
the other hand, interfere with OTX2/SOX2-dependent regulation of CNS1. The
cooperative relationship between SOX2 and OTX2 in regulation of Rax expression
represents a mechanism common to SOX transcription factors; their function in
regulation of gene expression relies on the ability to form functional transcriptional
complexes with tissue and cell type-specific binding partners. Moreover, the dependence
of these interactions on SOX factor dosage is a common theme observed in many
developmental contexts, including the developing eye. During specification of the eye
field and optic primordia, variation in expression levels of SOX factors may be important
for the specificity in their target gene selection. While SOX2 and OTX2 expression
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patterns overlap throughout the optic field and developing diencephalon, expression of
Rax is restricted to optic primordia. Interference of high Sox2 expression levels with
SOX2/OTX2-dependent activation of Rax may thus constitute a mechanism that relies on
the precise balance of SOX proteins and their binding partners for activation of their
target genes. The biological relevance of this mechanism is underscored by the fact that
human mutations resulting in SOX2 haploinsufficiency lead to severe developmental eye
malformations, anophthalmia and microphthalmia (Fantes, Ragge et al. 2003; Schneider,
Bardakjian et al. 2009). Similarly to SOX2, RAX and OTX are also associated with a
range of developmental ocular abnormalities in humans, including anopthalmia and
microphthalmia (Voronina, Kozhemyakina et al. 2004; Hever, Williamson et al. 2006).
Thus, during early stages of eye development SOX factors may be directly involved in
the cross-regulatory network required for the specification of the optic field and optic
primordia.
A deeper insight into the specificity of target gene regulation by SOX proteins
during eye development comes from characterization of their synergistic relationship
with a member of the paired and homeodomain transcription factor family, PAX6.
Expressed throughout the developing diencephalon, the optic vesicles and in the head
surface ectoderm, PAX6 is a homologue of the Drosophila gene eyeless, and is essential
regulator of eye development in both vertebrate and invertebrate species (Quiring,
Walldorf et al. 1994). Analysis of the synergistic relationship between SOX family
members and PAX6 during eye development reveals a diverse functional repertoire of
SOX proteins in differentiation of multiple cell lineages of the eye.
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SOX PROTEINS REGULATE THE INITIAL STEPS OF LENS INDUCTION.
SOX genes are expressed in the optic placodes during lens induction.
One of the first morphological signs of lens differentiation is the formation of an
optic placode - a thickening of the surface ectoderm in the area directly opposing the
neural epithelium of the optic vesicle (Grainger 1992; Lang 2004). During development
of the optic cup, this region of the surface ectoderm undergoes invagination to form a
lens pit, and subsequently a closed lens vesicle. Crystallins are among the first lensspecific genes whose expression is induced in the surface ectoderm at the optic placode
stage. SOX1, SOX2 and SOX3 of the SOXB1 subfamily all play important roles in lens
development and specifically in the induction of crystallin expression (Kondoh,
Uchikawa et al. 2004; Kondoh 2008). However, the onset and the patterns of expression
of these proteins differ across species. In medaka fish (Oryzias latipes), in Xenopus, and
in the chick, expression of all three SOXB1 proteins is induced in the optic placodes
shortly after the initial contact of the surface ectoderm with the optic vesicles, and is
immediately followed by expression of crystallins (Kamachi, Uchikawa et al. 1998;
Zygar, Cook et al. 1998; Koster, Kuhnlein et al. 2000). In the mouse, however, SOX2 is
the only SOXB1 factor whose expression is observed in the optic placode and continues
until lens vesicle is formed. Coincident with the onset of SOX1 expression in
differentiating lens fiber cells, SOX2 expression in the lens is downregulated. Expression
of SOX3, on the other hand, is not observed neither in the optic vesicle nor in the lens
(Collignon, Sockanathan et al. 1996).

SOX proteins partner with PAX6 to regulate lens crystallin expression.
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Regulation of the chicken-specific δ1-crystallin gene expression by SOX1-3 is
perhaps one of the best-understood examples of how SOX proteins function in concert
with their binding partners to achieve the specificity in regulation of their target gene
expression (Kondoh, Uchikawa et al. 2004; Kondoh 2008). In the chick, all three SOXB1
factors are able to activate expression of δ1-crystallin. However, regulation of this gene
in vivo is predominantly mediated by SOX2 (Kamachi, Sockanathan et al. 1995;
Kamachi, Uchikawa et al. 1998). Expression of δ1-crystallin in the lens is regulated by
an enhancer element in its third intron; the minimal 30bp core sequence of this enhancer,
DC5, is sufficient for its activity (Hayashi, Goto et al. 1987). The search for the proteins
that interact with DC5 revealed that SOX2 and PAX6 transcription factors are both
necessary for activation of δ1-crystallin expression through binding to DC5 element
(Kamachi, Uchikawa et al. 1998; Kamachi, Uchikawa et al. 2001). Remarkably, the
affinity of each of these proteins for the DNA sequence of DC5 enhancer is very low in
the absence of their partner. This can be explained by generally low binding affinity of
SOX proteins to their consensus sequences in the absence of a partner binding protein,
but also by the fact that PAX6 binding site within the DC5 is only remotely similar to a
paired DNA-binding domain consensus sequence, and PAX6 alone is unable to bind it.
However, substitution of this domain with a consensus paired domain, while increases
affinity of PAX6 to DC5, completely abolishes the cooperative binding of SOX2 and
disrupts activation of the enhancer. When either SOX or paired domain binding sites are
mutated, DC5 activity is completely abolished. Furthermore, DNA-binding domains of
the two proteins alone are insufficient to activate the enhancer; the portions of the Cterminal regions of SOX2 and PAX6, proximal to their DNA-binding domains, are
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required for establishment of protein-protein interactions, and are necessary for
regulation of the enhancer. Thus, cooperative binding of both SOX2 and PAX6 to their
adjacent binding sites increases the affinity of both proteins to DC5 enhancer and allows
for formation of a tertiary complex leading to activation of δ1-crystallin expression. This
example illustrates that the specificity of SOX protein target gene selection relies upon
both the precise organization of the regulatory sequences within their target genes, and
the presence of their binding partner proteins within the same cell.

Cross-regulatory capacity of SOX2 and PAX6 depends on their partner interactions.
Since the discovery of the mechanism by which δ1-crystallin gene expression is
regulated through formation of the tertiary SOX2-PAX6-DC5 complex, several other
genes regulated by synergistic activity of SOX2 and PAX6 during eye development were
identified. Surprisingly, among these are SOX2 and PAX6 themselves. Studies in the
chick have demonstrated, that regulation of Sox2 expression along the anterior-posterior
axis of the developing CNS, while appears uniform, may in fact be a result of the
overlapping activities of separate enhancer elements, each driving Sox2 expression in a
distinct anatomical region (Uchikawa, Ishida et al. 2003; Uchikawa, Takemoto et al.
2004). One of these enhancers, N-3, is conserved across vertebrate species, and in the
chick drives expression of Sox2 in the developing diencephalon and optic vesicles. Its
activity in the surface ectoderm is induced, like Sox2 itself, by the optic vesicle and
continues in the optic placodes and the developing lens (Inoue, Kamachi et al. 2007).
Similarly to DC5 enhancer of the chicken δ1-crystallin, the activity of N-3 enhancer of
Sox2 depends on cooperative binding of SOX2 and PAX6 to their respective binding

	
  
	
  

10	
  

sites. Interestingly, N-3 enhancer is structurally very similar to DC5. It contains a
consensus SOX binding site, while the binding site for PAX6 has only a limited
similarity to a consensus paired domain site. The distance between these two sites,
however, is identical to what is observed in the DC5 enhancer. In a similar synergistic
fashion, SOX2-PAX6 complex induces expression of one of the enhancer elements, LE9,
regulating expression of Pax6 in the head surface ectoderm and the optic placodes. In
lens cells, the activity of LE9 requires synergistic binding of SOX2 (or SOX3) and PAX6
in a manner similar to what is described for DC5 and N-3 enhancers (Aota, Nakajima et
al. 2003).

Synergistic function of SOX and PAX family proteins is evolutionarily conserved.
Mounting evidence for the synergistic regulation of gene expression by SOX2 and
PAX6 suggests that cooperation between these proteins may represent a conserved
mechanism in induction of developmentally expressed genes. Studies in Drosophila
demonstrate that in fact this mechanism may be evolutionarily conserved. When
expressed in Drosophila, the DC5 enhancer of the chicken δ1-crystallin is active only in
crystalline-producing cells, and is regulated by a complex of proteins related to SOX2
and PAX6, SoxN and D-Pax2, respectively. SoxN is a Drosophila homologue of the
vertebrate SOX2, while D-Pax2 and PAX6 are thought to be evolved from the same
ancestor, recognize similar paired domain DNA-binding sequences and can partially
substitute for each other’s function (Blanco, Girard et al. 2005). The fact that Drosophila
SoxN and D-Pax2 can synergistically bind and activate chicken-specific DC5 enhancer in
the context of lens-expressing cells confirms the existence of a set of genes whose
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regulatory elements are precisely tailored to favor the interactions between SOX and
PAX factors, and thus depend on their synergistic function.

THE ROLE OF SOX TRANSCRIPTION FACTORS IN LENS
MORPHOGENESIS AND DIFFERENTIATION.
SOX proteins regulate optic placode morphogenesis.
Wide expression domains of SOX proteins and PAX6 in the developing
diencephalon, optic vesicle and lens implies that cooperative functions of SOX proteins
and PAX6, as well as their individual functions, may not be solely required in induction
of lens-specific genes, but also in other developmental aspects. Indeed, misexpression
studies in medaka fish and in the chick, together with genetic analysis of SOX2 and
PAX6 functions in the mouse, illustrate that these proteins play important roles in tissue
morphogenesis (Koster, Kuhnlein et al. 2000; Matsumata, Uchikawa et al. 2005; Smith,
Miller et al. 2009).
Misexpression of Sox3 mRNA in the early medaka fish embryo induces formation
of ectopic optic placodes and lenses in the lateral and ventral head ectoderm, which in
addition to ectopic expression of Pax6 and α-cristallin, exhibit morphological
organization resembling endogenous optic placodes and the lens (Koster, Kuhnlein et al.
2000). Similarly to medaka fish, misexpression of SOXB1 factors in the chick head
ectoderm also results in ectopic optic placode development, accompanied by reorganization and thickening of the ectodermal cell layer (Matsumata, Uchikawa et al.
2005). Among the molecules induced by misexpression of SOXB1 proteins in the ectopic
optic placodes are proteins involved in cell adhesion, N-cadherin and N-CAM. A
systematic functional analysis of N-cadherin regulatory sequences revealed conserved
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enhancer elements, which depend on SOX2 for their activation in the optic placodes and
the developing lens. In support of direct regulation by SOX2, expression pattern of Ncadherin in the developing CNS and in placodal regions of the head surface ectoderm
tightly mimics that of SOX2.

SOX2 and PAX6 genetically interact during lens induction.
Genetic studies in the mouse have begun to highlight the functional relationship
between SOX2 and PAX6 in the developing eye, as well as their individual contributions
to lens and optic cup morphogenesis. Conditional ablation of both Sox2 and Pax6 at the
lens placode stage using Cre driven by the lens-specific enhancer element of Pax6 (EE),
Le-Cre, disrupts lens morphogenesis (Smith, Miller et al. 2009). While loss of Sox2 in the
lens placode allows the surface ectoderm to thicken and invaginate to form a small lens
pit, ablation of Pax6 at this stage completely prevents placodal thickening and
invagination. As a consequence, the optic cup, formed by invaginating optic vesicle in
response to inductive signals from the lens, develops relatively normally in Sox2 mutant
embryos, while loss of Pax6 leads to a failure of optic vesicle to undergo invagination.
Furthermore, lens morphogenesis is affected even more dramatically when Sox2 and
Pax6 are ablated using Cre expressed throughout the head surface ectoderm at
preplacodal stages, AP2α-Cre – no signs of lens development are observed in both
mutants, while optic vesicles fail to undergo both invagination and constriction of the
optic stalks. In both experiments, loss of PAX6 leads to more dramatic phenotypes
associated with optic cup morphogenesis, recapitulating those observed in homozygous
Pax6 mutants (Sey/Sey). This is possibly due to a requirement for PAX6 function in the
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pre-placodal head surface ectoderm to establish expression of inductive signals necessary
for optic cup patterning; expression levels of SOX2 in the head surface ectoderm at this
early stage are very low. Additionally, a wider repertoire of genes that depend on the
function of PAX6 alone, as opposed to SOX2/PAX6 complex, may account for its
prominent role in lens development. Interestingly, complete failure of lens and optic cup
development is also observed when expression levels of both Sox2 and Pax6 are reduced
in the optic placodes of compound heterozygous embryos, suggesting a dose-dependent
requirement for both proteins in initiation of lens development.
Regulation of N-cadherin expression during the early steps of lens
morphogenesis, however, does not appear to be among the primary functions of SOX2
and PAX6. While N-cadherin expression is lost in the lens placodes of Sox2 mutants,
ablation of N-cadherin in optic placodes using Le-Cre exerts a mild effect on lens
development when compared to Sox2 and Pax6 mutants, and allows for development of a
small lens vesicle and a relatively normal optic cup. This result suggests existence of
many other genes whose function in eye development depends on regulation by SOX2
and PAX6.
Collectively, these studies illustrate that interactions between SOX2 and PAX6 in the
head surface ectoderm and in optic placodes are essential for development of the lens and
optic cup morphogenesis. Combined with the evidence for synergistic activity of SOX
proteins and PAX6 in regulation of lens-specific genes, and their cross-regulatory
capacity, the results of these studies suggest the existence of distinct sets of
developmentally expressed genes important for eye development: 1) those whose
regulation depends on synergistic binding of SOX proteins in a complex with PAX6, and
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2) genes whose expression is regulated by either protein alone or in combination with a
different binding partner. Such model would suggest that expression of SOX proteins and
PAX6 within the same cell in the presence of available, precisely arranged DNA
regulatory elements, would promote interactions between these proteins and lead to
expression of genes dependent on SOX/PAX6 complex. Conversely, when the balance of
the functional SOX proteins or PAX6 is shifted, either by ablation or reduction in the
expression levels of either transcription factor, activation of genes that do not depend on
SOX/PAX6 complex can be achieved through formation of different protein-DNA
complexes involving each factor. In concert with this idea, a similar balance must exist
for genes whose regulatory elements favor interactions between SOX proteins and their
binding partners other than PAX6.

SOX proteins interact with multiple partners to regulate lens differentiation.
Formation of functional tertiary complexes between SOX proteins and transcription
factors of the POU DNA-binding domain family is well characterized in the context of
regulation of gene expression during development (Kamachi, Uchikawa et al. 2000). One
of the best-understood examples of these interactions is activation of the Fgf-4 gene
enhancer, UTF1, by synergistic activity of SOX2 and OCT3/4 in embryonic stems cells
(Yuan, Corbi et al. 1995). In the lens, cooperative regulation of gene expression by
SOX/POU transcription factor pair has been described in the context of activation of EE
enhancer element of Pax6, driving its expression in the surface ectoderm of the optic
placodes (Donner, Episkopou et al. 2007). SOX2 and a POU-domain transcription factor
OCT-1 can synergistically bind the EE enhancer in vitro, while mutations in either SOX2
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or OCT-1 binding sites alone or in combination alter the enhancer activity when tested in
transgenic mice.
The complexity of gene regulation involving SOX proteins and their binding partners
is further illustrated by their ability to interact with members of multiple transcription
factor families. In addition to PAX6 and POU-domain transcription factors, SOX proteins
interact with members of the basic region-leucine zipper (bZIP) transcription factor
family, MAF’s, to induce expression of both chicken δ-crystallin and mouse γF-crystallin
genes (Rajaram and Kerppola 2004). In both species, synergistic binding of SOX2 and
MAF to enhancer elements of crystallin genes is required for activation of their
expression. Moreover, nuclear localization of both MAF and SOX2 in cultured cells is
altered in the presence of a mutated form of Maf/MAF (R288P), which in humans
constitutes a dominant mutation leading to cataracts. Surprisingly, SOX2, SOX1 and
PAX6 are all able to interact with MAF proteins to regulate γF-crystallin gene expression
in lens cells (Yang, Chauhan et al. 2004). However, while SOX2 and SOX1 activate its
expression, PAX6 exerts an opposite effect and represses γF-crystallin. Conversely,
PAX6 serves to activate mouse αB-crystallin, presumably independently from SOX
proteins.

The role of SOX1 in lens fiber cell differentiation.
Studies in the mouse have further highlighted complex genetic interactions between
SOX proteins and PAX6 in the context of differentiating lens fiber cells and regulation of

γ-crystallin gene expression. ϒ-crystallins are essential for mouse lens differentiation;
downregulation of γ-crystallin expression is associated with inability of lens fiber cells to
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elongate, resulting in microphthalmia and cataract development (Cartier, Breitman et al.
1992; Nishiguchi, Wood et al. 1998). Importantly, expression of γ-crystallins during lens
fiber cell differentiation largely depends on the function of SOX1. The onset of SOX1
expression in the developing mouse lens coincides with downregulation of Sox2 around
embryonic day 12.5 (E12.5) (Nishiguchi, Wood et al. 1998). Homozygous loss of
function mutation in the mouse Sox1 leads to downregulation of γ-crystallin gene
expression specifically, while expression of α-crystallin genes remains unchanged. As a
consequence, lens fiber cells in Sox1 mutant mice fail to elongate, resulting in aberrant
lens development and cataracts. Expression patterns of SOX1 and PAX6 in the
developing lens are inversely correlated. Both proteins are co-expressed in differentiating
lens fiber cells at E12.5. By E15.5, expression levels of SOX1 increase, while PAX6
expression in lens fiber cells is downregulated. The phenotypes observed in Sox1 mutant
animals, however, are accompanied by the aberrant maintenance of PAX6 and its
downstream target, α5 integrin, in the lens. How expression of PAX6 and α5 integrin
contribute to Sox1 mutant phenotype is unclear. Interestingly, reduced lens fiber cell
number and consequently lens diameter caused by a reduction in Pax6 dosage in
heterozygous Sey/+ mice can be partially rescued by reducing the levels of Sox1 in
compound heterozygous Sey/+;Sox1+/- animals, while complete loss of Sox1 in
Sey/+;Sox1-/- animals exacerbates the phenotypes caused by heterozygous Sey mutation
alone (Donner, Ko et al. 2007).
Thus, as illustrated in the developing lens, the ability of SOX transcription factors to
interact with multiple partner proteins in the context of precisely arranged DNA
regulatory elements underlies their capacity to regulate a multitude of developmental
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processes, including tissue morphogenesis and cell differentiation. The complexity of
genetic interactions between SOX proteins and PAX6 further highlights the fact that
regulation of many genes involved in lens development may depend on synergistic
activity of SOXB1/PAX6 complex, while each factor is also able to serve an independent
function in cooperation with different binding partner proteins. Changes in the
availability of interacting partners of SOX proteins throughout development may serve as
developmental “switches” in cell differentiation programs. Alternatively, genetic
mutations or other factors leading to downregulation or ablation of SOX transcription
factor expression, may cause shifts in the balance of protein complexes relying on SOX
protein function and lead to aberrant cell differentiation or alternate cellular fates. This
hypothesis is supported by the studies of SOX2 function in the maintenance of neural
progenitor competence in the developing mouse retina.

SOX PROTEINS ARE ESSENTIAL IN THE ESTABLISHMENT OF NEURAL
VERSUS NON-NEURAL RETINAL CELL FATES.
Expression of SOX2 defines multipotent neural progenitors in the developing optic cup.
Composed of six classes of neurons and one type of glia, the neural retina is a
light-sensing structure solely responsible for detection and transmission of visual stimuli
to the brain. The initial stages of anatomical and molecular establishment of neural retina
coincide with the morphological transformation of the optic vesicle into a bi-layered optic
cup in response to patterning signals derived from the lens placode and the periocular
mesenchyme (Adler and Canto-Soler 2007). During this transformation, regions of the
optic vesicle proximal to ventral diencephalon constrict to form the optic stalk, later
serving to support development and function of the optic nerve, while the dorsal region of
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the optic vesicle gives rise to a layer of pigmented epithelium (RPE) that surrounds the
neural retina. The territory of the presumptive neural retina lies within the neural
epithelium of the optic vesicle directly opposing the surface ectoderm. During optic cup
morphogenesis, neural epithelium within this area thickens and undergoes invagination.
The distal regions of the inner optic cup layer give rise to ciliary epithelium, and only its
central territory is specified as the neural retina. Thus, the specification of the neural
retina coincides with regionalization of the optic cup neural epithelium into distinct
cellular compartments, some of which, such as pigmented and ciliary epithelia, gradually
lose their neural differentiation capacity. Importantly, with the exception of the neural
retina, patterning of the optic cup is accompanied by downregulation of SOXB1
transcription factor expression concomitant with the molecular specification of nonneural cellular fates of the eye (Penzel, Oschwald et al. 1997; Nitta, Takahashi et al.
2006; Ishii, Weinberg et al. 2009). In the mouse, restriction of SOX2 expression
specifically to the inner layer of the optic cup by E10.5 serves to identify multipotent
retinal progenitor cells capable of neuronal and glial differentiation (Collignon,
Sockanathan et al. 1996; Smith, Miller et al. 2009; Matsushima 2010).
Similar to other regions of the developing CNS, neural progenitor cells of the
retina give rise to an array of neuronal cell types through a series of symmetric and
asymmetric cell divisions (Marquardt and Gruss 2002; Agathocleous and Harris 2009).
Six types of neurons and one type of glia arise from retinal neural progenitor cells in a
precise temporal and spatial manner conserved among vertebrates (Fig.1.2). A wave of
early neuronal differentiation in the retina is characterized by production of early-born
retinal neurons: ganglion cells, horizontal interneurons, cone photoreceptors and
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amacrine interneurons. Temporal switch in differentiation potential of retinal neural
progenitor cells leads to production of late-born rod photoreceptors, bipolar interneurons
and Müller glia. Expression of SOX2 in the neural retina, and all three SOXB1 factors in
the rest of the developing CNS, is maintained in proliferating neural progenitor cells and
is downregulated in the vast majority of differentiating neurons (Ellis, Fagan et al. 2004;
Taranova, Magness et al. 2006). Consistent with this expression pattern, SOXB1 factors
function in the maintenance of neural progenitor cell competence (Bylund, Andersson et
al. 2003; Graham, Khudyakov et al. 2003). Inhibition of SOXB1 protein function in the
developing chick neural tube is associated with aberrant maintenance of neural progenitor
cells, characterized by their exit from the cell cycle and partial neuronal differentiation.
Maintenance of SOXB1 factor expression, on the other hand, prevents differentiation of
neural progenitor cells as they maintain proliferative capacity and radial morphology. In
the neural retina, like elsewhere in the developing CNS, expression of SOX2 persists in
neural progenitor cells and is downregulated in the majority of neurons as they
differentiate. In accordance with the role of SOXB1 factors in the maintenance of neural
progenitor cell identity, genetic ablation of Sox2 in the mouse neural retina leads to loss
of retinal progenitor cell capacity to proliferate and give rise to neuronal cell types and
glia (Taranova, Magness et al. 2006).
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Fig.1.1. Temporal progression of retinogenesis in the mouse. During development of the optic
cup, neural epithelium of the optic vesicle gives rise to pigmented and ciliary epithelia, as well as
neural retinal progenitor cells. Embryonic wave of neurogenesis in the retina is characterized by
production of early-born retinal ganglion cells, horizontal interneurons, cone photoreceptors and
amacrine interneurons. Postnatal neural progenitor cells predominantly give rise to rod
photoreceptors, bipolar interneurons, and Müller glia. In the adult neural retina, neuronal and glial
cell types are organized into three distinct cellular layers – GCL, INL and ONL. GCL – ganglion
cell layer, INL – inner nuclear layer, ONL – outer nuclear layer.

SOXB1 factors function to maintain neural progenitor cell identity.
Studies in the chick have begun to highlight the importance of SOXB1
transcription factor function in the establishment of neural competence within the neural
epithelium of the optic cup, and have specifically illustrated that downregulation of
SOXB1 factor expression in the dorsal and distal regions of the developing optic cup is
necessary for proper specification of non-neural cell lineages (Ishii, Weinberg et al.
2009). Misexpression of SOXB1 factors, SOX2 in particular, in the chick optic vesicle
prevents differentiation of the dorsal outer layer of the optic cup into retina pigmented
epithelium (RPE), normally composed of a single layer of cells with cuboidal
morphology, and instead leads to formation of a pseudo-stratified neural epithelium,
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consisting of retinal progenitor cells capable of neuronal differentiation. This function of
SOXB1 transcription factors may, at least in part, lie in mediating the effects of FGF4
signaling pathway. When Fgf4 is misexpressed in the chick optic vesicle, expression of
SOXB1 factors is maintained in the presumptive pigmented epithelium and is associated
with morphological and molecular transformation of this cell layer into pseudo-stratified
neural epithelium. However, while FGF4 suppresses markers of RPE, Mitf and Otx2, and
induces expression of markers associated with neural progenitor cells, Rx1 and Chx10,
SOX2 is sufficient to suppress RPE marker expression, but has no effect on Rx1 and
Chx10. Nevertheless, neural progenitor cells resulting from ectopic maintenance of SOX2
in the chick RPE are capable of giving rise to mature postmitotic neurons, marked by βTubulinIII and ISLET-1. Thus, consistent with their function in establishment of neural
competence, the decision of early optic cup progenitor cells to acquire neural versus nonneural fates is mediated by SOXB1 transcription factors. In the mouse retina, cell fate
decisions of retinal progenitor cells to acquire neural competence are regulated by SOX2
and involve its dose-dependent relationship with PAX6 transcription factor.

Establishment of neural versus non-neural retinal cell fates depends on dosage
relationship
between SOX2 and PAX6.
Genetic dissection of SOX2 function in the mouse neural retina reveals that
maintenance of the balance between SOX2 and PAX6 transcriptional activities through
their expression levels plays an important role in the maintenance of neural progenitor
cell identity. The genetic interaction between SOX2 and PAX6 has been investigated in
the context of establishment of distinct molecular domains in the developing retina – the
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neural retina and the presumptive ciliary body (Marquardt, Ashery-Padan et al. 2001;
Matsushima 2010). The boundary between these two territories is molecularly defined by
mutually exclusive expression patterns of neural markers, such as SOX2, NeuroD1 and
Notch1, and the markers of ciliary epithelium, including Msx1, Otx1 and Bmp7, whose
expression is restricted specifically to distal retinal regions (Matsushima 2010).
Expression patterns of SOX2 and PAX6 are established in the inverse gradient along the
distal-proximal retinal axis, reflecting the specification of the two molecular domains.
SOX2 is expressed in the neural retina and is excluded from the peripheral retinal regions
specified as presumptive ciliary body. Conversely, expression levels of PAX6 are low in
the central retina and are high in its distal regions. A transgenic mouse line expressing
CRE and EGFP driven by an α enhancer element of PAX6, αP0-CRE, was used to
conditionally ablate Sox2 and Pax6 in the distal neural retina, encompassing both neural
and ciliary epithelial domains, at the onset of optic cup development. Remarkably, as a
result of conditional ablation of Sox2 the activity of αP0-CRE at E13.5 encompasses
nearly the entire territory of the neural retina, leading to loss of SOX2 not only in the
distal retinal regions, but also in the central retina. Ablation of Sox2 in the retina is
associated with loss of neural progenitor and neuronal markers, Notch1, Hes5, NeuroD1
and β-TubulinIII, and is accompanied by upregulation of PAX6. In accordance with the
observations made in the study of SOX2 function in the chick, expression of markers
traditionally used to identify neural progenitor cells, Rax and Chx10, is not affected by
the loss of SOX2. Surprisingly, markers expressed in the presumptive ciliary body,
including Bmp7 and Otx1, are no longer restricted to the distal retinal regions in Sox2
mutants, and instead are co-expressed with αP0-CRE-EGFP throughout the entire retina.
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By E17.5, the territory of the neural retina marked by αP0-CRE-EGFP morphologically
resembles a single layer of ciliary epithelium and can be molecularly defined as such by
expression of Msx1 and Mitf, the definitive ciliary epithelium markers. Thus, ablation of
Sox2 in the multipotential retinal epithelium at the onset of optic cup development
prevents establishment of neural progenitor cell identity, and subsequent neuronal
differentiation, and instead leads to a gradual cell fate conversion to non-neural
epithelium. The molecular mechanism underlying the spread of αP0-CRE-EGFP
expression territory, and consequently conversion of neural domain of the retina to ciliary
epithelium in Sox2 mutants, at least in part, relies on expression levels of PAX6. When
Pax6 expression levels are genetically reduced by Sey mutation, the activity of αP0-CRE
in compound Sox2COND/COND;Sey/+ mutant embryos remains confined to the distal retina,
while expression of SOX2 in neural progenitor cells of the central retina, and subsequent
neuronal differentiation, remain relatively intact. Remarkably, when Sox2 is mosaically
ablated specifically in the neural retina using CRE driven by the regulatory elements of
Chx10, Chx10-CRE, neural progenitor cells of the central retina lose neural
differentiation potential, characterized by downregulation of neural progenitor and
neuronal markers, and instead exhibit high expression levels of PAX6. By late
embryonic-early postnatal stages, these regions of the retina, similarly to αP0-CRE Sox2
mutants, morphologically and molecularly resemble ciliary epithelium. Contrary to the
phenotype observed in Sox2 mutants, however, conditional ablation of Pax6 using αP0CRE does not lead to an in increase in the territory of CRE activity, and results in loss of
PAX6 specifically in the distal retina (Marquardt, Ashery-Padan et al. 2001). At E14.5,
expression of a few neural progenitor cell markers, such as Hes1 and NeuroD, is
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maintained in distal retinal regions lacking PAX6. In addition to the maintenance of
neural progenitor marker expression, both neural and non-neural retinal regions included
into expression domain of αP0-CRE exhibit neural differentiation potential. However,
the capacity of neural progenitor cells to give rise to diverse neuronal cell types is
restricted in the absence of PAX6, as all neurons generated in the distal retina of PAX6
mutants acquire the identity of amacrine cells. Together, these studies point to the fact
that the precise regulation of the dosage of SOX2 and PAX6 transcription factors plays
an important role in specification of neural versus non-neural cellular fates of early
retinal progenitor cells.

Possible mechanisms of antagonistic relationship between SOX2 and PAX6 in eye
development.
How the inverse gradient of SOX2 and PAX6 expression is established along the
distal-proximal retinal axis, and how these two transcription factors interact in the context
of neural progenitor cells, remains unclear. One possibility is that SOX2 and PAX6 may
perform a cross-regulatory function, and either directly or indirectly modulate each
other’s expression. Exclusion of SOX2 expression from the presumptive ciliary body
defined by high expression levels of PAX6, combined with the maintenance of low
PAX6 expression levels in the central retina in the presence of high levels of SOX2,
support this hypothesis. While it is unclear whether in the absence of PAX6 expression
domain of SOX2 extends to the distal regions of the retina normally specified as ciliary
body, the fact that these regions maintain expression of neural progenitor cell markers
Hes1 and NeuroD1, and give rise to neuronal cell types, suggest that it may. On the other
hand, maintenance of high expression levels of PAX6 in the territory of presumptive
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ciliary body, from which SOX2 is excluded, together with upregulation of PAX6
expression in the absence of SOX2, suggest an existence of an autoregulatory mechanism
involved in regulation of PAX6 expression. In fact, studies of Pax6 enhancer LE9, as
well as in vitro PAX6 misexpression studies provide evidence for its positive
autoregulatory capacity (Aota, Nakajima et al. 2003; Pinson, Simpson et al. 2006; Frost,
Grocott et al. 2008). This, in turn, points to a possibility that autoregulation of PAX6 may
be inhibited in the presence of SOX2, either by direct repression or an indirect
mechanism. Thus, future studies of the functional relationship between SOX2 and PAX6
in the context of the developing retina should take into an account a possibility of cross
regulation between these transcription factors, but also the fact that they are capable of
forming protein-protein complexes in presence of the DNA regulatory elements that
favor their synergistic binding, as illustrated by the interactions of SOX2 and PAX6 at
the DC5 enhancer of δ1-crystallin in the chick, and N-3 and LE9 enhancers of Sox2 and
Pax6 in the mouse (Kamachi, Uchikawa et al. 1998; Kamachi, Uchikawa et al. 2001;
Inoue, Kamachi et al. 2007). An intriguing possibility is that formation of SOX2/PAX6
complexes may serve to sequester these proteins, leaving less of each factor available to
interact with other binding partners and regulate genes whose expression depends on each
factor alone, including their own expression. Moreover, it is unclear whether SOX2 and
PAX6 interact in the maintenance of differentiation capacity of retinal neural progenitor
cells. While in the absence of SOX2 neural differentiation is completely abolished,
ablation of Pax6 prevents diversification of retinal progenitor cell fates. Identification of
direct downstream targets of SOX2 and PAX6 proteins in the developing neural retina
would help resolve these questions.
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MAINTENANCE OF RETINAL NEURAL PROGENITOR CELL IDENTITY
DEPENDS ON THE FUNCTION OF SOX2.
A multitude of cell-intrinsic transcription factor networks and cell extrinsic
signaling pathways have been implicated in regulation of the maintenance of retinal
neural progenitor cell competence and differentiation potential (Marquardt 2003; Yang
2004; Harada, Harada et al. 2007; Ohsawa and Kageyama 2008). How does the function
of SOXB1 transcription factors in establishment of neural competence relate to known
molecular pathways regulating retinogenesis, and what roles do SOX proteins play in
specification of distinct neuronal and glial cell types?

SOX2 interacts with the components of Wnt signaling pathway.
In Xenopus and chick retina, Wnt/β-catenin signaling pathway plays an important
role in the regulation of neural progenitor cell proliferation and differentiation capacity
(Kubo, Takeichi et al. 2003; Kubo, Takeichi et al. 2005; Van Raay, Moore et al. 2005;
Cho and Cepko 2006; Fu, Sun et al. 2006; Denayer, Locker et al. 2008; Agathocleous,
Iordanova et al. 2009). Sustained activity of Wnt signaling in transgenic Xenopus
embryos expressing activated form of β-catenin results in the maintenance of expression
domain of SOX2 throughout neural retina up to latest stages of retinogenesis, and leads to
inability of neural progenitor cells to terminally differentiate into neuronal cell types. In
addition, ectopic activation of Wnt signaling through misexpression of trancriptionally
active form Wnt/β-catenin signaling effector, TCF3-VP16, also blocks neural progenitor
differentiation capacity and leads to maintenance of their proliferative state and radial
morphology (Agathocleous, Iordanova et al. 2009). Similarly, the role of SOX2 in
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Xenopus retina, as assessed by its misexpression during early embryonic development,
lies in the maintenance of retinal neural progenitor cells, as they fail to give rise to
neurons in the presence of ectopic SOX2 expression. Both SOX2 and Wnt/β-catenin
signaling block neuronal differentiation downstream of pro-neural genes, such as Xath5
(Math5), and affect the their terminal differentiation step. However, unlike activation of
Wnt signaling pathway, maintenance of SOX2 is not associated with progenitor cell
proliferation, but instead leads to final differentiation of neural progenitor cells as Müller
glia – a late-born retinal glial cell type. The relationship between SOX2 and Wnt/βcatenin signaling pathway in Xenopus retina was also examined with regards to a possible
cross-regulatory feedback between these two pathways. Expression of SOX2 in Xenopus
retina depends on the function of Wnt receptor, Frizzled 5 (Xfz5). When either Xfz5 or
Sox2 are downregulated, specification of neural progenitor cell competence is
compromised, characterized by loss of X-Notch1 and Xath5, and markers of terminal
neuronal differentiation (Van Raay, Moore et al. 2005). Conversely, SOX2 is able to
suppress Wnt signaling, as assessed by lack of Wnt signaling reporter activity, TOPdGFP, in neural progenitors ectopically maintaining expression of SOX2. The
mechanism for this effect of SOX2 on Wnt signaling does not appear to involve DNA
binding; C-terminal domain of SOX2 alone, lacking the HMG DNA-binding domain, can
achieve inhibition of TOP-dGFP activity. Direct protein-protein interactions between
SOX2 and β-catenin have been described in the context of bone development, where
SOX2 appears to inhibit the function of β-catenin in promoting osteoblast differentiation
through a direct binding mechanism (Mansukhani, Ambrosetti et al. 2005). In addition,
SOX2 inhibits transcriptional capacity β-catenin to activate Wnt signaling in human cells
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(Kelberman, de Castro et al. 2008). In fact, many other SOX factors, including SOX3,
SOX9, SOX13 and SOX17, can directly interact with β-catenin and inhibit canonical
Wnt signaling pathway in a variety of developmental systems (Bernard and Harley ;
Bernard and Harley 2010). Thus, a molecular mechanism involving direct protein-protein
interactions may underlie the ability of SOX2 to inhibit canonical Wnt signaling.
In the mouse retina, however, the relationship between SOX2 and Wnt/β-catenin
signaling pathway is not well understood. While ablation of β-catenin in the early optic
vesicle does not significantly alter the differentiation potential of neural progenitor cells,
consistent with the role of β-catenin in cell adhesion it leads to severe retinal lamination
defects (Fu, Sun et al. 2006). Genetic activation of Wnt signaling pathway through
expression of constitutively active form of β-catenin in the central retina, on the other
hand, blocks neural differentiation capacity of retinal progenitor cells and promotes
differentiation of non-neural cell types, such as pigmented or ciliary epithelia marked by
Mitf. Mapping canonical Wnt signaling activity in the chick and mouse retina suggests
that this pathway may function predominantly in the distal neural retina, where it plays a
role in differentiation of non-neural retinal cell types, such as ciliary epithelium (Cho and
Cepko 2006; Liu, Thurig et al. 2006). Together, these studies suggest a possible
inhibitory role of SOX2 in regulation of Wnt/β-catenin signaling pathway, which may be
important in preserving neural progenitor cell identity and inhibiting non-neural cell fates
within the central domain of the neural retina. This role of SOX2 would be consistent
with its function in mediating neural versus non-neural retinal progenitor fates. However,
the precise mechanism of SOX2 function in inhibiting Wnt signaling pathway remains to
be discovered.
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Notch signaling pathway functions downstream of SOX2 in the maintenance of neural
progenitor cell competence.
Notch signaling pathway is implicated in the maintenance of retinal neural
progenitor cell competence; inhibition of its activity is associated with premature
differentiation of progenitor cells and results in overproduction of early-born neuronal
cell types and lack of late-born neurons and glia, whereas ectopic maintenance of Notch
signaling leads to inability of retinal progenitor cells to differentiate (Dorsky, Rapaport et
al. 1995; Dorsky, Chang et al. 1997; Henrique, Hirsinger et al. 1997; Schneider, Turner et
al. 2001; Yoon and Gaiano 2005). Interestingly, Notch signaling pathway also plays an
important role in specification of Müller glia (Furukawa, Mukherjee et al. 2000; Gaiano
and Fishell 2002; Takatsuka, Hatakeyama et al. 2004; Jadhav, Cho et al. 2006; Jadhav,
Mason et al. 2006; Jadhav, Roesch et al. 2009). Consistent with this, inhibition of Notch
signaling in Xenopus retina results in loss of SOX2 capacity to prevent differentiation of
neural progenitor cells and promote formation of Müller glia (Agathocleous, Iordanova et
al. 2009). The importance of a cross-talk between SOXB1 transcription factors and Notch
signaling pathway in the maintenance of neural progenitor cell population is also
supported by studies in the chick neural tube, where the ability of a constitutively active
form of NOTCH (its intracellular domain, NICD) to prevent differentiation of neural
progenitor cells depends on an intact function of SOXB1 proteins (Holmberg, Hansson et
al. 2008). In the mouse neural retina, genetic ablation of Sox2 is accompanied by
downregulation of both Notch1 and its downstream target Hes5 expression, suggesting
possible regulation of Notch signaling pathway by SOX2 (Taranova, Magness et al.
2006; Matsushima 2010). Furthermore, SOX2 directly binds a cis regulatory element in
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the intron 13 of Notch1 both in vitro and in vivo, and can activate its expression when
tested in ectodermal cell line P19. These data demonstrate that Notch1 is a possible direct
transcriptional target of SOX2. Consistent with this hypothesis, cross-talk between SOX2
and Notch signaling pathway exists not only in embryonic neural progenitor cells, but
also in the context of specification and maintenance of Müller glial cells in the postnatal
mouse retina (see CHAPTER 4).

SUMMARY
Through a compensatory or inhibitory relationship with developmentally
regulated signaling pathways, SOX proteins function to establish neural competence of
embryonic retinal progenitor cells and to preserve their maintenance throughout
retinogenesis. Studies aiming at understanding how SOX proteins fit into crossregulatory networks of transcription factors and signaling pathways, therefore, represent
an exciting area of future research. In particular, such studies would greatly enhance our
understanding of the human diseases involving aberrant function of SOX proteins.
In the vertebrate retina, SOX2 plays most prominent role in both the
establishment of the neural progenitor cell fate, and in the maintenance of progenitor cell
neural differentiation capacity. The questions that remain unanswered largely pertain to
the downstream cellular and molecular mechanisms regulated by SOX2 in multipotent
progenitor cells. Specifically, what are the molecular networks regulated by SOX2 in
neural progenitor cells, and what are the cellular mechanisms involved in the
maintenance of neural progenitor cell competence? In the following chapters, we will
discuss experimental approaches aiming at elucidating cellular and molecular

	
  
	
  

31	
  

mechanisms regulated by SOX2 transcription factor in retinal neural progenitor cells.
First, we discuss experiments aimed at understanding the effects of reduced Sox2 dosage
on embryonic retinal neural progenitor cells (CHAPETR 2). Using DNA microarray
analysis of gene expression in Sox2 mutant embryos, we generate a database of genes
whose expression in the embryonic eye depends in Sox2 expression levels. Second, we
describe development of experimental techniques allowing for molecular and
pharmacological manipulation of embryonic and postnatal mouse retinal tissue in vitro
(CHAPTER 3). Specifically, we establish retinal flat mount and slice culture techniques,
which, combined with pharmacological activation/inactivation of CRE/LoxP-based
alleles in the mouse, can be used to genetically ablate Sox2 in the retina in temporally
controlled manner, and to analyze the fates of Sox2 mutant retinal progenitor cells.
Furthermore, we develop methods to fluorescently label retinal cell types and to image
their behavior in situ using time-lapse microscopy. Finally, utilizing mouse genetic,
retinal culture and imaging tools, we demonstrate an essential role of SOX2 in the
maintenance of postnatal retinal progenitor cells, the Müller glia (CHAPTERS 4, 5 and
6). First, by direct visualization of Sox2 mutant Müller glial cells in situ, we establish cell
cycle progression as one of the mechanisms regulated by SOX2 in postnatal Müller glia.
Second, through genetic ablation and rescue experiments, we demonstrate that
specification of Müller glial cell identity in the postnatal retina relies on Notch1 signaling
pathway acting downstream of SOX2. Combined, this work provides a basis for future
analysis of SOX2 function in the retina, and uncovers its novel role in the maintenance of
retinal progenitor cell identity.
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CHAPTER 2
ANALYSIS OF GENE EXPRESSION IN
EYE TISSUES OF SOX2 MUTANT EMBRYOS
INTRODUCTION
The role of SOX2/Sox2 dosage in human eye disease.
Expression of SOX2 transcription factor throughout neural epithelium of the
neural plate and optic vesicle, combined with its conserved instrumental role in the
development of the lens and in retinogenesis, predicts that it may function as a regulator
of eye development in humans. The pattern of SOX2 expression in the optic vesicle, lens
placode, the developing lens and in the neural retina in humans strongly recapitulates that
observed in mice (Kelberman, de Castro et al. 2008). Furthermore, studies of patients
exhibiting severe eye malformations, anophthalmia (absent eye) and microphthalmia
(small eye), have identified mutations in SOX2 as the most causative genetic factors in
these rare disorders, accounting for 11-15% of all cases. Importantly, the vast majority of
identified SOX2 mutations, which range from deletions/insertions to nonsense and
missense mutations, leading to loss of the entire protein or affecting its functional
domains, are heterozygous and arise de novo; only few mutations were reported to be
inherited, in most cases from phenotypically normal parents (Fantes, Ragge et al. 2003;
Ragge, Lorenz et al. 2005; Faivre, Williamson et al. 2006; Hever, Williamson et al. 2006;
Kelberman, Rizzoti et al. 2006; Bakrania, Robinson et al. 2007; Kelberman, de Castro et
al. 2008). Thus, haploinsufficiency in SOX2 in humans leads to severe eye deformities

and consequently compromised vision. The complexity of human pathological conditions
is further highlighted by the fact that patients carrying the same SOX2 mutation may
exhibit phenotypes of varying severity, ranging from phenotypically normal eyes to
bilateral anophthalmia (Zenteno, Perez-Cano et al. 2006; Chassaing, Gilbert-Dussardier
et al. 2007; Schneider, Bardakjian et al. 2009). However, most of SOX2 mutations are
associated with severe anophthalmia and microphthalmia, often accompanied by a range
of other ocular phenotypes, including coloboma and optic nerve hypoplasia.

Sox2 compound null hypomorphic mutants serve as mouse models of human
anophthalmia and microphthalmia.
Involvement of SOX2 in many aspects of eye development presents a difficulty in
identifying the pathological causes associated with SOX2 haploinsufficiency in humans.
Early preimplantation lethality of homozygous Sox2 mutant mice precludes their use in
studies of a later developmental function of SOX2, whereas Sox2 heterozygous mice
typically do not display developmental eye abnormalities (Avilion, Nicolis et al. 2003;
Taranova, Magness et al. 2006). To investigate the role of Sox2 dosage during eye
development, two hypomorphic mouse alleles, Sox2IR and Sox2LP, have been recently
generated through modifications of Sox2 3’ UTR (Taranova, Magness et al. 2006). In
mice, these mutations lead to below 40% of normal expression levels of Sox2 (15%-40%)
from the modified allele. Reducing Sox2 expression levels below 40% of normal in
compound hypomorphic null animals, Sox2IR/EGFP and Sox2LP/EGFP, leads to consistent
defects in eye development. Like in humans, the defects observed in mice vary in severity
and range from mild bilateral microphthalmia to bilateral anophthalmia. Thus,
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hypomorphic Sox2 mutations in mice provide the means for a detailed examination of the
role of Sox2 dosage during eye development.

Hypomorphic expression levels of Sox2 affect retinal neural progenitor cell identity and
differentiation of retinal ganglion cells.
One of the surprising findings stemming from examination of Sox2IR/EGFP and
Sox2LP/EGFP embryos is the fact that in addition to obvious reduction in eye size,
phenotypes associated with reduced Sox2 expression levels include aberrant
differentiation of one class of retinal neurons – retinal ganglion cells (RGC). RGCs are
the earliest-born retinal cell type and are the only retinal output neurons sending their
axons through the optic nerve head and optic stalk to the brain (Schulte and BumstedO'Brien 2008). In Sox2 hypomorphic mice, RGCs appear to be correctly specified, based
on expression of RGC fate determinants, Math5, and BRN3b. However, their axons are
unable to appropriately exit the eye through the optic nerve head. In Sox2IR/EGFP animals
that survive to adulthood, RGCs are completely missing, evidenced by lack of optic
nerves and RGC marker expression.
Loss of RGCs in Sox2 hypomorphs is accompanied by the overall reduction in the
number of other retinal cell types, leading to a thinner retinal structure that contributes to
microphthalmia phenotype. This phenotype, where all retinal cell types are correctly
specified but present in smaller numbers, may be due to loss of RGC’s, or their inability
to secret Shh signaling molecule, as observed in mice specifically missing this cell type
(Mu, Fu et al. 2005). However, the precise molecular mechanism underlying aberrant
differentiation of RGCs in Sox2 hypomorphic mice is currently unknown. Among the
markers indicative of correct neural progenitor cell specification, expression of Notch1 is
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reduced in Sox2 mutants. This, in turn, may lead to premature, aberrant differentiation of
RGCs. On the other hand, Sox2 mutant RGCs may no longer be responsive to axon
guidance cues, or the source of such a signal may be displaced due to the overall
disorganization of the eye structure. Alternatively, this phenotype may be due to an
increase in expression levels of PAX6. In fact, increased Pax6/PAX6 levels in transgenic
mice carrying several copes of human PAX6 gene are associated with pathfinding defects
in RGCs (Manuel, Pratt et al. 2008). Considering the fact that expression levels of PAX6
increase concomitant with genetic ablation of Sox2 in the neural retina, possible increase
in Pax6 in Sox2 hypomorphic mice may at least partially contribute to RGC phenotype.
Interestingly, overexpression of Pax6 in mice also leads to microphthalmia and
anophthalmia (Kim and Lauderdale 2008; Manuel, Pratt et al. 2008).
Retinogenesis defects observed in Sox2 hypomorphic mice, however, are only
indicative of the effect of Sox2 dosage on neuronal differentiation, and may not apply to
severe cases of anophthalmia, where the optic cup and consequently neural retina are not
formed. Genetic and biochemical evidence from studies in the mouse suggest that
interactions between SOX2 and PAX6 are dosage-dependent, and are important in
regulation of different aspects of eye development (Kamachi, Sockanathan et al. 1995;
Kamachi, Uchikawa et al. 1998; Smith, Miller et al. 2009; Matsushima 2010). Both
proteins function in induction and development of the lens, in the absence of which optic
cup morphogenesis is impaired (Kondoh 2008). The existence of genes, such as δ1crystallin in the chick, whose expression depends on synergistic function of SOX2 and
PAX6, suggests that their regulation may be affected when one or the other factor is
expressed at insufficient levels (Kamachi, Sockanathan et al. 1995; Kamachi, Uchikawa
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et al. 1998). In fact, regulation of Sox2 and Pax6 themselves may rely on such a
mechanism (Aota, Nakajima et al. 2003; Inoue, Kamachi et al. 2007). Furthermore, the
ability of SOX transcription factors to interact with multiple families of DNA-binding
proteins to synergistically activate target gene expression suggests a wide range of SOX
factor target genes that may play diverse developmental functions. For instance, during
optic field specification, cooperative activity of SOX2 and OTX2 is implicated in
regulation of Rax, whose function is essential for optic vesicle morphogenesis (Zhang,
Mathers et al. 2000; Danno, Michiue et al. 2008). Importantly, together with SOX2,
mutations in PAX6, OTX2 and RAX, oftentimes associated with haploinsufficiency, are
among the genetic causes of anophthalmia and microphthalmia in humans (Hever,
Williamson et al. 2006). Careful characterization of functional properties of individual
mutant forms of human SOX2 proteins, together with further studies of the effect of
reduced Sox2/SOX2 dosage on distinct cell fate decisions within the neural epithelium,
could shed a light onto its role in human eye disorders.

DNA microarrays as an approach to identify genes misregulated due to reduction in Sox2
dosage.
DNA microarray technology serves as a powerful tool in identifying molecules
and signaling pathways regulating neural development (Henry, Zito et al. 2003; Diaz
2009). Analysis of gene expression profiles in distinct cell types and tissues of the
developing and adult CNS, in combination with other computational and experimental
approaches, has proven to be a valid method in identifying target genes of transcription
factors regulating neural development, as well as molecular pathways underlying CNS
diseases. Experimental approaches aiming at identifying transcription factor regulatory
	
  
	
  

37	
  

networks using mRNA expression analyses, however, rely primarily on the assumption
that reduced dosage or absence of a given transcription factor would result in reduced
expression levels of its target genes. Conversely, another assumption of such approaches
is that misexpression of a given transcription factor in the tissue normally devoid of its
expression would result in induction of its target genes, which can be identified using
microarrays. However, large scale studies that correlate gene expression data with
transcription factor-DNA binding analyses, such as chromatin immunoprecipitation and
sequencing (ChIP-Seq), and protein expression using mass spectrometry, provide
evidence that gene expression levels may not always represent a reliable measure of
transcription factor activity (Kim and Orkin). Specifically, regulation of gene expression
involves both transcriptional and posttranscriptional mechanisms. Therefore, examination
of changes in gene expression profiles alone is oftentimes insufficient to determine
molecular networks regulated by a given transcription factor. Nevertheless, many studies
have successfully utilized a combination of gene expression analyses, genetic tools and
biochemical assays, to establish transcription factor networks functioning within distinct
cell types and tissue. Such analyses were successfully performed in ES cells, where the
role of a cross-regulatory network of transcription factors, including SOX2, OCT4 and
NANOG, has been dissected in the context of maintenance of ES cell pluripotency
(Orkin, Wang et al. 2008). Coupling gene expression analysis with genetic tools even
further improves the chances of identifying transcription factor targets. Through a series
of gene expression analyses in Drosophila, several direct transcriptional targets of
Eyeless, a homologue of vertebrate Pax6, were identified and further validated (Jemc and
Rebay 2006). Importantly, the strategy to identify genes directly regulated by Eyeless
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relied on the epistatic genetic relationship between transcription factors that form a
putative hierarchical regulatory network downstream of Pax6 during eye development.
Thus, DNA microarray analysis can be coupled with genetic tools to identify and validate
transcription factor target genes.
Few direct transcriptional targets of SOX2 are currently known. Among
established genes directly regulated by SOX2 are Fgf4 in ES cells, and δ1-crystallyn in
the lens. Evidence exists that in neural progenitor cells, SOX2 may directly regulate
expression of Notch1, an essential regulator of neural progenitor cells competence
(Taranova, Magness et al. 2006). Thus, transcriptional targets of SOX2 in retinal neural
progenitor cells are largely unknown. In designing a strategy to identify molecular
networks regulated by SOX2 in neural progenitor cells we considered the general
mechanisms of SOX protein function. First, regulation of target genes by SOX2 is
dependent on the presence of partner binding proteins (Bernard and Harley ; Kamachi,
Uchikawa et al. 2000). Furthermore, SOX protein consensus binding site sequence is
abundantly present throughout the genome. Therefore, misexpression of SOX2 in nonneural tissue with the purpose of identifying its target genes may yield many genes whose
expression may be affected by non-specific SOX2 binding, while activation of SOX2
direct targets may be hindered by the absence of the tissue-specific binding partner.
Therefore, as a first step in understanding the molecular networks regulated by SOX2 in
the developing mouse eye we have chosen to employ mouse genetics in combination with
gene expression profiling. Specifically, we have utilized a series of Sox2 mutant alleles to
examine the effects of Sox2 dosage on expression of genes involved in mouse eye
development. Through analysis of changes in global gene expression in eye tissues of
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Sox2+/+, heterozygous Sox2+/EGFP, and compound null hypomorphic Sox2IR/EGFP and
Sox2LP/EGFP embryos, we have generated a database of genes differentially expressed in
the developing eye concomitant with reduction in Sox2 expression levels. This database
can be further used in validation of putative direct transcriptional targets of SOX2, as
well as in identifying networks of signaling pathways regulated by SOX2 during eye
development.

RESULTS.
Reduction in Sox2 expression levels is associated with abnormal eye development.
To elucidate the function of SOX2 in the developing embryo, several mutant
mouse Sox2 alleles have been recently generated by homologous recombination in ES
cells (Ellis, Fagan et al. 2004; Taranova, Magness et al. 2006). Sox2EGFP is a null allele,
in which an EGFP reporter cassette substitutes Sox2 coding region (Fig.2.1 A) (Ellis,
Fagan et al. 2004). Sox2IR and Sox2LP are two hypomorphic alleles, generated via
modification of Sox2 3’ UTR by insertion of dsRED and neomycin resistance cassettes,
and a single neomycin cassette, respectively (Fig.2.1 A) (Taranova, Magness et al. 2006).
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Figure 2.1. Schematic illustration of Sox2 mouse alleles and strategy for gene expression
analysis. (A) Null Sox2EGFP allele was generated by substitution of Sox2 coding sequence with
EGFP expression cassette and addition of floxed neomycin resistance cassette. In hypomorphic
Sox2IR and Sox2LP alleles, Sox2 3’ UTR was modified by addition of dsRED and neomycin
resistance cassettes, and a neomycin resistance cassette alone, respectively. (B) Schematic
diagram of mRNA isolation strategy. Embryos of 4 distinct genotypes are generated through
interbreeding of mice carrying mutant alleles of Sox2 to generate heterozygous Sox2+/EGFP, and
compound null hypomorphic Sox2IR/EGFP and Sox2LP.EGFP animals, expressing progressively
reduced Sox2 levels. mRNA is isolated from eye tissues of E13.5 embryos of 4 distinct
genotypes, followed by cDNA synthesis and hybridization to Mouse Genome 430.2 arrays
(Affymetrix).

Expression levels of SOX2 in compound null hypomorphic Sox2 embryos,
Sox2IR/EGFP and Sox2LP/EGFP, are reduced below 40% of normal, evidenced by quantitative
western blot analysis of embryonic eye tissues at E14.5 (Fig.2.2 A). Reduction in SOX2
expression levels in Sox2 hypomorphic embryos leads to developmental defects in eye
development (Fig.2.2 B-E). Compared to heterozygous Sox2+/EGFP littermates, the eyes of
compound null Sox2IR/EGFP and Sox2LP/EGFP E14.5 embryos are smaller (compare Fig.2.2
C, E vs B, D). In addition, differentiation RGC’s in Sox2 hypomorphic embryos is
impaired. While in heterozygous Sox2+/EGFP embryos the axons of RGC’s, marked by β	
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TubulinIII, exit the eye through the optic nerve head and form the optic nerve, in Sox2
hypomorphic embryos, RGC axons fail to fasciculate and appropriately exit the eye,
evidenced by formation of axonal bundles within the territory of the retina (compare
arrows in Fig.2.2 E vs D). Furthermore, structural organization of the retina is oftentimes
disrupted in Sox2 hypomorphic embryos, evidenced by formation of rosette structures,
consisting of differentiated cells types, spanning the entire retina (data not shown)
(Taranova, Magness et al. 2006). Thus, reduced Sox2 expression levels in compound null
hypomorphic embryos are manifested in aberrant eye development.

Figure 2.2. Reduction in Sox2 expression levels in compound null hypomorphic embryos leads
to developmental eye defects (re-printed from Taranova et al, 2006). (A) Quantitative western
blot analysis of E14.5 eye tissues demonstrates reduction in SOX2 protein levels in Sox2IR/EGFP
and Sox2LP/EGFP embryos below 40% of SOX2 levels observed in Sox2+/+ embryos. Expression of
SOX2 in Sox2+/+ embryos was designated as 100%, and expression of EGFP in Sox2+/EGFP
embryos as 50%; n= 2 for each genotpye. (B and C) Bright field (BF) images of cross-sections
through E14.5 eyes show reduction in the size of the eye in Sox2IR/EGFP (C) compared to
heterozygous Sox2+/EGFP embryos (B). (D and E) Immunostaining of eye sections with antibody
against β-TubulinIII reveals aberrant localization of RGC axons within the retina of Sox2IR/EGFP
embryos (E, arrows), as opposed to orderly pattern of RGC axons localization in the optic nerve
head and the developing optic nerve in Sox2+/EGFP embryos (D). BF- bright field.
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To begin our analysis, we first examined tissue and cellular composition of the
embryonic eye. At E13.5, three main tissues types of the eye are specified and are
morphologically distinguishable (Fig.2.3). At this stage, the retina (NR) forms an inner
layer of the optic cup, directly opposing the developing lens, and is surrounded by a layer
of pigmented epithelium (RPE) (Fig.2.3 A). Two main cell types compose the neural
retina at E13.5: the outer retina, defined as a neuroblast cell layer (NBL), contains
predominantly neural progenitor cells expressing SOX2 (Fig.2.3 B and F, larger
magnification image of B). The developing inner layer of the retina consists of
differentiating RGC’s and amacrine cells, marked by β-TubulinIII (Fig.2.3 C and G,
larger magnification image of C). Importantly, expression of SOX2 is excluded from
differentiating neuronal cells, evidenced by lack of co-expression between SOX2 and βTubulinIII (Fig.2.3 D and H, larger magnification image of D). Thus, at E13.5 neural
retina consists of neural progenitor cells, expressing SOX2, and neuronal cell types, in
which SOX2 is downregulated upon differentiation. The phenotypes observed in Sox2
compound null hypomorphic embryos, including reduction in eye size and defects in
RGC differentiation, are consistently prominent at E13.5. Therefore, we chose this
developmental stage for our analysis of gene expression.
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Figure 2.3. Tissue and cellular composition of E13.5 mouse eye. (A and E) Bright field (BF)
images (A, E – larger magnification image of A) of horizontal cross-sections through embryonic
E13.5 eye illustrate a developed eye structure, consisting of the retina (NR), the lens and retina
pigmented epithelium (RPE). (B-D and F-H)) Immunohistochemical analysis (B-D, F-H – larger
magnification images of B-D) of the retina illustrates restricted expression of SOX2 in neural
progenitor cells in the NBL (B and D, F and H – larger magnification images of B and D). SOX2
is excluded from differentiating retinal ganglion cells in the inner retinal layer, evidenced by lack
of co-expression between SOX2 and neuronal marker β-TubulinIII (C and D; G and H – larger
magnification images of C and D). (I) Schematic illustration of retinal composition at E13.5.
Early embryonic retinal neural progenitor cells occupying NBL predominantly give rise to earlyborn retinal ganglion cells (RGC) and amacrine interneurons, translocating to the inner retinal
layer upon differentiation. AM – amacrine cells, BF – bright field, NBL – neuroblast cell layer,
RGC – retinal ganglion cells. Scale bars: in (D) - 150µm; in (H) - 90µm.
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Strategy for analysis of gene expression in Sox2 mutants.
Several morphological features of the developing eye are disrupted in compound
null hypomorphic Sox2 mutants: 1) the overall size of the eye, evidenced by reduced
cellularity of the retina and the lens, 2) the structural organization of the neural retina,
and 2) differentiation of RGC’s. While reduction in the eye size may indicate aberrant
specification and development of the optic cup and the lens during early embryogenesis,
defects in RGC differentiation and disorganization of retinal cellular architecture suggest
that neural progenitor cell morphological and differentiation properties are disrupted by
reduced Sox2 dosage. Therefore, to assess the global state of gene expression in eye
tissues developmentally affected by reduced expression levels of Sox2, we chose to
include all eye tissues in our analysis - the retina, pigmented epithelium and the lens.
First, we generated embryos of four distinct genotypes to create pools of mRNA
representing embryonic eye tissues affected by progressively reduced expression levels of
Sox2 (Fig.2.1). We chose to use Sox2+/+embryos as controls representing normal eye
development, heterozygous Sox2+/EGFP embryos, representing phenotypically normal eye
development with 50% reduction in Sox2 dosage, and compound null hypomorphic
Sox2IR/EGFP and Sox2LP/EGFP embryos to represent phenotypically aberrant eye
development due to reduction in Sox2 dosage below 40% of normal (Fig.2.1 B). In design
of this strategy we reasoned that genes directly affected by reduction in Sox2 dosage may
exhibit a trend in expression levels across the four genotypes similar to that of Sox2 itself.
Eyes of 3-4 E13.5 embryos (6-8 eyes) of each genotype were pooled together during
mRNA isolation. Each pool of mRNA was checked for quality and integrity using
BioAnalyzer platform (Agilent); only mRNA with RNA integrity (RIN) score of 9.7 or
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higher, with 10 being the highest score, was used for cDNA synthesis. Pools of mRNA
for each genotype were generated in triplicate, with each mRNA pool analyzed on an
individual array. Synthesis of cDNA, hybridization to the arrays and data acquisition
were performed at the UNC Neuroscience Center Functional Genomics facility.
As a platform for analysis of gene expression in Sox2 mutants, we have chosen
Affymetrix CheneChip Mouse Genome 430 2.0 arrays. These arrays allow to analyze
expression levels of over 34,000 well characterized genes in the mouse genome, with
each transcript represented by 11 probesets, including match and mismatch
oligonucleotides. Thus, GeneChip arrays are a sensitive method to detect variation in
gene expression levels.

Quality analysis of gene expression data.
To begin analysis of gene expression profiles in control and Sox2 mutant eye
tissue samples, we first examined the quality of hybridization data using Principal
Components Analysis (PCA) using Partek software. This statistical tool allows to
visualize distribution and variation in the numerical data in multiple dimensions
(Raychaudhuri, Stuart et al. 2000). In our analysis, we utilized PCA to examine the
variation in data distribution according to each individual array. We find that gene
expression data obtained from each of the 3 arrays representing Sox2+/+ and Sox2LP/EGFP
mRNA pools cluster close together across the axes, indicating that these arrays are very
similar in quality (Fig.2.4 A, purple vs green). On the contrary, one of the three arrays
representing mRNA pools from Sox2+/EGFP and Sox2IR/EGFP embryos appear separate from
the array cluster, suggesting a large difference in the overall distribution of gene
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expression data obtained from these particular arrays compared to the rest of the
expression data (Fig.2.4 A, blue and red vs purple and green). Variation in the overall
expression data distribution for individual arrays of Sox2+/EGFP and Sox2IR/EGFP genotypes
is also reflected by mRNA expression levels of Sox2 (Fig.2.4 B). Sox2 expression levels
detected in mRNA pools from Sox2+/+ embryos are the highest compared to other
genotypes, and show little variation across individual arrays (Fig.2.4 B, purple). As
expected, Sox2 mRNA levels in Sox2+/EGFP samples are significantly reduced, and show
some variation across arrays (Fig.2.4 B, green). Similarly, levels of Sox2 mRNA are
reduced in Sox2+/EGFP compared to Sox2+/+ samples with some variation (Fig.2.4 B, red).
However, Sox2 mRNA levels in Sox2IR/EGFP samples show drastic variation between
individual arrays, indicating that expression data from at least one of these arrays is very
different from the others, and should be excluded from further gene expression analysis
(Fig.2.4 B, blue).

Fig.2.4. Analysis of gene expression variation by genotype and individual array. (A) PCA
analysis of gene expression data shows variation in data distribution by genotype. Each sphere on
the plot represents a separate array, while different colors highlight individual conditions (embryo

	
  
	
  

47	
  

genotypes). Individual arrays representing mRNA pools from Sox2+/+(purple) and Sox2LP/EGFP
(green) embryos cluster close together, while data collected using mRNA from Sox2EGFP/+ (red)
and Sox2IR/EGFP (blue) embryos contain outlier arrays. (B) Variation in the data is reflected by
variation in expression of Sox2 mRNA between the arrays of each genotype. As expected,
expression of Sox2 is lower in heterozygous Sox2+/EGFP (red) and hypomorphic Sox2 LP/EGFP
(green) embryos, while expression data obtained for Sox2IR/EGFP (blue) samples shows significant
variation.

We next examined the source of expression data variation using Partek software,
and established that scan date or “batch effect” accounts for the majority of variation in
our dataset (Fig.2.5 A). Detailed examination of individual oligo probe sets, representing
sets of control housekeeping genes present on the GeneChip array, revealed that mRNA
quality in samples used during one of the scan dates was different from mRNA’s in other
samples. Specifically, this analysis showed possible 5’ degradation of mRNA in a set of
samples processed on the same day (data not shown). When variation in gene expression
due to “batch effect” is statistically removed, embryo genotype becomes the main source
of variation, as desired (Fig.2.5 B). Furthermore, as evidenced by data distribution
visualized by PCA, following statistical correction of data variation due to scan date gene
expression variation is minimized (Fig.2.5 C).
Together, these analyses show that gene expression data generated from mRNA
samples of control Sox2+/+ and compound null hypomorphic Sox2LP/EGFP embryos show
minimal variation, evidenced by clustered distribution across PCA axes, and reflect Sox2
expression levels predicted for these genotypes (Fig. 2.4). Therefore, these two sets of
expression data can be used to generate a list of genes differentially expressed in the
embryonic eye due to reduction in Sox2 dosage.
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Fig.2.5. Scan date is the main source of data variation. (A) Gene expression data was analyzed
in relation to the source of variation. Scan date (red) accounts for the majority of variation. (B)
Statistical removal of scan date-dependent variation leaves embryo genotype (blue) as the main
variation source. (C) Distribution of expression data according to PCA axes following statistical
correction of scan date effect illustrates clustering of individual arrays according to scan date.

Comparison of gene expression between mRNA samples from control Sox2+/+ and
Sox2LP/EGFP embryos.
To assess differences in gene expression profiles obtained from mRNA samples
of control Sox2+/+ and Sox2LP/EGFP eye tissues, we have generated a list of genes showing
more than 1.2 fold difference in expression levels between these two groups (FDR=0.05).
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We found that 1402 genes fit these criteria. Among these genes, 734 are expressed at
lower levels and 668 at higher levels in compound null hypomorphic Sox2LP/EGFP eye
tissues compared to control Sox2+/+ samples. We next sought to examine genes whose
expression levels were downregulated in hypomorphic embryos. Among genes
significantly reduced in expression levels between control and hypomorphic eye tissue
samples are Hes5 and Pou4f1 (Table 1).
HES5 is a basic helix-loop-helix (bHLH) transcription factor, and is an
established downstream target of NOTCH1 signaling pathway. Serving to repress
expression of genes required for neuronal differentiation, HES5 functions in the
maintenance of neural progenitor cell identity (Gaiano and Fishell 2002). Ablation of
Hes5, similarly to disruption of NOTCH1 signaling pathway, leads to premature
differentiation of neural progenitor cells. Importantly, expression of Hes5 in compound
null hypomorphic embryos, as detected by in situ hybridization, is downregulated
(Fig.2.6) (Taranova, Magness et al. 2006). Downregulation of Hes5 expression in Sox2
mutant retina is consistent with the evidence for direct regulation of Notch1 by SOX2,
and may reflect disruption of NOTCH1 signaling pathway in neural progenitor cells.
Thus, changes in expression levels of Hes5 detected through our analysis of gene
expression in Sox2 hypomorphic eye tissues, is consistent with our previous findings and
with predicted disruption of Notch1 signaling pathway in Sox2 mutant embryos.
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Table 1. List of selected genes downregulated in Sox2LP/EGFP compared to Sox2+/+eye tissue
samples.

Figure 2.6. Expression of Hes5 is downregulated in Sox2IR/EGFP embryos (re-printed from
Taranova et al, 2006). (A and B) In situ hybridization on sections of E14 embryonic eyes using a
probe against Hes5 reveals significant reduction in its expression levels in compound null
hypomorphic Sox2IR/EGFP embryos (B) compared to its robust expression throughout the
neuroblast cell layer of the retina in heterozygous Sox2+/EGFP embryos (A).

Similarly, we find that reduced mRNA expression levels of Pou4f1 gene,
encoding a transcription factor BRN3a, is consistent with the phenotypes observed in
Sox2 hypomorphic embryos. Specifically, BRN3a functions in differentiation of retinal
ganglion cells by regulating their dendritic morphology and lamina-specific stratification
within the inner plexiform layer (IPL) of the retina (Badea, Cahill et al. 2009). Severe
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defects in retinal ganglion cell differentiation in compound null hypomorphic embryos,
including misrouting of axonal projections, are consistent with functional disruption of
transcription factors, such as BRN3a, important for their specification and differentiation
(Taranova, Magness et al. 2006). Together, reduction in expression levels of Sox2
(Fig.2.4 B), and transcription factors involved in regulation of retinal neural progenitor
cell identity and differentiation of retinal ganglion cells (Table 1 and Fig.2.6), confirm
that gene expression dataset generated in this study is consistent with the phenotypes
observed in Sox2 compound null hypomorphic embryos.

DISCUSSION AND FUTURE DIRECTIONS.
The strength of microarray-based gene expression analysis lies in its design and in
the use of effective methods for data validation and analysis. Through analysis of gene
expression in eye tissues of Sox2 mutant embryos using DNA microarrays, we have
generated a list of more than a thousand genes differentially expressed in the developing
eye of Sox2+/+ and Sox2LP/EGFP embryos. Which of these genes reflect direct
transcriptional activity of SOX2 is hard to predict. Nevertheless, data generated through
analysis of gene expression in Sox2 mutant embryos can be analyzed with regards to
specific questions of interest.

Analysis of genes enriched in retinal neural progenitor cells.
One of the purposes of this study is to identify molecular networks regulated by
SOX2 in retinal neural progenitor cells. However, gene expression data generated using
mRNA samples from Sox2 mutant embryonic eyes does not represent a pure population
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of retinal progenitors, but also includes genes expressed in other eye tissues and cell
types, including differentiating neurons, retina pigmented epithelium and the lens.
Several studies have previously identified genes enriched in embryonic retinal neural
progenitor cells, including the developmental stage analyzed in our study (Livesey,
Young et al. 2004; Trimarchi, Stadler et al. 2008). By consulting existing expression data,
the list of genes differentially expressed in Sox2+/+ versus Sox2LP/EGFP eye tissues can be
first refined to include only those expressed in retinal neural progenitor cells.
Alternatively, our gene expression analysis can be expanded to include gene expression
profiles of neural progenitor cells specifically. By employing expression of EGFP in
neural progenitor cells of Sox2+/EGFP embryos, a separate dataset of genes expressed
exclusively in EGFP-positive retinal neural progenitor cells can be generated through
isolation of mRNA from cells sorted using FACS (Fluorescence-Activated Cell Sorting).
Thus, the expression data generated from pure population of SOX2-EGFP-positive
progenitor cells, in combination with the available data from other studies, can be used to
refine the list of genes misregulated in Sox2 mutants to include only those expressed in
retinal neural progenitor cells specifically. Genes exhibiting differential expression in
Sox2 compound null hypomorphic compared to control embryos can be further analyzed
with regards to regulatory molecular networks and signaling pathways involved in retinal
development.
NOTCH1 is one of the molecular pathways functioning downstream of SOX2 in
retinal neural progenitor cells (Taranova, Magness et al. 2006). Through chromatin
immunoprecipitation (ChIP)-cloning screen, NOTCH1 has been identified as a possible
direct target of SOX2. While both SOX2 and NOTCH1 function to maintain neural
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progenitor cell identity, it is unclear what specific role each of these factors plays during
retinal development. Expression of the components of NOTCH1 signaling pathway, such
as its downstream target Hes5, is downregulated in the retina of Sox2 hypomorphic
mutants, indicating that the function of this pathway is disrupted due to reduction in Sox2
expression levels. Analysis of changes in gene expression in retinal neural progenitor
cells due to reduction in Sox2 expression levels versus disruption of NOTCH1 signaling
pathway would provide an insight into molecular mechanisms regulated by each of these
factors. To perform such analysis, expression data generated from eye tissues of Sox2
hypomorphic embryos, and refined to include genes expressed specifically in neural
progenitor cells, can be compared to gene expression data generated from eye tissues of
E13.5 Notch1 mutant embryos, in which Notch1 was specifically ablated in retinal neural
progenitor cells (Jadhav, Mason et al. 2006). This type of analysis may reveal distinct
molecular networks regulated by SOX2 and NOTCH1 in retinal neural progenitors.

Analysis of genes regulating retinal ganglion cell differentiation.
Aberrant differentiation of retinal ganglion cells (RGC) in Sox2 compound null
hypomorphic embryos is evident by failure of their axons to form an optic nerve during
retinogenesis, and complete absence of this cell type in the adult (Taranova, Magness et
al. 2006). The mechanism underlying the defects in RGC differentiation and
morphogenesis in Sox2 mutant embryos are unclear. Using microarray analysis of gene
expression in eye tissues of Sox2LP/EGFP embryos, we have detected a significant reduction
in expression levels of a key transcriptional regulator of RGC differentiation, BRN3a
(Table 2). On the one hand, reduced expression levels of BRN3a in Sox2 hypomorphic
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embryos may indicate disruption of transcriptional program regulating RGC
differentiation. Alternatively, a significant proportion of RGC’s may be missing in the
retinas of Sox2 hypomorphs due to defects in specification of this cells type. To resolve
this question, expression of RGC-specific genes can be examined in gene expression
dataset generated using eye tissues of Sox2LP/EGFP embryos. Genes required for
specification and differentiation of RGC’s are regulated by a hierarchy of transcription
factors, including MATH5, BRN3b and BRN3a (Mu, Beremand et al. 2004; Mu, Fu et al.
2005; Qiu, Jiang et al. 2008). Importantly, changes in gene expression downstream of
these transcription factors in the embryonic retina have been previously examined using
microarrays. Furthermore, the phenotypes correlated with gene expression profiles in
Math, Brn3b, and Brn3a mutant retinas are well characterized (Mu, Beremand et al.
2004; Mu, Fu et al. 2005; Qiu, Jiang et al. 2008). Therefore, these expression data can be
used to refine the list of genes differentially expressed in Sox2 mutant eye tissues to
identify 1) genes expressed specifically in RGC’s, and 2) molecular regulatory networks
disrupted in retinas of Sox2 compound null hypomorphic embryos during RGC
specification.

Analysis of transcription factor regulatory networks
Aside from refining gene expression datasets to include or exclude genes specific
to distinct retinal cell types, possible regulatory networks governed by SOX2 in the
developing eye can be inferred using computational cluster analysis methods. These
approaches are based on assigning genes with similar expression patterns to distinct
clusters, which may represent sets of co-regulated genes or genes that share a common
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biological function. For instance, many genes encoding components of cell cycle
machinery are co-regulated (Brown and Botstein 1999; Tavazoie, Hughes et al. 1999).
Gene cluster analysis may reveal a correlation between expression patterns of such coregulated genes in Sox2 mutant eye tissues, and provide an insight into a specific
biological function that may be disrupted in Sox2 mutant cells.
To enhance the reconstruction of gene regulatory networks, gene expression
analysis can be coupled with transcription factor binding assays, such as ChIP-chip or
ChIP-Seq. Several methods to integrate gene expression and transcription factor binding
data have been recently developed (Brown and Botstein 1999; Tavazoie, Hughes et al.
1999; Cooke, Savage et al. 2009). While genome-wise analysis of transcription factor
binding is an established tool in experimental systems where tagged versions of particular
proteins can be easily expressed, such as in yeast, ES cells and other cell culture systems,
in vivo analysis of transcription factor DNA binding activity in vertebrates is challenging
for the following reasons (Kim and Orkin ; Farnham 2009). The quality of data generated
through ChIP assays depends on the quality of the antibody used to isolate protein-DNA
complexes. Non-specific antibody binding can create “noise” in the data and compromise
its analysis. In vivo expression of tagged versions of transcriptions factors in the mouse
requires generation of mouse lines by gene targeting or transgenesis. We hope to generate
a mouse line carrying tagged version of SOX2 protein in the near future, and utilize it in
integrating gene expression and in vivo genome-wide transcription factor binding
analyses to examine the molecular networks regulated by SOX2 in neural progenitor
cells.
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CHAPTER 3
DEVELOPMENT OF TECHNIQUES FOR TEMPORALLY AND SPATIALLY
REGULATED ABLATION OF SOX2 IN THE MOUSE RETINA.
INTRODUCTION
Development of the vertebrate CNS is a complex process involving cell
specification, cell migration, neuronal and glial differentiation, and synaptogenesis.
Establishment of transgenic, knock-in and conditional gene targeting technologies in the
mouse have made it possible to investigate these processes through in vivo analysis of
gene function (Ashery-Padan 2002; Gaveriaux-Ruff and Kieffer 2007). However, some
of the limitations inherent to experimental approaches relying on the use of genetically
engineered mouse lines to study neural development include: 1) possibility of early
embryonic lethality of mutant animals, 2) limited accessibility of tissue for
pharmacological manipulation and/or transfection, and 3) difficulty in monitoring the
effects of gene activation/inactivation in real time. Development of techniques for
organotypic culture of neural tissue has provided new avenues of research that
circumvent some of these limitations.
Through employment of brain slice culture technique, for instance, many aspects
of CNS development, such as cell proliferation, cell adhesion, apoptosis, neuronal
migration, differentiation, synaptogenesis and synaptic transmission, were investigated in
great detail using a variety of experimental approaches, including studies of protein gain
and loss of function, pharmacological manipulation, time-lapse microscopy and

electrophysiology (Gahwiler 1987; Gahwiler, Capogna et al. 1997; Nadarajah, Alifragis
et al. 2003; Niell and Smith 2004; Haydar 2005; Lossi, Alasia et al. 2009). Similarly, the
functions of many genes and signaling pathways in retinal development were determined
through employment of organotypic culture of embryonic, postnatal and adult retina
(Donovan and Dyer 2006). For instance, retinal explant culture system was successfully
used to investigate the role of cell cycle regulator, retinoblastoma protein Rb1, in retinal
progenitor cell proliferation during distinct temporal stages of retinogenesis, a task
otherwise difficult to achieve due to early embryonic lethality of Rb1 mutant animals
(Clarke, Maandag et al. 1992; Jacks, Fazeli et al. 1992; Donovan, Schweers et al. 2006).
Furthermore, many functional aspects of key developmental signaling pathways,
including Wnt, Notch, EGF and Shh, in the developing retina were elucidated through
transfection, viral infection and the use of pharmacological agents applied towards
cultured retinal explants (Lillien and Cepko 1992; Tomita, Ishibashi et al. 1996; Wang,
Dakubo et al. 2002; Takatsuka, Hatakeyama et al. 2004; Kubo, Takeichi et al. 2005;
Jadhav, Cho et al. 2006; Jadhav, Mason et al. 2006). Organotypic culture of adult retina
has proven to be a reliable system in studies if retinal disease-related questions, including
regulation of angiogenesis, retinal degeneration and regeneration (Stahl, Connor et al. ;
Dyer and Cepko 2000; van Rossum, Aartsen et al. 2006; Osakada, Ooto et al. 2007).
Visualization of biological processes using time-lapse microscopy is an
invaluable tool in the field of cell biology. Widely applied towards understanding many
aspects of cellular function, including cell motility, cytoskeletal dynamics and apoptosis,
time-lapse microscopy can be used to address a variety of questions not only in cultured
cells, but also in living tissues. This technique is especially valuable for investigating in
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vivo gene function through visualization of cell behavior, and has provided many insights
into novel mechanisms regulating neural development (Niell and Smith 2004; Morgan,
Huckfeldt et al. 2005). Development of methods for delivery of exogenous genes and
fluorescent markers into embryonic and adult retina using viral infection, electroporation
and ballistic delivery of dyes, combined with time-lapse microscopy, further broadens the
repertoire of biological questions that can be addressed using retinal culture system
(Turner and Cepko 1987; Matsuda and Cepko 2004; Donovan and Dyer 2006; Gan,
Grutzendler et al. 2009). These methods have been successfully applied towards
understanding the mechanisms of cell division, neuronal differentiation, synaptogenesis
and regeneration in the vertebrate retina (Saito, Kawaguchi et al. 2003; Poggi, Vitorino et
al. 2005; Nelson, Gumuscu et al. 2006; Ajioka, Martins et al. 2007; Huckfeldt, Schubert
et al. 2009; Tackenberg, Tucker et al. 2009). Thus, organotypic culture of the developing
and adult retina, together with mouse genetic tools and methods for visualization of cell
behavior in real time, provide the basis for the unlimited number of experimental
approaches that can be applied towards understanding retinal development and disease.

Advantages of retinal explant culture system for investigating the role of SOX2 in
retinogenesis.
The role of SOX2 as an important regulator of retinal neural progenitor cell
maintenance and differentiation has previously been established through genetic analysis
of its function in the mouse (Taranova, Magness et al. 2006; Matsushima 2010). Reduced
Sox2 dosage in compound null hypomorphic embryos leads to aberrant differentiation of
retinal ganglion cells and overall retinal disorganization and hypocellularity (Taranova,
Magness et al. 2006). Genetic ablation of Sox2 in early embryonic retinal progenitor cells
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specifically, on the other hand, abolishes neuronal differentiation entirely and results in
cell fate conversion of neural progenitors to ciliary epithelium (Taranova, Magness et al.
2006; Matsushima 2010). While genetic studies provide solid evidence for the essential
role of SOX2 in regulation of retinal neural progenitor cell identity, they also raise many
questions. Primarily, what is the mechanism of SOX2 function in the maintenance of
neural progenitor cell identity? For instance, it is unclear what types of cellular
morphological and motility transformations accompany retinal progenitor cell switch
from neurogenic to ciliary epithelial cell fate when Sox2 function is genetically
inactivated in the embryonic retina. Furthermore, it is unknown how differentiation of
RGCs is affected by reduced dosage of Sox2, and whether the function of SOX2 is
conserved between embryonic and postnatal neural progenitor cells? Although SOX2
may regulate many distinct transcriptional targets, the primary mechanisms of its function
as neural progenitor cell determinant can be inferred through direct in situ visualization
of progenitor cell behavior in Sox2 mutant retina. For instance, through the use of retinal
explant culture system and time-lapse imaging of fluorescently labeled progenitor cells
and/or differentiating neurons, the effects of acute genetic ablation of Sox2 on cell
morphology, motility, cell cycle progression and survival can be visualized in real time.
Such analyses would provide an insight not only into mechanisms underlying SOX2’s
role in the maintenance of neural progenitor cell identity, but would also improve overall
understanding of progenitor cell biology.
RESULTS
Retinal culture and electroporation methods.
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Several methods and conditions used to culture mouse embryonic and adult retina
have been described in the literature (Tomita, Ishibashi et al. 1996; Matsuda and Cepko
2004; Donovan and Dyer 2006). To begin establishing this technique in our laboratory,
we have adopted one of the methods discussed in these studies (Tomita, Ishibashi et al.
1996). Briefly, retinal tissue was isolated from enucleated eyes by removal of retina
pigmented epithelium, cornea and lens, and flat-mounted on organotypic filter inserts
with retinal ganglion cell layer facing upward (Fig.3.1 Step 1). Retinal tissue was
cultured in horse serum-rich medium at 34°C (see MATERIALS AND METHODS).
Figure
3.1.
Schematic
diagram illustrating retinal
dissection,
culture
and
electroporation techniques.
Embryonic
or
postnatal
retinas are isolated by
removal of cornea, pigmented
epithelium and the lens. Step
1: Following dissection,
retinas are flat-mounted on
organotypic culture inserts
with retinal ganglion cell
(GCL) layer facing upward
and placed into mediumfilled dishes. Step 2: To
transfect retinal progenitor cells with plasmid DNA, dissected retinas with lens are transferred
into in vitro electroporation chamber filled with DNA solution. After delivery of square-wave
voltage pulses to the chamber, lens is removed, and retinas are cultured as described in Step 1.

To confirm that the culture conditions used in our experiments support growth and
development of retinal tissue in vitro, we have cultured embryonic and postnatal retinas
for periods of 1-7 days, and assessed the temporal progression of their development using
immunohistochemistry. The onset of neuronal differentiation in the mouse retina is
E11.5. We were able to isolate and culture retinas of E12.5 through E18.5 embryos,
encompassing almost the entire embryonic period of neurogenesis.
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Among the predominant retinal cell types generated during embryonic stages of
development are retinal ganglion cells (first neurons to differentiate) and amacrine
interneurons, while cone photoreceptors and horizontal cells constitute a smaller
proportion of early-born cell types (Fig.3.2). We, therefore, focused on differentiation of
retinal ganglion and amacrine cells to determine the progression of early stages of
neuronal differentiation in cultured retina.

Figure 3.2. Cellular composition of
embryonic mouse retina. The outer
layer of the retina (NBL) is
composed
predominantly
of
proliferating neural progenitor cells,
which give rise to early-born retinal
ganglion cells, horizontal cells,
cone photoreceptors and amacrine
interneurons.
Differentiating
horizontal
cells
and
cone
photoreceptors constitute a small
population of cells in the NBL. The
developing inner nuclear layer
(INL) is composed of postmitotic
differentiating retinal ganglion and
amacrine cells.

To improve the assessment of developmental changes taking place in cultured
tissue, we explanted retinas isolated from E13.5 embryos carrying a Sox2EGFP reporter
allele (Sox2+/EGFP embryos) (Ellis, Fagan et al. 2004) (Fig.3.3 A). In these animals,
expression of EGFP faithfully recapitulates that of endogenous SOX2, and in the retina
serves to identify retinal neural progenitors and a subset of differentiated amacrine cells.
We have found that, like in vivo, E14.5 retinas cultured for 2 days maintain expression of
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SOX2-EGFP throughout the neuroblast cell layer (NBL), consisting primarily of neural
progenitor cells (Fig.3.3 B-G). SOX2-EGFP expression is excluded from inner cellular
layers, consistent with downregulation of SOX2 in the majority of differentiating
postmitotic neurons (arrows in Fig.3.3 B and E). Furthermore, we find that differentiating
retinal ganglion and amacrine cells, marked by β-TubulinIII and ISLET-1, are correctly
localized to the developing ganglion and inner nuclear cell (INL) layers in cultured
retinas (Fig.3.3 C, D, F and G, arrows). Following a 4-day culture period, retinas
maintain their three-dimensional shape (Fig.3.3 H). In accordance with the maintenance
of neural progenitor cell population at late embryonic stages in vivo, expression of SOX2EGFP is observed in the NBL of retinas isolated at E14.5 and cultured for 4 days (Fig.
3.3 I-K). In addition, we detect temporally appropriate differentiation of retinal
progenitor cells in our culture conditions. Specifically, a subset of starburst amacrine
cells, maintaining high levels of SOX2, can be detected in the INL, indicating their
correct specification and migration to a designated cellular layer. Localization pattern of
these cells the INL reflects correct development of the inner plexiform (synaptic) layer
(IPL) (arrows in Fig. 3.3 J and K). In addition, after 4 days in culture, newly born
starburst amacrine cells, co-expressing high levels of SOX2-EGFP and ISLET-1, can be
detected at the outer retinal boundary, where newly postmitotic neurons begin
differentiation and migration to the appropriate cell layer (arrowheads in Fig. 3.3 K-M).
Thus, our results demonstrate that development of embryonic retina, including
specification of temporally appropriate neuronal cell types, their migration and
synaptogenesis, progress normally in our culture conditions.
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Figure 3.3. Development of
cultured embryonic retinas. (A)
Schematic diagrams of Sox2 wild
type and Sox2EGFP alleles, showing
modification of Sox2 wild type
allele by substitution of Sox2
coding sequence with EGFP
expression cassette and addition of
the floxed neomycin resistance
cassette in Sox2EGFP allele. (B-G)
E14.5 retinas were cultured for 2
days in vitro, fixed, sectioned
vertically, and analyzed for
expression of SOX2-EGFP and
differentiated cell markers, βTubulinIII (C, D) and ISLET-1 (F,
G). As expected, expression of
SOX2-EGFP in neural progenitor
cells is maintained throughout the
neuroblast cell layer (NBL) (B and
E), and is excluded from
differentiating neurons marked by
β-TubulinIII (arrows in C and D) in the forming inner (INL) and ganglion cell layers. A subset of
starburst amacrine cells, characterized by high expression levels of SOX2 (SOX2-EGFP), are not
yet detected in the forming INL (arrows in B and E), while ISLET-1, a marker of a subset of
amacrine and ganglion cells, is correctly localized in the INL and ganglion cell layer (arrows in F
and G). (H-M) Retinas isolated at E14.5 and cultured for 4 days were analyzed for expression of
SOX2-EGFP (I-K) and ISLET-1 (L, M). (H-J) Bright field (BF) (H) and fluorescent (I) images of
whole retinas in culture reveal maintenance of their three-dimensional shape and expression of
SOX2-EGFP following a 4-day culture period (I and J). Optic nerve head (ONH) can be
identified by high SOX2-EGFP expression in the center of the explant (arrow in I). A subset of
starburst amacrine cells, identified by high levels of SOX2-EGFP expression, are clearly visible
and are correctly localized in the forming INL (compare arrows in J and K vs B and E) after 4
days in culture. Amacrine cells co-expressing SOX2-EGFP and ISLET-1 are detected at the outer
retinal boundary (arrowheads in K-M), indicating correct onset of their differentiation following
apical division of progenitor cells. BF- bright field, DIV – days in vitro, NBL – neuroblast cell
layer, INL – inner nuclear layer, ONH – optic nerve head. Scale bars: in (I) - 150µm, in (M) 65µm.

Delivery of fluorescent markers into embryonic retina using in vitro electroporation.
We have further expanded retinal culture technique to incorporate a possibility of
delivery of exogenous genes into the retina. A technique for delivery of genes and
fluorescent markers using in vitro electroporation was previously described in the fields
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of both brain and retinal development (Miyasaka, Arimatsu et al. 1999; Matsuda and
Cepko 2004; Donovan and Dyer 2006). Briefly, this procedure involves delivery of
electrical pulses to the tissue to create temporary pores in cellular membranes, allowing
exogenous DNA to enter the cell. To incorporate the electroporation step into our culture
system, dissected retinas with lens were placed into an electroporation chamber filled
with DNA solution, and 5 square wave pulses were delivered to the chamber (Fig.3.1
Step 2). In the chamber, retinas were oriented such that the largest surface area of the
outer retina would face the negative electrode, and the DNA would enter the cells located
in the outer NBL (neural progenitor cells). Electroporation voltage settings for retinas of
different ages were determined experimentally, and ranged between 15 and 30 Volts.
Following this step, retinas were cultured on organotypic filter inserts as shown in Step 1
(Fig.3.1).
We first examined the progression of development of embryonic retinas
electroporated with DNA plasmids encoding fluorescent proteins, pCIG, encoding
nuclear EGFP, and pCAG-mRFP, encoding cytoplasmic mRFP (Fig.3.4 A). In vitro
retina electroporation allows for gene delivery specifically to retinal progenitor cells
located in the outer NBL; delivery of DNA plasmids by electroporation into
differentiating neurons, located in the inner layers of the retina, is very inefficient
(Matsuda and Cepko 2004). Thus, neural progenitor cells labeled with pCIG/pCAGmRFP plasmids, encoding fluorescent proteins driven by ubiquitous chicken β-actin
promoter, should transiently co-express EGFP and mRFP, and the fluorescent label
should be retained in their differentiating progeny.
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First, we assessed the efficiency of electroporation in embryonic E14.5 retinas
cultured for 4 days (Fig.3.4). We find that a large population of cells electroporated with
a 1:1 mixture of pCIG/pCAG-mRFP plasmids co-expresses the two fluorescent proteins
for the duration of culture period (Fig.3.4 B-E). Second, we examined the progression of
retinal progenitor cell differentiation in E14.5 retinas electroporated with pCIG. By day 4
of culture, the majority of pCIG-labeled progenitor cells have begun to differentiate into
retinal neurons, evidenced by their migration to the forming INL and ganglion cell layers,
and co-expression of neuronal markers (Fig.3.4 F-Q). Therefore, few labeled cells retain
expression of SOX2 after 4-day culture period (Fig.3 F, J and N, arrowheads in insets).
Conversely, pCIG-labeled cells located in the forming INL express high levels of PAX6,
marking amacrine and a subset of retinal ganglion cells (Fig.3.4 G, K and O, insets).
Furthermore, EGFP-positive cells express ISLET-1, marking subsets of amacrine and
retinal ganglion cells (Fig.3.4 H, L and P, insets), and CALRETININ, marking a subset
of amacrine cells (Fig.3.4 I, M and Q, insets). These results illustrate that neural
progenitor cells expressing fluorescent proteins in cultured electroporated retinas are able
to differentiate into temporally appropriate retinal neuronal cell types and migrate to the
designated cell layers. Together, these data show that culture and electroporation of
embryonic retinas do not interfere with normal progression of retinal development.

	
  
	
  

66	
  

Figure
3.4.
Neural
progenitor cells labeled with
CIG-EGFP differentiate into
temporally appropriate cell
types.
(A)
Schematic
diagrams of pCIG and
pCAG-mRFP DNA plasmids,
expressing EGFP and mRFP,
respectively,
driven
by
chicken β-actin promoter. (BE) Bright field (B) and
fluorescent (C-E) images of
E14.5 retina electroporated
with
pCIG/pCAG-mRFP
plasmid mixture and cultured
for 4 days illustrate coexpression of EGFP (C) and
mRFP (D and E) in a large
proportion of retinal cells. (FQ)
Immunohistochemical
analysis of E14.5 retinas
electroporated with pCIG
reveals that progeny of
labeled neural progenitor
cells differentiate into retinal
neuronal cell types. The vast
majority of EGFP-positive
cells have migrated to the developing INL (J-M), and only a few are located in the NBL and
maintain expression of SOX2 (F, J and N, arrowheads in insets). Cells located in the INL
differentiate into temporally appropriate cell types, amacrine and retinal ganglion cells, marked
by high expression levels of PAX6 (G, K and O, insets), ISLET-1 (H, L and P, insets), and
CALRETININ (I, M and Q, insets). INL – inner nuclear layer, NBL – neuroblast layer. Scale
bars: in (E) - 150µm, in (Q) - 55µm.

Culture, electroporation and pharmacological manipulation of the postnatal retina.
In the mouse, retinal neurogenesis takes place at both embryonic and postnatal
stages of development. Consistent with this, neural progenitor cells expressing SOX2 are
maintained in the NBL of postnatal retina until approximately P7, while postnatally born
retinal Müller glial cells, the last progenitor cell population in the retina, maintain SOX2
expression into adulthood (Fig.3.5). To establish the tools allowing for investigation of
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the function of SOX2 in the postnatal retina, we have expanded retinal culture techniques
to assess both the applicability of this system towards studying later retinal
developmental stages, and exploring genetic and pharmacological methods for gene
activation/inactivation.

Figure 3.5. Postnatal retinogenesis.
Schematic diagram illustrating three
postnatally born retinal cell types: rod
photoreceptors, bipolar interneurons and
Müller glia. Postnatal stages of retinal
development coincide with cessation of
neural progenitor cell proliferation and
their final differentiation, and with the
establishment
of
retinal
laminar
architecture.

Specifically, we first examined the kinetics and efficiency of CRE/LoxP systembased gene activation using electroporation. To this end, we transfected postnatal retinas
isolated from Rosa26Reporter animals, carrying a reporter allele, with DNA plasmid
encoding CRE recombinase by in vitro electroporation (Fig.3.6 A). Rosa26Reporter
allele encodes β-galactosidase gene, preceded by a floxed translational stop cassette.
CRE-mediated DNA recombination of the Rosa26Reporter locus results in excision of
the stop cassette and expression of β-galactosidase in CRE-positive cells and in their
progeny. To monitor the kinetics and efficiency of CRE-mediated DNA recombination in
cultured retina, we electroporated postnatal P0 retinas with DNA plasmid encoding CREEGFP fusion protein (pCAG-CreEGFP) driven by chicken β-actin promoter (Fig.3.6 A).
Twenty-four hours following electroporation, mosaic expression of β-galactosidase,
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detected by X-gal staining (LacZ), is observed in the INL and ONL Fig.3.6 B). Four days
following electroporation, expression of β-galactosidase in the ONL and INL is expanded
(Fig.3.6 B). The pattern of β-galactosidase expression is consistent with DNA
recombination occurring in postnatal progenitor cells that give rise to late-born rod
photoreceptors, bipolar interneurons and Müller glia, occupying ONL and INL. To assess
development of laminar architecture in postnatal retinas electroporated with pCAG-CREEGFP, we examined expression of NEUROFILAMENT (NF), marking processes of
horizontal cells, in retinas isolated at P0 and cultured for 72 hours and 7 days (Fig.3.6 CH). We find that formation of the outer plexiform layer (OPL) by horizontal cells is not
affected by electroporation or expression of CRE-EGFP, evidenced by change in the
pattern of NF expression from marking individual horizontal cells at 72 hours of culture
(Fig.3.6 C-E) to continuous band in the boundary between ONL and INL at 7 days in
culture (Fig.3.6 F-H).
The ease of pharmacological manipulation is one of the advantages of retinal
explant culture system. Thus, we have utilized mouse genetic tools in combination with
pharmacological agents to induce activation/inactivation of gene expression. Specifically,
we used transgenic mice carrying an inducible CAGG-CreERTM allele (Danielian,
Muccino et al. 1998; Hayashi, Lewis et al. 2002). This allele encodes a fusion protein
between CRE recombinase and 4-hydroxytamoxifen (TM) responsive form of estrogen
receptor ligand binding domain (Cre-ERTM) (Fig.3.6 I). Driven by a ubiquitously active
chicken β-actin promoter, Cre-ERTM is expressed in all tissues, but remains tethered to
the cell membrane via interactions of the estrogen receptor domain with membrane
associated proteins. When TM, a synthetic drug, is present in the cell, interaction of Cre-
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ERTM with cell membrane proteins is disrupted, leading to its translocation to the cell
nucleus and activation of DNA recombinase function of CRE. Thus, activation of CRE in
CAGG-CreERTM mice can be temporally regulated by administration of TM. To assess
the kinetics and efficiency of TM-mediated activation of CRE in the retina, we cultured
P0 Rosa26Reporter retinas for 24 hours in the presence of 1µM TM. This TM
concentration was reported to have no effect on survival, growth and cytoskeletal
morphology of cultured retinal cells (Verdugo-Gazdik, Simic et al. 2006). As evidenced
by ubiquitous expression of β-galactosidase in Rosa26Reporter retinas, efficient DNA
recombination can be achieved by TM-mediated activation of CRE in cultured postnatal
retinas.
To test whether temporal progression of retinal development is preserved in
cultured TM-treated retinas, P0 retinas isolated from CAGGCre-ERTM pups were cultured
as explants, treated with TM for 24 hours, and stained for NF and Cellular
Retinaldehyde-binding Protein (CRALBP) – one of the earliest specific markers of
differentiating Müller glia (Fig.3.6 J-M). We find that neither activation of CRE
recombinase in explants, nor presence of TM in culture media, interfere with normal
progression of retinal development. After 48 hours in culture, NF-positive horizontal
cells display characteristic star-like morphology (Fig.3.6 J, arrow), while CRALBP
immunoreactivity is almost undetectable (Fig.3.6 K), similar to their expression patterns
in vivo at P2. After 4 days in culture, as retinas reach P4-P5, NF-positive processes of
horizontal cells align to form a narrow synaptic layer – the OPL (Fig.3.6 L, arrow). In
cultured retinas, as in vivo, CRALBP- expressing cells maintain radial morphology with
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long processes extending towards the outer and inner retinal boundaries from cell bodies
located within the INL (Fig.3.6 M).

Figure 3.6. Mosaic and ubiquitous CRE-mediated DNA recombination in cultured postnatal
retina. (A) Schematic illustrations of Rosa26Reporter allele, and pCAG-CreEGFP DNA plasmid.
Rosa26Reporter allele encodes β-galactosidase gene, preceded by floxed translational stop
cassette. CRE-mediated excision of the stop cassette results in expression of β-galactosidase in
cells expressing CRE and in their progeny. pCAG-CreEGFP plasmid encodes a Cre-EGFP fusion
protein driven by ubiquitous chicken β-actin promoter. (B) Mosaic expression of β-galactosidase
is detected in Rosa26R+/- retinas electroporated with pCAG-CreEGFP plasmid and cultured for 24
hours. Expression of β-galactosidase is observed throughout INL and ONL 96 hours following
electroporation. (C-H) Development of retinal laminar organization is not impaired due to
electroporation and expression of CRE-EGFP, as evidenced by formation of OPL marked by
NEUROFILAMENT (NF) (marking processes of horizontal cells) in retinas electroporated with
pCAG-Cre-EGFP at P0 and cultured for 7 days (F-H, arrow in F), while OPL is not yet formed in
retinas cultured for 72 hours (C-E, arrow in C). (I) Schematic illustration of CAGG-CreERTM
allele, encoding CRE recombinase fused to TM-responsive ligand binding domain of estrogen
receptor and driven by chicken β-actin promoter. Addition of TM to culture medium results in
activation of CRE and DNA recombination, as evidenced by expression of β-galactosidase in P0
Rosa26R+/+ retinas cultured for 24 hours. (J and L) During the culture period, retinas develop
proper lamination, as illustrated by immunostaining of sectioned retinas cultured for 48 (J) and 96
(L) hours with antibody against NF. Processes are initially oriented apically, but during the
culture period form a well-defined OPL (arrow in L). (K and M) Temporal development of lateborn cell types is preserved in retinal explants, as shown by immunostaining of sectioned retinas
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cultured for 48 (K) and 96 (M) hours with antibody against a marker of Müller glia, CRALBP.
Co-staining of sectioned retinas with NF illustrates that the spatial relationship between
horizontal and Müller glial cells is preserved in cultured retinas over time (K and M). INL – inner
nuclear layer, NF – neurofilament, ONL – outer nuclear layer, TM – 4-hydroxytamoxifen. Scale
bars: in (B) and (I): 75µm, in (H): 45µm.

To further characterize progression of retinal neuronal and glial cell
differentiation in cultured postnatal retinas, we have compared expression of neural
progenitor, neuronal and glial markers in P5-P6 retinas in vivo and P0-P1 retinas cultured
for 5 days (Fig.3.7). We find that P5-P6 retinas in vivo and CAGGCre-ERTM retinas
isolated at P0 or P1, treated with TM for 24 hours and cultured for 5 days in vitro, are
indistinguishable with respect to expression patterns of neural progenitor cell markers,
PH3, PCNA and SOX9, and markers of postnatally born rod photoreceptors and Müller
glia, RHODOPSIN and CRALBP, respectively. Both in vivo and in culture, dividing
neural progenitor cells, marked by PH3 at P0, are depleted in the central retina by days 56 postnatally (compare Fig.3.7 A vs F, K and P), while expression of PCNA and SOX9,
initially marking neural progenitor cells, becomes restricted predominantly to
differentiating Müller glial cells in the INL (compare Fig.3.7 B, C vs G, H, L, M, Q and
R), demonstrating the preservation of the in vivo timing of neural progenitor cell
differentiation and the specification of Müller glia in cultured retinas. Moreover, the
cellular morphology and laminar architecture of postnatally born Müller glial cells (Fig.
3.7 I, N and S) and rod photoreceptors (Fig.3.7 J, O and T), are similar between P5-P6
retinas in vivo and retinas isolated at P0-P1 and cultured for 5 days. Together, these
results demonstrate that differentiation of both early-born (horizontal cells) and late-born
rod photoreceptors and Müller glia in cultured retinas occurs in a temporally correct
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manner and is not affected by electroporation, treatment with TM or by expression of
CRE recombinase.

Figure 3.7. Temporal progression of postnatal retinal development between P0 and P6 is
preserved in retinal explants. The proliferative status and differentiation of postnatal neural
progenitor cells into temporally appropriate retinal cell types was compared between P0 (A-E),
P5 (F-J) and P6 (K-O) retinas in vivo, and Sox2+/+;CAGG-CreERTM retinas isolated at P0, treated
with TM and cultured for 5 days in vitro (P-T) using immunohistochemistry. (A-C) At P0, neural
progenitor cells, marked by PCNA (B) and SOX9 (C), are present throughout the NBL and
express PH3 during cell division at the apical retinal boundary (A). (D-E) Müller glial cells and
rod photoreceptors are not yet detected at P0, evidenced by lack of CRALBP (D) and
RHODOPSIN (E) expression, respectively. (F-O) At P5 and P6, mitotic progenitor cells are no
longer present in the central retina (F and K), but still persist in the distal retina (insets in F and
K), while PCNA (G and L) and SOX9 (H and M) become restricted to Müller glial cells within
the INL. Differentiated Müller glial cells and rod photoreceptors are clearly identified by
CRALBP (I and N) and RHODOPSIN (J and O) immunostaining at P5 (I and J) and P6 (N and
O). (P-R) Similarly to P5-P6 retinas in vivo, in Sox2+/+;CAGG-CreERTM retinas cultured from P0
to P5, mitotic neural progenitors detected by PH3 immunostaining persist in the distal retina
(inset in P) and are no longer present in the central retina (P), while PCNA and SOX9 localize to
INL (Q and R). CRALBP (S) and RHODOPSIN (T) expression patterns in cultured retinas reflect
correct morphology and laminar localization of Müller glial cells and rod photoreceptors. INLinner nuclear layer; NBL – neuroblast layer; ONL-outer nuclear layer. Scale bar in (T): 100 µm.
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Delivery of cell-type specific fluorescent markers into postnatal retina using in vitro
electroporation.
Our main goal in establishing the tools for in vitro manipulation of embryonic and
postnatal mouse retina was to apply them towards assessing the temporal role of SOX2 in
neural progenitor cells. One of the primary functions of neural progenitor cells is to give
rise to neuronal and glial cell types that comprise the nervous system. Therefore, we
sought to develop a method for visualization of retinal neural progenitors and
differentiating neurons and glia in situ. This method would allow us to assess the
consequences of acute inactivation of SOX2 function in neural progenitor cells in real
time, including the effects of Sox2 ablation on differentiation of retinal neuronal and glial
cell types. We first established methods to fluorescently label distinct retinal cell types.
To this end, we electroporated postnatal retinas with GLASTp-dsRED2 DNA plasmid
encoding dsRED2 protein regulated by regulatory element of Glutamate-Aspartate
transporter (GLAST), specific to glial cells (Fig.3.8 A). In retinas electroporated with
GLASTp-dsRED2 at P0 and cultured for 4 days, dsRED2 localizes specifically to Müller
glial cells, whose cell bodies are located in the INL and long processes span the entire
retinal thickness (Fig.3.8 A, schematic diagram and image). Similarly, when
electroporated into postnatal retina, pRho-dsRED2 DNA plasmid, encoding dsRED2
driven by a regulatory element of Rhodopsin gene, is expressed exclusively in rod
photoreceptors occupying ONL (Fig.3.8 B, schematic diagram and image). Thus, in vitro
electroporation technique, combined with the use of fluorescent proteins driven by cell
type-specific regulatory elements, allows to mosaically label neuronal and glial retinal
cell populations.
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Figure 3.8. Expression of cell-type specific fluorescent
markers in cultured postnatal retina. (A) Schematic
illustration of GLASTp-dsRED2 DNA plasmid,
encoding dsRED2 fluorescent protein driven by
regulatory element of Glast. In retinas electroporated at
P0 and cultured for 5 days, GLAST-dsRED2 is
expressed specifically in retinal Müller glial cells,
evidenced by radial morphology, long processes and
elongated cell bodies of dsRED2-positive cells (red
cells on schematic diagram and image in A). (B)
Schematic illustration of pRho-dsRED2 DNA plasmid
encoding dsRED2 fluorescent protein driven by
regulatory element of rod photoreceptor-specific gene
Rhodopsin. As opposed to GLAST-dsRED2-positive
Müller glia, Rho-dsRED2-positive cells are located
strictly in the ONL and exhibit characteristic
morphology of rod photoreceptors (red cells on
schematic diagram and image in B).

Visualization of cell behavior in situ using time-lapse microscopy.
Structural organization of the retina as a relatively thin multilayered sheet of cells
presents a challenge for visualization of retinal neural progenitor cell behavior in real
time. Imaging of fluorescently labeled cells in flat-mounted retina, while not technically
difficult, is not an ideal method for direct analysis of retinal progenitor cell morphology,
division and differentiation for the following reasons. Progression of retinal neural
progenitors through the cell cycle is accompanied by internuclear migration of their
somata, which move towards the outer/apical boundary of the retina during G2 phase of
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the cell cycle, with mitosis occurring at the apical surface, and return to the inner retinal
layer during G1/S phase of the cell cycle (Baye and Link 2008). Consistent with this,
differentiation of retinal progenitor cells is initiated following their division at the apical
retinal boundary and is accompanied by their translocation to the appropriate cellular
layer. Time-lapse imaging of apical-basal cellular motility in flat-mounted retinal
preparations, therefore, presents challenges in data acquisition and processing. To
visualize and analyze such cellular movements, collection of data would involve
acquisition of image stacks through the entire retinal thickness (50-100µm) over time,
followed by 3D reconstruction of image series. However, acquisition of sufficient
number of images to represent the entire thickness of the retina using laser scanning
microscopy may cause damage to the tissue, while processing of acquired image series is
time consuming. In addition, many fine details of cellular morphology and movement can
be potentially lost due to the nature of image acquisition.
To circumvent these difficulties, we developed retinal slice culture technique,
which together with fluorescent labeling of retinal cell types, simplifies the use of timelapse microscopy for analysis of retinal progenitor cell behavior in situ. To test whether
retinal slice culture system is suitable for real-time imaging of cell motility, we first coelectroporated postnatal P0 retinas with plasmids encoding fluorescent proteins, pCIG2
(EGFP) and GLAST-dsRED2 (dsRED2), and prepared 200µm vertical retinal slices
using microtome. Retinal slices were cultured on organotypic filter inserts in the same
conditions used for flat-mounted retinas (Fig.3.9 A-D) (see MATERIALS AND
METHODS).

We find that during 3-4 days in culture, the integrity of tissue is

maintained in slices of retinas co-electroporated with pCIG2/GLASTp-dsRED2 DNA
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plasmid mixture (Fig.3.9. A). We detect onset of CIG2-EGFP expression 12-24 hours
following electroporation, and GLAST-dsRED2 – 48-72 hours following electroporation.
Different temporal onset and patterns of CIG2-EGFP and GLAST-dsRED2 expression
are consistent with ubiquitous expression of CIG2-EGFP in retinal progenitor cells and
their progeny under regulation of chicken β-actin promoter, and restricted expression of
GLAST-dsRED2 exclusively in a subset of late-born retinal Müller glia (Fig. 3.8 A;
compare Fig.3.9. B vs C, arrow).
We next utilized time-lapse microscopy to monitor behavior of GLAST-dsRED2
labeled Müller glial cells over 10-18 hour periods (Fig.3.9 E). Under certain conditions
(see CHAPTER 4), Müller glial cells undergo cell division. Through imaging of
GLAST-dsRED2 over time, we were able to detect translocation of GLAST-dsRED2labeled Müller cell bodies towards apical retinal boundary to undergo cell division
(Fig.3.9 E, arrows). In addition, we were able to visualize apoptotic death of daughter
cells resulting from divisions of Müller glia, evidenced by cellular fragmentation and
disintegration of GLAST-dsRED2 labeled cells following division (Fig.3.9 E, arrow on
the left). Furthermore, cytoplasmic expression of fluorescent markers (GLAST-dsRED2)
allows visualization of the plane of symmetry of Müller cell divisions (Fig.3.9 E, arrow
on the right). Thus, retinal slice culture technique is suitable for analysis of cell behavior
in real time, including such aspects of progenitor cell biology as maintenance of radial
morphology, internuclear migration, symmetry of cell division and apoptosis.
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Figure 3.9. Visualization of Müller glial cells in retinal slices using in vitro electroporation of
GLASTp-dsRed2 DNA construct. (A) Bright field image of retinal vertical slice in culture. (B-D
- larger magnification images of boxed area in A) P0 retinas were co-electroporated with pCIG2
and GLASTp-dsRED2 DNA plasmids. Expression of GLAST-dsRED2 is observed in cultured
retinal slices 3-4 days after electroporation and can be used to visualize and image Müller glial
cells in situ (C, arrow, and D), while CIG2-EGFP serves as electroporation control and marks
retinal progenitor cells and their progeny (B and D). (E) Time-lapse microscopy of GLASTdsRED2 labeled cells allows visualization of internuclear migration, cell division and apoptosis in
real time (arrows in E). DIV- days in vitro; INL – inner nuclear layer; ONL – outer nuclear layer.
Scale bar in (D): 75 µm, in (E): 20µm.

DISCUSSION
Retinal culture system as a tool for temporally controlled ablation of Sox2 in retinal
neural progenitor cells.
	
  
Development of retinal culture technique, combined with the methods for ectopic
delivery of genes and fluorescent markers into the retina, pharmacological temporallyregulated gene activation/inactivation and time-lapse microscopy, opens many
experimental opportunities to address the function of SOX2, as well as other proteins, in
retinal neural progenitor cells and their neuronal and glial progeny. Temporal control
over activation of CRE in CAGG-CreERTM transgenic mice using TM allows to
genetically activate/inactivate gene expression ubiquitously in temporally regulated
manner, while retinal culture system provides a tissue-specific premise for such
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experiments. Additionally, delivery of Cre into retinal progenitor cells using
electroporation allows to genetically ablate genes in a mosaic fashion, while CRE/LoxPbased genetic reporter systems, such as Rosa26Reporter allele, serve to permanently label
CRE-expressing cells and their progeny, thus enabling cell lineage tracing. Together,
these tools can be utilized to genetically ablate Sox2 specifically in the retina in a
temporally controlled manner, and to follow the fates of Sox2 mutant cells.
Furthermore, fluorescent labeling of distinct retinal cell types, such as late-born
rod photoreceptors and Müller glia, allows to assess the effects of acute Sox2 ablation on
neuronal and glial differentiation through analysis of cell morphology, layer positioning,
mitotic behavior and apoptosis in real time using time-lapse microscopy. Moreover,
cultured retina is easily accessible for pharmacological activation/inactivation of key
signaling pathways involved in retinal development, providing the means to probe the
relationship between SOX2 and developmentally regulated signaling pathways.

Limitations of retinal culture system.
Besides the benefits, there are limitations of retinal culture system. First, cultured
retinal tissue is isolated from the lens, retina pigmented epithelium and periocular
mesenchyme, together constituting the sources of instructive and trophic signals essential
for proper retinal development and maintenance of tissue integrity (Layer, Rothermel et
al. 1998; Ashery-Padan and Gruss 2001). Therefore, while overall retinal structural
organization and cell survival are not significantly affected in culture for up to 3 weeks,
this in vitro system is not suitable for long-term experiments (Donovan and Dyer 2006).
Second, while differentiation of retinal cell types in cultured embryonic retina proceeds
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normally, structural orgnization and survival of these cells in the postnatal and adult
retina cultured in vitro may be compromised. For instance, survival of retinal ganglion
cell in explants of postnatal and adult retina is compromised, presumably due to axotomy
and the lack of target-derived trophic support (Wang, Dakubo et al. 2002). Thus, analysis
of retinal ganglion cell differentiation and function in cultured postnatal and adult retina
is limited. In addition, whole mount culture of retina is not well suitable for studies of
photoreceptor outer segment function due to their poor development in the interface
between the explant and the substrate (Ogilvie, Speck et al. 1999).
Despite these drawbacks, the ease of genetic, pharmacological and molecular
manipulation make retinal culture system a plausible alternative to the use of monolayer
cell culture methods in investigation of retinal development, disease and regeneration in
an in vivo-like environment. This technique is especially beneficial for studies of retinal
development and disease in primates and in humans, where in vivo experimental
manipulation of retinal tissue is not feasible.

	
  
	
  

80	
  

CHAPTER 4
THE FUNCTION OF SOX2 IN MÜLLER GLIA
INTRODUCTION
The neural progenitor cells that give rise to the diverse neuronal population of the
central nervous system (CNS) share two main characteristics: 1) a polarized radial
morphology and 2) the capacity to divide and generate neuronal progeny (Gotz and
Huttner 2005). Throughout neurogenesis, neural progenitors maintain attachments to both
apical (ventricular) and basal boundaries of the developing regions in the CNS.
Therefore, they function to define the cellular organization of the entire neurogenic zone
and determine the positioning of future neuronal cellular layers. To generate neuronal
progeny, neural progenitors progress through the mitotic cell cycle and produce daughter
cells that either continue through the cell cycle or terminally divide to initiate neural
differentiation programs. During postnatal stages of development in the mouse, as
neurogenesis is diminishing, cell division in the remaining progenitor cells results in two
daughter cells that acquire neuronal or glial fate. A subset of these daughter glial cells
continue to display molecular and cellular characteristics of both astrocytes and neural
progenitor cells into adulthood, i.e. they can be identified by their polarized apical-basal
morphology, their ability to re-enter the cell cycle, and their contribution to persistent or
injury-induced neurogenesis (Ihrie and Alvarez-Buylla 2008; Zhao, Deng et al. 2008).
These cells are present in distinct neurogenic regions of the adult CNS, including the

subventricular zone of the lateral ventricle (SVZ) and the subgranular zone of the dentate
gyrus in the hippocampus (SGZ). The adult neural retina is no exception: Müller glia, a
distinct retinal glial cell type, maintain their neurogenic potential throughout adulthood in
addition to fulfilling a glial function by preserving retinal structural integrity and
modulating neuronal activity (Hitchcock, Ochocinska et al. 2004; Ooto, Akagi et al.
2004; Osakada, Ooto et al. 2007; Wan, Zheng et al. 2007).
During retinogenesis, retinal neurons and glia derive from a population of radial
neural progenitors. Under strict molecular regulation, six neuronal and one glial retinal
cell types are produced in a distinct temporal order conserved among vertebrates (Livesey
and Cepko 2001). While retinal ganglion cells, horizontal cells, cone photoreceptors, and
amacrine cells are born predominantly during embryonic stages of retinal development,
rod photoreceptors, bipolar interneurons, and Müller glia are produced postnatally.
Among late-born cell types, Müller glia arise from progenitor cells that produce two
daughter cells during terminal cell division: a Müller glial cell and a rod photoreceptor
(Young 1985; Turner and Cepko 1987).
Under normal homeostatic conditions in the postnatal retina, Müller glial cells act
to ensure healthy retinal function by maintaining retinal architecture and providing
trophic support for neurons. However, studies conducted in several organisms, including
mouse and rat, have shown that Müller glial cells can re-enter the cell cycle in response
to injury and give rise to retinal neurons, indicating a regenerative capacity (Fischer and
Reh 2001; Hitchcock, Ochocinska et al. 2004; Ooto, Akagi et al. 2004; Karl, Hayes et al.
2008). In addition, isolated Müller glial cells can be induced to form neurospheres,
consisting of multipotent neural progenitors, which can provide a source of retinal
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neurons for transplantation studies (Engelhardt, Wachs et al. 2004; Das, Mallya et al.
2006; Monnin, Morand-Villeneuve et al. 2007). It remains unclear, however, whether the
molecular

mechanisms

that

maintain

neural

progenitor

identity

throughout

embryogenesis act similarly to maintain the neurogenic capacity of Müller glia (Jadhav,
Roesch et al. 2009).
Here we address this question by genetically dissecting the role of SOX2 in
Müller glia. To date, the requirement of SOX2 has only been demonstrated in the
maintenance of embryonic neural progenitor cells (Bylund, Andersson et al. 2003;
Graham, Khudyakov et al. 2003; Ferri, Cavallaro et al. 2004; Taranova, Magness et al.
2006; Matsushima 2010). In this study, we utilize mouse genetics combined with retinal
explant culture system to demonstrate that SOX2 is required for maintenance of
progenitor characteristics of Müller glial cells. We find that ablation of SOX2 causes
Müller glia to lose their pseudoepithelial morphology, resulting in disruption of retinal
cellular organization and retinal degeneration.

RESULTS
SOX2 is expressed in postnatal retinal neural progenitor cells and in Müller glia.
During the first postnatal week, the number of retinal neural progenitor cells
rapidly decreases as they transition from neurogenesis to gliogenesis (Tramontin, GarciaVerdugo et al. 2003). To examine the dynamics of SOX2 expression in the developing
retina during this transition period, we analyzed in detail the temporal expression pattern
of SOX2 between postnatal days 0 and 10 (P0-P10) and compared it with that of
NOTCH1, a known regulator of postnatal retinal progenitor cell fate and Müller glia cell
specification (Fig.4.1) (Bao and Cepko 1997), 1997 #1436;Furukawa, 2000 #699;Jadhav,
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2009 #1435}. At P0, SOX2 and Notch1 are expressed in retinal progenitors within the
neuroblast layer (NBL) of the retina (Fig.4.1 A and G). SOX2 expression is also
maintained in a subset of amacrine (starburst) and displaced amacrine cells, occupying
future inner nuclear (INL) and ganglion cell layers (GCL) (Fig.4.1 A, arrowhead)
(Taranova, Magness et al. 2006). By P4, SOX2 and Notch1 expression in the outer
nuclear layer (ONL) is significantly reduced, concomitant with the decrease in the
numbers of progenitor cells (Fig.4.1 B and H) (Young 1985; Young 1985). By P7, SOX2
and Notch1 are no longer detected in the ONL of the retina, with their expression
restricted predominantly to the INL (Fig.4.1 C and I). This corresponding pattern of
SOX2 and Notch1 expression is observed at P10 and maintained into adulthood (Fig.4.1
D, E, F, J, K and l). In summary, SOX2 and Notch1 are co-expressed in the postnatal
mouse retina and define retinal progenitor cells and differentiating Müller glia.
To determine the identity of SOX2 expressing cells in the INL of the postnatal
retina at P10, we compared expression of SOX2 with specific markers of postmitotic
neurons and glia: NEUROFILAMENT (NF – horizontal cells), RHODOPSIN (rod
photoreceptors), ISLET-1 (a subset of amacrine, retinal ganglion and bipolar cells), and
Glutamine Synthetase (GS - Müller glia) (Fig.4.1 M-Q). We find that SOX2 is mutually
exclusive of NF (Fig.4.1 M) and RHODOPSIN (Fig.4.1 N), indicating that neither earlyborn horizontal cells nor late-born rod photoreceptors maintain SOX2 expression. A
subset of SOX2-positive cells located at the inner and outer boundaries of the inner
plexiform layer (IPL) have rounded morphology and express ISLET-1 (Fig.4.1 O,
arrowhead) and CALRETININ (data not shown), characteristic of amacrine cells.
Consistent with downregulation of SOX2 in bipolar cells, ISLET-1-expressing bipolar
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cells in the INL do not maintain expression of SOX2 (Fig.4.1 O, arrow) (Elshatory,
Everhart et al. 2007). Cells that maintain SOX2 in the INL are Müller glia, as defined by
elongated cell body morphology and expression of GS and CRALBP (Fig.4.1 P and R;
arrows in E, F, Q and R).

	
  
Figure 4.1. Expression of SOX2 and Notch1 in postnatal retinal progenitor cells and in Müller
glia. (A-E) Immunostaining of vertical sections of mouse retina at postnatal days 0 (P0) with antiSOX2 antibody (A) reveals localization of SOX2 in retinal progenitor cells in the NBL, as well as
in a small subset of amacrine cells (arrowhead in a). By P4 (B) expression of SOX2 is
downregulated in neural progenitor cells within ONL. At P7 (C) and P10 (D and E – higher
magnification image of d), SOX2 expression becomes restricted to INL, where it is maintained in
a narrow band of cells with cell body morphologies of Müller glia (arrow in E). (F) Expression of
SOX2 is maintained in the INL in the adult retina (arrow). (G-K) Expression pattern of Notch1 in
P0 (G), P4 (H), P7 (I) and P10 (J and K – higher magnification image of J) retina, shown using in
situ hybridization, closely resembles that of SOX2. While at P0 (G) Notch1 is expressed in the
NBL, at P4 (H), P7 (I) and P10 (J and K) Notch1 becomes restricted to the INL. (F, arrow and L)
Expression of SOX2 and Notch1 persists in the INL in the adult retina. Co-localization of SOX2
with Glutamine synthetase immunostaining at P10 (P, arrow in Q – higher magnification image
of P) and with CRALBP in the adult (R, arrow) confirms expression of SOX2 in Müller glia,
while it is mutually exclusive of the markers of horizontal cells and rod photoreceptors,
NEUROFILAMENT (M) and RHODOPSIN (N), respectively. (O) A subset of SOX2-positive
amacrine cells proximal and distal of the IPL co-express ISLET-1 (O, arrowhead), while ISLET1-positive bipolar cells do not maintain SOX2 expression (O, arrow). AM – amacrine cells; GS –
Glutamine Synthetase; INL- inner nuclear layer; IPL – inner plexiform layer; MG - Müller glia;
NBL – neuroblast layer; NF – NEUROFILAMENT; ONL-outer nuclear layer. Scale bars: in (P):
100 µm, in (T): 50 µm.
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Strategy for genetic ablation of Sox2 in the postnatal retina.
To date, the function of SOX2 has not been genetically examined in the context of
retinal gliogenesis or in the maintenance of Müller glial cells in the adult (Bernard and
Harley ; Poche, Furuta et al. 2008; Jadhav, Roesch et al. 2009). In addition to acquisition
of glial cell function, differentiation of Müller glia in the postnatal retina is associated
with the maintenance of neural progenitor cell characteristics, including radial
morphology, marker expression and neurogenic potential (Fig.4.2) (Jadhav, Roesch et al.
2009). Therefore, transition of postnatal neural progenitor cells towards Müller glial cell
fate represents an intriguing experimental paradigm, in which the function of SOX2 can
be examined in the context of maintenance of neural progenitor cell identity.

Figure 4.2. Postnatal Müller glia maintain neural progenitor cell characteristics and acquire
glial-specific function. During postnatal stages of retinogenesis, P0-P7, neural progenitor cells
(green) predominantly give rise to two neuronal cell types, rod photoreceptors (red) and bipolar
interneurons (yellow), while Müller glia (green) maintain progenitor cell characteristics,
including radial morphology, and serve to promote retinal laminar organization and support
neuronal function.
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To examine the function of SOX2 during the transition of postnatal retinal
progenitor cells to Müller glial cell fate, we combined mouse genetics with retinal whole
mount culture techniques (see CHAPTER 3). To allow for tissue-specific and/or
temporally regulated ablation of Sox2 we have previously generated mice carrying a Sox2
conditional floxed allele (Sox2COND/+) (Taranova, Magness et al. 2006), and crossed
Sox2COND/+ mice with CAGG-CreERTM mice, in which expression of CRE is regulated by
the ubiquitously active chicken β-actin promoter and activation of CRE is mediated by a
synthetic drug, 4-hydroxytamoxifen (TM) (Fig.4.3) (see CHAPTER 3) (Hayashi, Lewis
et al. 2002). Thus, we have established an experimental system, whereby Sox2 can be
genetically ablated by TM-mediated activation of CRE in cultured postnatal retinas
isolated from Sox2COND/COND;CAGG-CreERTM pups.
Figure 4.3. Schematic illustration of
strategy
for
genetic
temporally
regulated ablation of Sox2. Floxed
Sox2COND allele was generated by
insertion of LoxP sites 5’ and 3’ of Sox2
coding sequence, and addition of a
neomycing resistance cassette. When
crossed to mice expressing CAGGCreERTM transgene, encoding TMresponsive form of CRE, Sox2 coding
sequence is excised upon TM-dependent
activation of CRE, producing a null
Sox2deltaCOND allele.

Analysis of molecular markers specific to Müller glia in cultured postnatal retina.
To begin our analysis of SOX2’s role during the transition of postnatal neural
progenitor cells towards Müller glial cell fate, we have first established molecular
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markers that can be used to specifically identify postnatal Müller glial cells. During
postnatal stages of retinal development and in the adult, Müller glia maintain expression
of many retinal neural progenitor cell markers, as well as gain expression of specific
markers of retinal glia (Roesch, Jadhav et al. 2008). Using immunohistochemistry, we
examined expression of progenitor cell markers, SOX2, PAX6, PCNA and NESTIN, as
well as specific markers of Müller glia, CRALBP and VIMENTIN, in Sox2+/+;CAGGCreERTM retinas isolated at P0, treated with TM for 24 hours, and cultured for 5 days (see
CHAPTER 3). As in vivo, expression of SOX2 in cultured retinas coincides with
CRALBP in cells with elongated cell body morphology and long processes extending
towards apical and basal retinal boundaries (Fig.4.4 A-D). We find that SOX2- and
CRALBP-positive cells in the INL express low levels of PAX6 (Fig.4.4 E-H and I-L),
consistent with continuous maintenance of PAX6 expression in retinal progenitor cells
and in Müller glia (Roesch, Jadhav et al. 2008). Furthermore, postnatal Müller glial cells
express VIMENTIN (Fig.4.4 M-P), PCNA (Q-T), and NESTIN (U-X), evidenced by coexpression of these markers with CRALBP (O, P, S, T, W and X). Thus, in retinas
cultured from P0 to P5, Müller glial cells can be identified using a panel of nuclear
markers, such as SOX2, PAX6, VIMENTIN and PCNA, localized to INL cells with
elongated cell body morphology, and by expression of cytoplasmic markers, CRALBP
and NESTIN, highlighting radial processes of Müller glia.

	
  
	
  

88	
  

Figure 4.4. Expression of markers for differentiating Müller glia in control Sox2+/+;CAGGCreERTM retinas cultured for 5 days. Expression of Müller glial cell markers was analyzed using
immunohistochemistry on sections of TM–treated control Sox2+/+;CAGG-CreERTM retinas
dissected at P0 and cultured for 5 days. (A-d) Expression of SOX2 in the INL (A, arrowheads)
coincides with CRALBP (arrowheads in B, C and D – larger magnification image of C), a
definitive marker of Müller glial cells. (E-H) A subset of SOX2 expressing cells within INL (E,
arrowheads) weakly express PAX6 (F and G, arrowheads) with double-positive cells exhibiting
the characteristic elongated cell body morphology of Müller glia (arrowheads in H – higher
magnification image of G). (I-L) A subset of INL cells weakly expressing PAX6 (I, arrowheads)
co-express Müller glial cell marker CRALBP (arrowheads in J, K and L – higher magnification
image of K). (M-P) The vast majority of INL cells expressing nuclear Müller glial cell marker
VIMENTIN (M) also express CRALBP (N, O and P – higher magnification image of O,
arrowheads). (Q-T) Expression of proliferative cell marker PCNA (Q) is detected in the majority
of CRALBP-positive (R) cells within INL (S, T – higher magnification image of S, arrowheads).
(U-X) NESTIN, a marker of neural progenitor cells and Müller glia (U) is enriched at the basal
retinal boundary and localizes to Müller glial cell processes (W and X – higher magnification
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image of W, arrowheads) marked by CRALBP (V, W and X). INL – inner nuclear layer; ONL –
outer nuclear layer. Scale bars in (S): 75 µm, in (t): 10 µm.

Morphological disruption of Müller glia in Sox2 mutant retinas.
To determine the role of SOX2 in postnatal retinal progenitors as they acquire the
fate of Müller glia, we have ablated Sox2 in Sox2COND/COND;CAGGCre-ERTM retinas at P0
by TM treatment for the first 24 hours of a 4-5 day culture period. To address whether
Müller glial cells are generated and maintained appropriately after the ablation of Sox2 in
the postnatal retina we first confirmed that SOX2 is efficiently ablated from Müller glial
cells in Sox2 mutant (Sox2COND/COND;CAGG-CreERTM) retinas. Unlike in control
(Sox2+/+;CAGG-CreERTM) retinas, where SOX2 serves as a marker of the elongated cell
bodies of Müller glia in the INL (Fig.4.5 A), SOX2 expression is lost in
Sox2COND/COND;CAGG-CreERTM

retinas treated with TM (Fig.4.5 G). To determine

whether Müller glial cells are formed in Sox2 mutant retinas we examined the expression
of CRALBP and GLAST. Cytoplasmic localization of these two markers allows
visualization of Müller glial cell bodies and morphology of their processes. In control
retinas Müller glial cells display characteristic radial morphology, with cell bodies
located within the INL and processes extending towards the apical and basal boundaries
of the retina (Fig.4.5 D-F). By contrast, in Sox2COND/COND;CAGG-CreERTM retinas Müller
glia are present, but in smaller numbers and significantly disorganized (Fig.4.5 J-L). Cell
bodies of SOX2-deficient Müller glia are irregularly shaped and either apically or basally
mislocated. There is a significant loss of apical or basal Müller glial processes in Sox2
mutant retinas (Fig.4.5 J, arrowheads). Furthermore, the number of Müller glia, as
assessed by expression of SOX9 and VIMENTIN in the INL, is reduced in
Sox2COND/COND;CAGG-CreERTM retinas (compare Fig.4.5 B vs H; and C vs I; and
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Fig.4.11 E vs G). We also assessed expression of PAX6, marking elongated cell bodies of
Müller glia, and NESTIN, labeling their radial processes (Fig.4.4). We detect reduced
numbers of PAX6 positive cells with elongated cell body morphology within the INL of
mutant (Sox2COND/COND;CAGG-CreERTM) retinas (Fig.4.11 A, A’ vs C, C’). Furthermore,
expression of NESTIN, normally enriched at the basal retinal boundary and marking
radial fibers of Müller glial cells, is reduced in intensity and reveals disorganization of
radial processes in the mutant (Sox2COND/COND;CAGG-CreERTM) retinas (Fig.4.11 I vs K).
The severity of Müller glial cell disorganization in Sox2 mutant retinas depends
on the kinetics and efficiency of Sox2 ablation (compare Fig.4.5 N vs S; and O vs T), as
well as on the length of culture period (Fig.4.5 P, U vs Q, V). Importantly, the majority of
Sox2 mutant retinas exhibit severe degeneration by day 7 of culture (Fig. 4.5 V). Overall,
Sox2 mutant Müller glia are significantly disorganized (in 81% of Sox2COND/COND;CAGGCreERTM retinas cultured for 4-5 days, and in 100% of those cultured for 7 days), when
compared with control retinas (10% of Sox2+/+;CAGG-CreERTM retinas exhibit some
disorganization at 4-5 days, and 25% of those cultured for 7 days) (Table 2).
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Figure 4.5. Morphological defects and depletion of Müller glial cells in cultured mutant
Sox2COND/COND;CAGG-CreERTM retinas. (A-L) Immunostaining of sectioned TM-treated retinas
cultured for 5 days with antibodies against Müller glial cell markers, SOX2 (A and G), SOX9 (B
and H), VIMENTIN (C and I), CRALBP (D and J) and GLAST (E and K), reveals severe
malformation and reduced numbers of Müller glia in mutant Sox2COND/COND;CAGG-CreERTM
retinas compared to control Sox2+/+;CAGG-CreERTM retinas, in which Müller glia maintain
expression of SOX2 (A) and exhibit characteristic morphology: elongated cell body shape (shown
by staining for SOX2, SOX9 and Vimentin, A-C) and long processes extending towards apical
and basal retinal boundaries (shown by staining for CRALBP and GLAST (D-F). In mutant
Sox2COND/COND;CAGG-CreERTM retinas, Müller glia no longer express SOX2 (G), are significantly
disorganized (shown by staining for CRALBP and GLAST, J-L), appear less in numbers (shown
by expression of SOX9 and VIMENTIN, H and I), and lose their apical and basal attachments (J,
arrowheads). (M and P) In control Sox2+/+;CAGG-CreERTM retinas SOX2 is expressed within the
INL and in amacrine cells after 5 (M) or 7 (P) days in culture. (N and O) Expression of SOX2 in
mutant Sox2COND/COND;CAGG-CreERTM retinas cultured for 5 days is either absent (O) or detected
only in a small number of amacrine cells (N), indicating temporal variation in the efficiency of
TM-mediated DNA recombination. Following a 7 day culture period, SOX2 expression is never
detected in mutant Sox2COND/COND;CAGG-CreERTM retinas (Q). (R-V) Müller glial cell
morphology in TM-treated control Sox2+/+;CAGG-CreERTM and mutant Sox2COND/COND;CAGGCreERTM retinas was analyzed following 5 (R, T) and 7 (U, V) day culture periods using
immunohistochemistry against CRALBP. (R and U) In control Sox2+/+;CAGG-CreERTM retinas,
CRALBP expression pattern reflects typical morphology of Müller glia – oval-shaped cell bodies
located in the INL and processes projecting towards apical and basal retinal boundaries, at both 5
(R) and 7 (U) days in culture. (S, T) Following a 5 day culture period, Müller glia in mutant
Sox2COND/COND;CAGG-CreERTM retinas are moderately (S) or significantly disorganized (T),
exhibiting mislocalization of cell bodies and loss of apical or basal processes. Severity of Müller
glia disruption correlates with CRE-mediated recombination efficiency characterized by complete
(O) or partial (N) downregulation of SOX2 (compare M and R, N and S, O and T). (U and V)
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Following a 7 day culture period, expression of CRALBP in mutant Sox2COND/COND;CAGGCreERTM retinas (V) reflects significant loss and degeneration of Müller glial cells, compared to
control Sox2+/+;CAGG-CreERTM retinas (U). INL – inner nuclear layer; ONL – outer nuclear
layer. Scale bars in (L) and (V): 65 µm.
	
  
Table 2. Distribution of severe retinal lamination phenotypes by genotype and length of
culture period.
	
  
	
  
Days in
Genotype
Proportion of pups with
culture
severe retinal phenotype	
  
starting at P0	
  

4-5

7

Sox2+/+, Sox2+/COND, Sox2COND/COND

1/9

Sox2+/+;CAGG-CreERTM

1/10

Sox2COND/COND;CAGG-CreERTM

13/16

Sox2+/+, Sox2+/COND, Sox2COND/COND

1/5

Sox2+/+;CAGG-CreERTM

1/4

Sox2COND/COND;CAGG-CreERTM

8/8

To determine whether mosaic ablation of Sox2 only in a subset of postnatal retinal
neural progenitor cells leads to disruption of Müller glial cell morphology, as observed
with complete Sox2 ablation in Sox2 mutant (Sox2COND/COND;CAGG-CreERTM) retinas, we
electroporated P0 Sox2COND/COND retinas with pCAG-CreEGFP DNA construct and
cultured them for 24 hours to 4 days (Fig.4.6). We first examined whether Sox2 is
efficiently ablated in CRE-EGFP-expressing cells. Unlike in control Sox2+/+ retinas,
where SOX2-positive cells co-expressing Cre-EGFP are observed throughout the inner
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and outer retinal layers 24 hours following electroporation (Fig.4.6 A, C and E), SOX2
expression is excluded from areas electroporated with pCAG-CreEGFP in Sox2COND/COND
retinas (Fig.4.6 B, D and F; compare Fig.4.6 A and B). Next, we examined the
morphology of Müller glial cells in retinas electroporated with pCAG-CreEGFP at P0
and cultured for 4 days using immunohistochemistry against Müller glial cell marker,
CRALBP (Fig.4.6 G-L). As expected, radial morphology of Müller glial cells is disrupted
in Sox2COND/COND retinas electroporated with pCAG-CreEGFP, as evidenced by aberrant
localization of CRALBP (Fig.4.6 H and L). Unlike in control (Sox2+/+) retinas, where
Cre-EGFP-CRALBP double positive cells are located in the INL, and maintain elongated
cell body morphology (Fig.4.6 I) and apical and basal processes (Fig.4.6 G and K), CreEGFP-CRALBP double positive Müller glial cells in Sox2COND/COND retinas are
irregularly shaped (Fig.4.6 J), mislocalized apically and exhibit atrophy (Fig.4.6 H;
compare Fig.4.6 L vs K). Together, these results illustrate that ablation of Sox2 in the
postnatal retina leads to disorganization and depletion of Müller glia.
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Figure 4.6. Mosaic ablation of Sox2 using
electroporation of pCAG-CreEGFP DNA construct
leads to disorganization and atrophy of postnatal
Müller glia. (A-F) Expression of SOX2 (B) does not
coincide with Cre-EGFP (D) in Sox2COND/COND retinas
electroporated with pCAG-CreEGFP at P0 and cultured
for 24 hours (F), compared to co-expression of SOX2
(A) with Cre-EGFP (C) in Sox2+/+retinas (compare E
and F). (G-L) Unlike in control Sox2+/+ retinas, where
Cre-EGFP positive Müller glial cells are located in the
INL (I and K) and extend long processes towards apical
and basal retinal boundaries (G), Cre-EGFP-expressing
Müller glia in Sox2COND/COND retinas are mislocalized
apically (J and L) and exhibit disruption of radial
processes (H). INL – inner nuclear layer, ONL – outer
nuclear layer. Scale bars in (F): 75 µm, in (L): 55 µm.

Morphological disruption and depletion of Sox2 mutant Müller glia leads to
disorganization of retinal laminar architecture.
Müller glial cells are essential to maintain neuroretinal architecture; loss of their
radial morphology results in the disruption of the inner and outer retinal barriers and
cellular layers (Rich, Figueroa et al. 1995; van Rossum, Aartsen et al. 2006; Jadhav,
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Roesch et al. 2009). To determine whether retinal cellular architecture is disrupted in
Sox2 mutant retinas treated with TM for 24 hours and cultured for 5-7 days, we examined
the overall retinal organization of Sox2 mutant (Sox2COND/COND;CAGGCre-ERTM) and
control (Sox2+/+;CAGGCre-ERTM) retinas by performing gross morphological analyses
(Fig.4.7 A-D) coupled with Nissl (Fig.4.7 E-H), β-catenin (Fig.4.7 I-L) and Phalloidin
(Fig.4.7 M-P) staining, marking cell bodies, adherens junctions and F-actin, respectively.
Bright field images and Nissl staining of control (Sox2+/+;CAGGCre-ERTM) retinas reveal
the strict radial alignment of cell bodies and their organization into distinct cellular layers
- ONL, INL and GCL (Fig.4.7 A, B, E and F). By contrast, in Sox2 mutant
(Sox2COND/COND;CAGGCre-ERTM) retinas, the cell bodies are severely disorganized; many
of the cells have lost radial morphology and become round in shape (Fig.4.7 C, D, G and
H). Unlike control retinas, where β-catenin immunoreactivity is enriched in the forming
IPL (Fig.4.7 I, arrow) and the OLM (Fig.4.7 I and J, arrowheads), in Sox2 mutant
(Sox2COND/COND;CAGGCre-ERTM) retinas β-catenin immunoreactivity within the IPL
(Fig.4.7 K, arrow) and the OLM (Fig.4.7 K and L, arrowheads) is discontinuous. The
lack of β-catenin staining correlates with significant disorganization of lamination, with
cells protruding beyond the OLM (compare Fig.4.7 E and G, arrowheads) or into the IPL
(compare Fig.4.7 E and G, arrows). Consistent with the disruption of the OLM in Sox2
mutants, Phalloidin, normally enriched in the OLM in a continuous band at the outermost
boundary of the retina (Fig.4.7 M and N, arrowheads), is discontinuous in Sox2 mutants
(Fig.4.7 O and P, arrowheads). These data reveal the disruption of both the outer
membrane and the inner cellular layers in Sox2 mutant (Sox2COND/COND;CAGGCre-ERTM)
retinas.
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We next examined whether formation of the OPL, which normally separates inner
and outer nuclear layers, is disrupted in Sox2 mutant retinas. To address this, we stained
sections of Sox2COND/COND;CAGGCre-ERTM and control retinas cultured for 7 days in vitro
for NF, which marks horizontal cells that form the OPL. In control retinas, NF-positive
horizontal cell processes form a distinct synaptic layer (Fig.4.7 Q, arrow and R - higher
magnification image of Q), while the pattern of NF staining in Sox2 mutant retinas is
significantly disorganized (Fig.4.7 S, arrow and T - higher magnification image of S),
with some horizontal cell processes projecting towards outer layer of the retina (Fig.4.7
T, arrowhead).
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Figure 4.7. Retinal lamination defects in cultured Sox2COND/COND;CAGG-CreERTM retinas. (AL) Bright field images (A-D) and immunohistochemical analysis of sectioned retinas using
markers of cell bodies (Nissl) (E-H) and adherens junctions (β-catenin) (I-L) reveal
disorganization of lamination in mutant Sox2COND/COND;CAGG-CreERTM compared to control
Sox2+/+;CAGG-CreERTM retinas treated with TM and cultured for 5 days. Three cellular layers
(ONL, INL and GCL) are not clearly separated in Sox2COND/COND;CAGG-CreERTM retinas, as
evidenced by Nissl staining (compare E and G). Lack of formation of distinct cellular layers in
Sox2COND/COND;CAGG-CreERTM retinas is frequently accompanied by the protrusion of cells from
within the ONL out beyond the OLM (compare E and G, arrowheads), as well as INL cells
occupying the IPL (compare arrows in E and G). The radial orientation and elongated
morphology of retinal cells is lost in mutant Sox2COND/COND;CAGG-CreERTM retinas (compare B –
higher magnification image of A, F - higher magnification image of E, vs D – higher
magnification image of C, H - higher magnification image of G). While the marker of adherens
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junctions, β-catenin (I), is enriched in the IPL (I, arrow) and OLM (I, J – higher magnification
image of I, arrowheads) of control Sox2+/+;CAGG-CreERTM retinas, the pattern of β-catenin
staining in the IPL (K, arrow) and OLM (K, L – higher magnification image of K, arrowheads) of
mutant Sox2COND/COND;CAGG-CreERTM retinas is discontinuous, with breaks in staining
correlating with areas where cells are protruding beyond retinal and IPL boundaries (compare E, I
vs G, K, arrows and arrowheads). (M-P) Breaks in the IPL (arrows) and OLM (arrowheads) of
mutant Sox2COND/COND;CAGG-CreERTM retinas can be visualized by the uneven distribution of Factin (Phalloidin), normally enriched in the IPL (compare M and O, arrows) and OLM (compare
M and O, arrowheads; N and P – higher magnification images of M and O, arrowheads). (Q-T)
The OPL, marked by NEUROFILAMENT, is significantly disorganized in mutant
Sox2COND/COND;CAGG-CreERTM versus control Sox2+/+;CAGG-CreERTM retinas cultured for 7
days (compare Q and S, arrows; R and T – higher magnification images of Q and S), with some
processes of horizontal cells extending apically (T, arrowhead). BF – bright field; GCL –
ganglion cell layer; INL – inner nuclear layer; IPL – inner plexiform layer; OLM – outer limiting
membrane; ONL – outer nuclear layer; OPL – outer plexiform layer; TM – 4-OH-tamoxifen.
Scale bars: in (S): 45 µm, in (T): 25 µm.

Furthermore, consistent with the requirement for SOX2 in the maintenance of
radial morphology of Müller glia, we find both apical and basal disorganization of
neurons in Sox2 mutant retinas (Fig.4.8 A – schematic diagram). Specifically, loss of
apical Müller glia processes in Sox2COND/COND;CAGG-CreERTM retinas is accompanied by
disorganization of photoreceptor cells, marked by RHODOPSIN (compare Fig.4.8 B vs
C), and complete loss of the OLM, while bipolar cells, marked by Chx10 (Fig.4.8 D vs
E),

remain

correctly

localized.

Loss

of

basal

Müller

glial

processes

in

Sox2COND/COND;CAGG-CreERTM retinas is accompanied by complete deterioration of the
inner retina above the MG cell layer (consisting predominantly of amacrine cells), as
marked by cleaved CASPASE-3 (compare Fig.4.8 F, H and J vs G, I and K). The
disorganization of the photoreceptor cell layer and cell death in the INL of
Sox2COND/COND;CAGG-CreERTM retinas provides further support for an essential role of
SOX2 in the maintenance of retinal laminar structure through its function in Müller glial
cells.
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Figure 4.8. Disorganization of the ONL and cell death in the INL of cultured
Sox2COND/COND;CAGG-CreERTM retinas. (A) Schematic diagram illustrating changes in Müller
glial cell morphology, cell death in the INL, and disorganization of the ONL in cultured mutant
Sox2COND/COND;CAGG-CreERTM versus control Sox2+/+;CAGG-CreERTM retinas. In the control
Sox2+/+;CAGG-CreERTM retina, Müller glia (green) are radially oriented, with oval-shaped cell
bodies located within the INL and processes reaching apically and basally, providing structural
support to cells within INL (purple), and photoreceptor cells in the ONL (red). In the mutant
Sox2COND/COND;CAGG-CreERTM retina, Müller glial cells (green) lose their basal or apical
attachments, which leads to disorganization and apoptosis of cells within the INL and ONL
(gray), respectively. (B-E) Loss of apical attachments of Müller glia in mutant
Sox2COND/COND;CAGG-CreERTM retinas leads to severe disorganization of the ONL, as revealed by
immunostaining with antibody against RHODOPSIN, a marker of rod photoreceptors, of
sectioned retinas cultured for 7 days (compare B and C), while expression of the bipolar cell
marker Chx10 in the INL, remains largely unchanged (compare D and E). (F-K) Loss of basal
processes of Müller glia results in a marked increase in cell death within the INL, shown by
immunostaining with antibodies against the Müller glial cell marker VIMENTIN (F and G), and
activated CASPASE-3, a marker of cell-death (compare H and I; J and K), in sectioned retinas
cultured for 5 days. INL – inner nuclear layer; ONL – outer nuclear layer. Scale bar in (E): 75
µm, in (K): 65 µm.
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Together these results demonstrate that postnatal ablation of Sox2 leads to
disorganization of retinal lamination and results in the loss of the structural integrity in
the retina. Among the three late-born retinal cell types, Müller glia are the only cells to
maintain both their apical and basal connections, spanning the entire width of the retina,
similar to retinal progenitor cells. Disruption of retinal lamination is associated with
aberrant function of Müller glia (Bringmann, Pannicke et al. 2006; van Rossum, Aartsen
et al. 2006). These data, therefore, confirm our hypothesis that aberrant maintenance of
Müller glial cells in Sox2-deficient retinas is the cause of the disruption of the OLM and
retinal cellular lamination.

DISCUSSION AND FUTURE DIRECTIONS
SOX2 is an essential regulator of Mü̈ller glial cell function.
One of the primary functions of Müler glia is to maintain neuroretinal
architecture. Similar to neural progenitor cells of the developing CNS, Müler glia span
the entire retinal thickness, exhibit apical-basal polarity, form appropriate intercellular
junctions and act as a neuronal scaffold. The function of Müller glia in promoting correct
retinal laminar organization is highlighted by the fact that retinal dysgenesis and
degeneration are almost always accompanied by changes in Müler glial cell morphology,
but is also supported by the findings that Müler glia have the decisive role in the
establishment of retinal laminar pattern and polarity (Willbold, Berger et al. 1997;
Bringmann, Pannicke et al. 2006). We demonstrate here that SOX2 is essential for
maintenance of Müler glia. Genetic ablation of SOX2 leads to depletion of Müler glia,
resulting in disruption of both the apical and basal lamina and the disorganization of the
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structural integrity of the postnatal retina.
Several lines of evidence in this study indicate that aberrant laminar organization
in cultured SOX2-deficient retinas is a direct consequence of ablation of Sox2 in
differentiating Müller glia. First, in our culture conditions, retinal laminar architecture is
preserved in the vast majority of control retinal explants (see CHAPTER 3). Second,
with the exception of a small number of SOX2-positive amacrine cells in the INL, we did
not expect postnatal ablation of SOX2 to affect any of the earlier generated retinal
neurons. Of the three last-born retinal cell types, however, we did not detect significant
defects in differentiation of either bipolar interneurons or rod photoreceptors (Fig.4.8). In
retinas exhibiting disorganization of the ONL, expression of Chx10, a marker of bipolar
interneurons, is not affected. Similarly, in SOX2-deficient retinas where organization of
the ONL remained unaffected, we did not detect defects in the onset of expression or
expression pattern of RHODOPSIN, a marker of rod photoreceptors. However, in retinas
exhibiting dysgenesis of the ONL, photoreceptor cells protrude beyond the normal retinal
boundary, into what in vivo would be subretinal space, forming half-rosette structures
and eventually undergoing apoptosis. Severe retinal disorganization was previously
reported when the function of an atypical Protein Kinase C (aPKC) was conditionally
disrupted in postmitotic photoreceptor progenitor cells (Koike, Nishida et al. 2005).
However, a subset of SOX2-deficient retinas do not exhibit disorganization of the ONL.
In addition, we observe disorganization of both outer and inner layers of the retina,
which, along with disorganization of the OPL, is not consistent with SOX2 affecting
differentiation and adhesive properties of rod photoreceptors. Therefore, we conclude that
ablation of Sox2 in the postnatal retina affects predominantly retinal Müller glia, and
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subsequently results in retinal laminar disorganization.
	
  
Effects of mosaic versus complete ablation of Sox2 in the postnatal retina.
The most striking phenotypes we observe in SOX2-deficient retinas are
disorganization of either inner or outer-most retinal cellular layers, and in some instances
both. On the one hand, this may indicate uniform as opposed to mosaic effect of Sox2
ablation in Müller glia, manifesting itself in a type of chain-reaction detachment of
Müller glia processes at the apical or basal retinal boundaries. Indeed, mosaic loss of
Sox2 using electroporation of pCAG-CreEGFP DNA plasmid, or as a result of mosaic
conditional ablation of Sox9 specifically in the embryonic retina, is not associated with
overall disorganization of the retina (Fig.4.6) (Poche, Furuta et al. 2008). Similarly,
retinal structural integrity is not affected when Sox2 is dowregulated in the postnatal
retina in a mosaic fashion using retrovirally-delivered shRNA’s (Lin, Ouchi et al. 2009).
Therefore, we hypothesize that uniform disorganization of retinal lamination we observe
in SOX2-deficient retinas is due to complete versus mosaic loss of SOX2.

Possible changes in cell surface properties of Mü̈ller glia due to ablation of Sox2.
The defects we observe in Müller glial cells are consistent with disruption of cell
adhesion components present at apical and basal retinal membranes. Severe dysgenesis of
the ONL, similar to what we observed in SOX2-deficient retinas, was previously reported
to occur in vivo and in cultured postnatal retinas deficient for components of cell
adhesion complexes present in the subapical region (SAR) of the retinal outer limiting
membrane (OLM), or at adherens junctions that form the OLM (van Rossum, Aartsen et
al. 2006; Gosens, den Hollander et al. 2008). At the OLM, adherens junctions, formed
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between the Müller glial cell end feet and rod photoreceptors, serve to create a seal
separating neural retina from the subretinal space. Adhesion complexes present at the
SAR’s also serve a purpose of maintaining this seal. Mutations or incorrect placement of
CRB1 (Crumbs homologue-1) protein at SAR’s result in the disruption of the OLM,
leading to loss of Müller glial cell polarity, and underlie retinal degeneration both in vitro
and in vivo. Similarly, altered expression and localization of adherens junctions
components, including β-catenin, p120-catenin and a component of tight junctions at the
OLM, ZO-1, have been reported in the mouse model of retinal degeneration lacking
Rhodopsin, Rho(-/-) (Campbell, Humphries et al. 2007). In our study, we have evaluated
expression of β-catenin and F-actin (Phalloidin), enriched at the outer retinal boundary, in
SOX2-deficient retinas. We have not been able to detect either incorrect localization or
downregulation of these markers – their expression pattern seems to reflect breaks in the
OLM and is discontinuous. However, we do not rule out a possibility of SOX2 regulating
cell adhesion. In fact, during early events of lens induction, SOX proteins, and SOX2 in
particular, have been shown to directly regulate expression of N-cadherin, a structural
component of adherens junctions (Matsumata, Uchikawa et al. 2005). Whether SOX2
plays a similar function in regulation of N-cadherin in the retina remains to be
determined. For the purpose of investigating the role of SOX2 in regulating cell adhesion
and cytoskeletal organization, derivation of Müller glial cell lines, preferably from
Sox2COND/COND animals, would be beneficial. In such in vitro system, the effect of SOX2
on cell morphology and adhesive properties can be addressed in greater detail.
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Effect of Sox2 ablation in the postnatal retina on cell survival.
The results of this study do not rule out a possibility that Müller glial cell death
may account for disruption of retinal architecture and retinal degeneration due to ablation
of Sox2. Apoptotic cell death of postnatal Müller glia in retinas of Hu-Bcl2 mice,
expressing human apoptosis-related proteins BCL-2, leads to gradual retinal degeneration
(Dubois-Dauphin, Poitry-Yamate et al. 2000). Importantly, phenotypes associated with
Müller glial cell death and retinal degeneration in Hu-Bcl-2 mice, including disruption of
the OLM and formation of half-rosette structures by photoreceptors, are similar to
phenotypes observed in Sox2 mutant retinas. By examining expression of activated
Caspase-3, however, we did not detect apoptotic cell death of Müller glia as a prevailing
cause of their depletion. Further examination of apoptotic cell markers in Sox2 mutant
Müller glia is required to resolve this question. Activated Caspase-3 immunoreactivity in
Sox2 mutant retinas is associated predominantly with the cells occupying retinal ganglion
and amacrine cell layers (Fig.4.8). Previously, disruption of the inner limiting membrane
(ILM), formed by basal processes of Müller glia, due to mutations in laminins was
reported to have a detrimental effect on the development and maintenance of amacrine
cells in the INL (Denes, Witkovsky et al. 2007). Therefore, neuronal cell death observed
in our study may be secondary to morphological disruption of basal Müller glial cell
processes.
To address the question whether ablation of Sox2 leads to apoptotic death of
Müller glia, it would be beneficial to develop a fluorescent marker of apoptotic cell death.
Such marker could be utilized in combination with time-lapse microscopy to correlate
morphological changes in Sox2 mutant Müller glia, as well as other retinal cell types,
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with apoptotic cell death. Alternatively, apoptosis can be blocked genetically, or
pharmacologically, in Sox2 mutant retinas to assess whether it is the main cause of
Müller glial cell depletion due to loss of SOX2 function.
Together, our findings provide the first demonstration of the function of SOX2 in
retinal Müller glial cells, and offer evidence for an essential role of postnatal Müller glial
cells in the maintenance of retinal homeostasis, structural integrity and survival of retinal
neurons.

	
  
	
  

106	
  

CHAPTER 5
SOX2 FUNCTIONS TO MAINTAIN QUIESCENT STATE
OF RETINAL MÜLLER GLIA.
INTRODUCTION
Expression of SOX2 in the developing embryo and in the adult is associated with
proliferating multipotent progenitor cells (Ellis, Fagan et al. 2004; Pevny and Placzek
2005; Miyagi, Kato et al. 2009). Consistent with this, disruption of SOX2 function in the
developing CNS results in exit of neural progenitor cell from the cell cycle (Bylund,
Andersson et al. 2003; Graham, Khudyakov et al. 2003). However, evidence for a direct
link between the function of SOX2 and regulation of cell cycle progression is currently
missing. Here, we address the role of SOX2 in regulation of the quiescent state of retinal
Müller glia.
In the healthy retina, Müller glial cells do not divide, but maintain the capacity to
enter the cell cycle in response to injury-induced signals (Jadhav, Roesch et al. 2009).
Aberrant morphology and atrophy of Müller glia, on the other hand, are oftentimes
observed in the diseased retina, and are associated with proliferative gliosis – a reactive
state of Müller cells characterized by their re-entry into the cell cycle (Bringmann,
Pannicke et al. 2006; Jadhav, Roesch et al. 2009). Genetic ablation of Sox2 in postnatal
retinal progenitor cells results in atrophy and depletion of Müller glia (CHAPTER 4).
Therefore, we sought to address whether aberrant cell cycle regulation is associated with
morphological disruption of Müller glia in Sox2 mutant retinas.

To track the consequences of genetic ablation of Sox2 in the postnatal retina, we
established conditions to image Müller glial cell behavior in real time (see CHAPTER
3). We find that unlike wild type Müller glial cells, which are quiescent, Sox2 mutant
Müller glia undergo cell division through the translocation of the cell soma to the apical
retinal cell layer, loss of apical/basal connections, and eventual apoptosis of daughter
cells. These data reveal that SOX2 maintains Müller glia in a quiescent progenitor state
by preventing their progression through the cell cycle to terminal differentiation, and,
therefore, functions to sustain adult progenitor homeostasis.

RESULTS
Depletion of SOX2 results in aberrant cell division of Müller glial cells.
A cellular characteristic of Müller glia that defines them as progenitor cells is
their ability to enter the cell cycle under appropriate conditions (Jadhav, Roesch et al.
2009);(Ooto, Akagi et al. 2004); (Osakada, Ooto et al. 2007); (Takeda, Takamiya et al.
2008)}. In a healthy postnatal retina Müller glia are quiescent, but can be activated to
undergo cell division in response to retinal injury. Although Müller glia express PCNA
(Proliferative Cell Nuclear Antigen) during the first postnatal week, they do not express
PH3 (Phospho-histone 3, a marker of cells in M-phase) or incorporate BrdU (a marker of
cells in S-phase) under normal homeostatic conditions. To address whether SOX2
functions to maintain Müller glia in a quiescent state, we have carefully compared the
expression of PCNA, p27Kip1, PH3, and incorporation of BrdU in Sox2 mutant and
control retinas (Fig.5.1). In control (Sox2+/+;CAGG-CreERTM) retinas cultured for 5 days,
proliferative cell marker PCNA and cell cycle inhibitor p27Kip1 are expressed in SOX2	
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positive elongated cell bodies of Müller glia in the INL (Fig.5.1 A and C) (Dyer and
Cepko 2000). The number of PCNA- and p27Kip1-positive cells is reduced in Sox2 mutant
(Sox2COND/COND;CAGG-CreERTM) retinas, consistent with the reduction in the number of
Müller glial cells (Fig.5.1 B and D). However, in contrast to control (Sox2+/+;CAGGCreERTM) retinas, there is a dramatic increase in S-phase (marked by BrdU incorporation)
and M-phase (marked by PH3 expression) cells in Sox2 mutant (Sox2COND/COND;CAGGCreERTM) retinas (compare Fig.5.1 E, G vs F, H; Fig.5.1 Q). Importantly, we find that
BrdU (2 hour pulse) and PH3 co-localize in puncta within the nuclei of cells in early G2
phase of the cell cycle, indicating that both markers can be used interchangeably to
identify cells entering the cell cycle (data not shown). While BrdU- and PH3-positive
cells are excluded from the central territory of control (Sox2+/+;CAGG-CreERTM) retinas,
these markers identify dividing progenitor cells that still persist in peripheral retinal
regions (Fig.5.1 E, inset). To the contrary, cells marked by BrdU and PH3 are found in
both

the

central

and

the

peripheral

retinal

territories

(Sox2COND/COND;CAGG-CreERTM) retinas (Fig.5.1 F, inset, and H).
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Sox2

mutant

Figure 5.1. Müller glia in Sox2 mutant Sox2COND/COND;CAGG-CreERTM retinas express mitotic
cell cycle markers. (A-H) Expression of cell cycle markers, PCNA (A, B), p27Kip1 (C, D), BrdU
(with Hoechst staining in E, F) and PH3 (with Hoechst staining G, H) was analyzed
immunohistochemically on sections of control Sox2+/+;CAGG-CreERTM (A, C, E and G) and Sox2
mutant Sox2COND/COND;CAGG-CreERTM (B, D, F and H) TM-treated retinas cultured for 5 days.
(A-D) Both proliferating cell marker PCNA (compare A and B) and cell cycle inhibitor p27Kip1
(compare C and D), marking elongated cell bodies of Müller glia, are reduced in the INL of
mutant Sox2COND/COND;CAGG-CreERTM compared to control Sox2+/+;CAGG-CreERTM retinas. (EH) Upregulation of mitotic cell marker expression, evidenced by incorporation of BrdU in the
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central (F) and peripheral (inset in F) regions of the retina, and expression of mitotic marker PH3
(H), reveals increase in proliferating cells in Sox2 mutant Sox2COND/COND;CAGG-CreERTM retinas,
compared to almost complete absence of BrdU incorporation (E) and PH3 expression (G) in both
the central and peripheral (inset in e) regions of control Sox2+/+;CAGG-CreERTM retinas. (I-J’’)
The numbers of PAX6-positive cells in the ONL of mutant Sox2COND/COND;CAGG-CreERTM
retinas (J, arrows and arrowheads) are increased compared to control Sox2+/+;CAGG-CreERTM
retinas, where PAX6 expression in the boundary between ONL and INL marks horizontal cells (I
and I’, arrowheads). Cell bodies of PAX6 expressing cells in the ONL of Sox2 mutant
Sox2COND/COND;CAGG-CreERTM retinas are either elongated (arrows in J and J’ – higher
magnification of image of J) or round in shape (arrowheads in J, J’, J’’ – higher magnification
images of J) and localize to the outermost boundary of the ONL. (K-P) Co-localization of
CRALBP (L) and BrdU (N and P, arrowheads) expression identifies proliferating cells in the INL
and ONL of Sox2 mutant Sox2COND/COND;CAGG-CreERTM retinas as Müller glia (inset in p), which
do not incorporate BrdU in control Sox2+/+;CAGG-CreERTM retinas (K, M and O). (Q)
Quantitative analysis of PH3-positive cells in sections through central retinas (4 sections per pup)
of control Sox2+/+;CAGG-CreERTM (mean ± S.E.M: 16.20 ± 4.05; n=20) and mutant
Sox2COND/COND;CAGG-CreERTM (mean ± S.E.M: 32.70 ± 3.88; n=20) retinas reveals significant
increase in the numbers of mitotic cells in Sox2 mutant retinas (Two-tailed unpaired student t
test; p= 0.0055). INL – inner nuclear layer; ONL – outer nuclear layer. Scale bar in (J): 75 µm, in
(J’): 20 µm.

A decrease in the number of Müller glial cells expressing PCNA and p27Kip1,
concomitant with the increase in mitotic cell markers, BrdU and PH3, led us to question
whether Müller glial cells in Sox2 mutant retinas have re-entered the cell cycle.
Progression of neural progenitor cells through the cell cycle is associated with movement
of their cell bodies apically, to undergo mitosis strictly at the apical surface of the
neurogenic zone (Baye and Link 2008). Thus, we hypothesized that if Müller glia were
entering the cell cycle in Sox2 mutant retinas this would be reflected by the translocation
of their cell bodies apically into the ONL. To address this question we first evaluated
expression of PAX6, which serves as a marker of a subset of Müller glial cell bodies
(Fig.5.1 I-J’’) (Roesch, Jadhav et al. 2008). While in control (Sox2+/+;CAGG-CreERTM)
retinas expression of PAX6 is predominantly restricted to the INL (Fig.5.1 I and I’),
PAX6-positive cells are also found in the ONL of Sox2 mutant (Sox2COND/COND;CAGGCreERTM) retinas (Fig.5.1 J, J’ and J’’). Interestingly, while some of these cells have
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elongated cell body morphology (Fig.5.1 J’, arrow) and express PCNA (arrows in Fig.5.2
B, D, F and F’), others are round in shape, closely associated with each other, and do not
maintain PCNA expression (arrowheads in Fig.5.1 J’ and J’’; arrowheads in Fig.5.2 B, D,
F and F’). We next confirmed that the proliferating cells in the ONL of Sox2 mutant
retinas are Müller glia by co-staining retinal sections of Sox2+/+;CAGG-CreERTM and
Sox2COND/COND;CAGG-CreERTM retinas
with antibodies against BrdU (Fig.5.1
M, O, N and P) and Müller glialspecific marker CRALBP (Fig.5.1 K,
L, O and P). Cells incorporating BrdU
in Sox2 mutant retinas are located in
both the INL and ONL, and co-express
CRALBP (arrowheads in Fig.5.1 L, N
and P, inset). Thus, ablation of Sox2 in
the postnatal retina leads to an increase
in mitotic cell marker expression in
Müller glia and apical translocation of
their cell bodies to the ONL, indicating
their re-entry into the cell cycle.
Figure 5.2. Co-expression of PAX6 and PCNA identifies Müller glial cells translocating to the
ONL in mutant Sox2COND/COND;CAGG-CreERTM retinas. (A-F) Expression of PAX6 (A, B) and
PCNA (C, D) was assessed in sections of TM-treated control Sox2+/+;CAGG-CreERTM (A, C and
E) and Sox2 mutant Sox2COND/COND;CAGG-CreERTM retinas (B, C and F) at day 5 of culture. In
control Sox2+/+;CAGG-CreERTM retinas, co-expression of PAX6 and PCNA marks the elongated
cell bodies of Müller glial cells in the INL (arrows in A, C and E), some of which are also located
in the ONL (arrow in E’ – higher magnification image of E). A higher proportion of PAX6 and
PCNA double-positive cells are located in the ONL of Sox2 mutant Sox2COND/COND;CAGG-
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CreERTM retinas (arrows in B, D, F and F’ – higher magnification image of F) compared to
control Sox2+/+;CAGG-CreERTM retinas. Cells with round cell body morphology and high PAX6
expression, located at the outer-most boundary of the retina (arrowheads in B, D, F and F’ –
higher magnification image of f), do not express PCNA and are found only in mutant
Sox2COND/COND;CAGG-CreERTM retinas. INL – inner nuclear layer; ONL – outer nuclear layer.
Scale bar in (F): 75 µm, in (F’): 25 µm.

SOX2 maintains Müller glial cell homeostasis by preventing cell division.
The gradual depletion of neural progenitor cells over the course of neurogenesis is
mainly the result of terminal cell divisions, whereby newly-born daughter cells
subsequently exit the cell cycle and differentiate. Coincident with their exit from the cell
cycle, neural progenitor cells downregulate SOX2 at the onset of neuronal differentiation
(Pevny and Placzek 2005). However, the mechanism by which SOX2 maintains
progenitor cell identity remains undefined. Based on our observation that Sox2 mutant
Müller glia express mitotic cell markers (Fig. 5.1 and 5.2), we hypothesized that SOX2
may function to maintain the homeostasis of Müller glial cells by preventing their
depletion through cell division. To test this hypothesis we utilized real-time imaging to
directly visualize the consequences of genetic ablation of SOX2 in retinal explants (see
CHAPTER 3). Through these analyses we were able to image retinal progenitor cell
behavior in situ. In order to specifically identify Müller glia for real-time imaging, we
used in vitro electroporation to label these cells with a GLASTp-dsRed2 DNA construct
(Mizutani, Yoon et al. 2007), allowing for expression of dsRED2 in Müller glia under the
control of the GLAST promoter. We then monitored the behavior of GLASTp-dsRED2labeled Müller glial cells in slices of control (Sox2+/+;CAGG-CreERTM) and
Sox2COND/COND;CAGG-CreERTM P0 retinas treated with TM using time lapse microscopy
(Fig.5.3 and 5.4; see CHAPTER 3, and MATERIALS AND METHODS). Müller glial
cells in control (Sox2+/+;CAGG-CreERTM) retinas are stable, exhibit limited internuclear
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migration, and maintain their apical and basal attachments (Fig.5.3 A, arrowheads and
schematic diagram). In contrast, we observe Müller glial cell division events in Sox2
mutant (Sox2COND/COND;CAGG-CreERTM) retinas (Fig.5.3 B, arrows and schematic
diagram). Occurring predominantly near the apical retinal surface, Müller glial cell
divisions in Sox2 mutant retinas result in daughter cells that either lose their radial
morphology and become round in shape, or undergo apoptosis soon after cell division
(Fig.5.3 B, arrows; Fig.5.4, arrows). Together, these results demonstrate the
consequences of SOX2 ablation in the postnatal retina and reveal that SOX2 functions to
maintain progenitor cell characteristics of Müller glial cells by preventing terminal
mitotic cell division.

Figure 5.3. Ectopic divisions of Müller glial cells in Sox2 mutant Sox2COND/COND;CAGGCreERTM retinas. (A) Time-lapse imaging of GLAST-dsRED2 expressing cells in vertical slices
of TM-treated control Sox2+/+;CAGG-CreERTM retinas cultured for 3-4 days confirms radial
morphology, maintenance of apical and basal cellular processes (arrowheads), and limited cell
body migration of Müller glia in the postnatal retina (also shown schematically). (B) GLAST-
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dsRED2-labeled Müller glial cell in mutant Sox2COND/COND;CAGG-CreERTM retina undergoing
cell division, as visualized by movement of the cell body towards the apical retinal surface
(ONL), subsequent loss of the apical cellular process (arrowhead at the bottom), separation of the
two daughter cells (arrows), and splitting of the basal cellular process (arrowheads at the top)
(also shown schematically). INL – inner nuclear layer; ONL – outer nuclear layer; TM – 4hydroxytamoxifen. Scale bar in (A): 30 µm, in (B): 20 µm.

Figure 5.4. Aberrant cell division of Sox2 mutant Müller glia. (Upper panel) GLAST-dsREDlabeled Müller glial cells (arrows) undergo cell division at the outer retinal boundary. Daughter
cells of all three divisions fail to definitely separate, and remain in the ONL following division.
Basal process of cell 1 is maintained during cell division (arrowheads). (Lower panel) Cell 1
divides at the apical retinal surface, giving rise to two daughter cells (arrows) with round cell
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morphology that remain in the ONL. Cell 2 gives rise to daughter cells that return to the INL,
following by fragmentation and death of one daughter cell. Apical and basal processes of cell 2,
and basal process of cell 1, are maintained during cell division (arrowheads). Hrs – hours, INL –
inner nuclear layer, ONL – outer nuclear layer.

Ablation of Sox2 exclusively in Müller glia disrupts their morphology and leads to
aberrant cell division.
	
  

SOX2 expression is maintained in neural progenitor cells in the postnatal retina

during the first week after birth, and is downregulated as they exit the cell cycle and
acquire rod photoreceptor and bipolar cell fates (Fig.4.1). We therefore addressed
whether the observed effects of Sox2 ablation in the postnatal retina result specifically
from its function in Müller glial cells, or arise as a consequence of affecting neural
progenitor cells or other retinal cells types, using two independent approaches.
First, we ablated SOX2 exclusively in Müller glia by generating a plasmid
encoding a CRE-EGFP fusion protein driven by regulatory element of CRALBP
(pCRALBP-CRE-EGFP), confining expression of CRE-EGFP only to Müller glia
(Matsuda and Cepko 2004) (Fig.5.5 A). To confirm this limited expression we
electroporated control (Sox2+/+) and Sox2COND/COND retinas with pCRALBP-CRE-EGFP
and pCRALBP-dsRED at P0 and cultured them for 5 days. We find that CRE-EGFP
perfectly co-localizes with CRALBP-dsRED in cells with characteristic morphology of
Müller glia (Fig.5.5 B), and with endogenous CRALBP (Fig.5.5 I, K and M) and SOX2
(Fig.5.5 C, E and G, insets). Moreover, Sox2 is efficiently ablated in Müller glial cells
expressing pCRALBP-CRE-EGFP (lack of co-expression between SOX2 and CREEGFP in Sox2COND/COND retinas (Fig.5.5 D, F and H, insets). More importantly, using
immunohistochemical analysis of retinal sections in combination with real time imaging
of CRE-EGFP-labeled Sox2-mutant cells, we find that ablation of Sox2 in Müller glia
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results in disruption of their radial morphology and leads to ectopic cell division.
Specifically, CRE-EGFP-expressing Müller glial cells in Sox2COND/COND retinas are
mislocated apically, exhibit aberrant morphology, and express mitotic markers PH3 and
PCNA (Fig.5.5 J-N, P-R, arrowheads), consistent with their entry into the cell cycle.
Furthermore, using real time imaging we can capture dividing Sox2 mutant cells that coexpress CRE-EGFP and CRALBP-dsRED (Fig.5.5 O). These data provide the first
demonstration of genetic ablation of Sox2 specifically in Müller glia and show the
requirement for SOX2 in the maintenance of these cells.
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Figure 5.5. Ablation of Sox2 in committed postnatal Müller glia leads to disruption of their
radial morphology and ectopic cell divisions. (A) Schematic illustration of pCRALBP-dsRED
and pCRALBP-CRE-EGFP-Nuc DNA constructs encoding dsRED2 fluorescent protein and
CRE-EGFP fusion protein, respectively, driven by Müller glia-specific regulatory element of
CRALBP. (B) Expression of CRALBP-dsRED2 highlights radial morphology of Müller glial
cells, while CRE-EGFP localizes to Müller glial cell nuclei in Sox2+/+ retinas co-electroporated
with pCRALBP-dsRED and pCRALBP-CRE-EGFP-Nuc DNA constructs at P0 and cultured for
5 days. (C-H) Immunostaining of Sox2COND/COND retinas electroporated with pCRALBP-CREEGFP-Nuc at P0 and cultured for 5 days reveals lack of co-expression between CRE-EGFP (D,
inset) and SOX2 (F and H, insets), while in Sox2+/+ retinas, CRE-EGFP (C, arrowheads in inset)
perfectly co-localizes with SOX2 strictly in the INL cells with elongated cell body morphology of
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Müller glia (E and G, arrowheads in insets). (I-N) Müller glial cells expressing CRE-EGFP in
Sox2+/+ retinas (I) exhibit typical radial morphology, visualized by CRALBP immunostaining
(K), while their cells bodies are located in the INL (M). In contrast, radial morphology of CREEGFP-expressing Müller glia in Sox2COND/COND retinas is disrupted (compare L, N vs K, M), and
their cell bodies are displaced apically (compare J and I; insets in J, L and N). (O) Real-time
imaging of CRALBP-CRE-EGFP/CRALBP-dsRED double-labeled Müller glia in Sox2COND/COND
retinas reveals that individual Sox2 mutant Müller glial cells (arrows) undergo internuclear
migration and translocate to the outer retinal boundary to divide (arrowheads), giving rise to two
daughter cells. (P-R) Dividing Müller glial cells marked by CRALBP (P, arrowhead), as well as
PCNA- (Q, arrowheads) and PH3 (R, arrowheads) are found at the outer retinal boundary in
Sox2COND/COND retinas electroporated with pCRALBP-CRE-EGFP-Nuc DNA construct. Hrs –
hours; INL – inner nuclear layer; ONL – outer nuclear layer. Scale bar in (N) and (R): 75 µm, in
(O): 30 µm.

As a complementary approach, we have genetically ablated Sox2 at P7 in retinal
explants cultured for 5 days using TM-inducible CRE. We find that Sox2 can be
efficiently ablated at P7 using 4-hydroxytamoxifen-induced activation of CRE
recombinase in Sox2COND/COND;CAGG-CreERTM retinas (Fig.5.6 A vs B). By P7, nearly
all retinal progenitor cells have differentiated into either rod photoreceptors or bipolar
cells, and SOX2 is restricted to Müller glia (and a subset of amacrine cells). Thus,
ablation of Sox2 at P7 can no longer affect cell fate decisions of progenitor cells, but
instead committed Müller glia. As a consequence of Sox2 ablation at P7, Müller glial cell
morphology is disrupted; Sox2 mutant Müller glial cells display loss of apical
connections, resulting in breaks in the outer limiting membrane and disorganization of
the photoreceptor cell layer (Fig.5.6 E-H). This loss of retinal architecture is a hallmark
of Müller glial cell disruption (Rich, Figueroa et al. 1995; van Rossum, Aartsen et al.
2006; Jadhav, Roesch et al. 2009). Interestingly, we find that the subset of amacrine cells,
that normally maintain SOX2 expression in the postnatal retina, remains largely
unaffected by SOX2 ablation (no significant changes in expression of ISLET-1, a marker
of this cell type (Fig.5.6 I and J), further supporting a cell autonomous role of SOX2 in
Müller glial cells. Finally, we show that in Sox2COND/COND;CAGG-CreERTM retinas
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cultured from P7 to P12, SOX9-expressing Müller glia ectopically express markers of
proliferating cells, PCNA and PH3, and are mislocated at the apical cell layer (Fig.5.6 MZ). Importantly, disruption of cellular morphology and entry of Sox2 mutant Müller glial
cells into the cell cycle are not associated with significant upregulation of GFAP (GFAP
expression is observed only in SOX9-positive microglia located in the GCL (Fig.5.6 K
and L), indicating that activation of Müller glial cell cycle in Sox2 mutant retinas is not a
result of injury-induced gliosis. Thus, these results show that in the absence of SOX2,
Müller glial cells re-enter the cell cycle to undergo a cell division. Together, these two
independent approaches provide the first line of genetic data that demonstrate the
requirement of SOX2 signaling in the maintenance of Müller glial cell quiescence.
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Figure 5.6. TM-induced ablation of Sox2 in P7 Sox2COND/COND;CAGG-CreERTM retinas results
in disorganization of the ONL and entry of Müller glial cells into the cell cycle. (A-B)
Immunohistochemical analysis of retinas treated with TM and cultured from P7 to P12 confirms
ablation of Sox2 in Sox2COND/COND;CAGG-CreER retinas (B) and maintenance of SOX2
expression in Müller glia and amacrine cells in control Sox2+/+;CAGG-CreERTM retinas (compare
A vs B). (C-D) Downregulation of Hes5 in Sox2COND/COND;CAGG-CreER retinas (D) is visualized
using in situ hybridization, while Hes5 expression persists in the INL of control Sox2+/+;CAGGCreERTM retinas (compare C vs D). (E-H) Aberrant morphology of Müller glial cells in
Sox2COND/COND;CAGG-CreER retinas is revealed by CRALBP immunostaining (F) and is
accompanied by disorganization of the photoreceptor cell layer (ONL) marked by RHODOPSIN
(H). Both Müller glial cell radial morphology (compare E vs F) and integrity of the ONL
(compare G vs H) are preserved in control Sox2+/+;CAGG-CreERTM retinas. (I-J) Organization of
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ISLET-1-positive amacrine cells in the INL and GCL is not altered in Sox2COND/COND;CAGGCreER retinas (J) compared to control Sox2+/+;CAGG-CreERTM retinas (compare I vs J). (K-L)
Upregulation of GFAP is not associated with apically dislocated SOX9-positive Müller glial cells
in Sox2COND/COND;CAGG-CreER retinas (L, arrows). GFAP expression is detected in SOX9positive microglia in the GCL of both control Sox2+/+;CAGG-CreERTM and
Sox2COND/COND;CAGG-CreER retinas (K and L, arrowheads). (M-T) Immunostaining of
Sox2COND/COND;CAGG-CreER retinas against proliferative cell markers PCNA (N – lower
magnification, and P) and PH3 (R) reveals robust upregulation of PCNA throughout INL and
ONL, and co-expression of PCNA and PH3 in mitotic cells at the outer retinal boundary (T),
compared to lack of PCNA (M – lower magnification, O) and PH3 (Q and S) upregulation in
control Sox2+/+;CAGG-CreERTM retinas. (U-Z) The majority of PCNA expressing cells (V) in
Sox2COND/COND;CAGG-CreER retinas are SOX9-positive Müller glia (X, arrowheads in Z), while
SOX9-positive cells in control Sox2+/+;CAGG-CreERTM retinas do not express PCNA (U, W and
Y). INL- inner nuclear layer; ONL-outer nuclear layer. Scale bar in (Z): 100 µm.

DISCUSSION AND FUTURE DIRECTIONS
Is cell cycle progression a conserved function of SOX2 in neural progenitor cells?
Müller glia represent a dormant progenitor cell population in the adult CNS.
While retaining their capacity to re-enter the cell cycle, they do not proliferate or give rise
to new neurons unless stimulated to do so by signals arising in response to retinal injury.
Unlike in other regions of the adult CNS, no documented cases of Müller glial cell
transformation have been reported (Jadhav, Roesch et al. 2009). These observations
suggest the existence of tightly regulated molecular mechanisms that protect the retina
from uncontrolled proliferation of Müller glial cells.
In the developing and adult CNS, expression of SOX2 defines multipotent neural
progenitor cells capable of giving rise to both neurons and glia. Several studies conducted
in a variety of experimental systems demonstrated that, consistent with its expression
pattern, SOX2 controls maintenance of neural progenitor cell identity; disruption of
SOX2 function is associated with the loss of proliferative and differentiation capacity in
neural progenitor cells, accompanied by the loss of their radial morphology (Ferri,
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Cavallaro et al. 2004; Taranova, Magness et al. 2006; Favaro, Valotta et al. 2009;
Matsushima). Specifically, perturbation of SOX2 function by expression of dominantinterfering versions of SOX2 results in premature terminal differentiation of chick spinal
cord progenitors (Bylund, Andersson et al. 2003; Graham, Khudyakov et al. 2003;
Holmberg, Hansson et al. 2008). However, it remained unknown what is the precise
cellular mechanism regulated by SOX2 in the maintenance of progenitor cell identity.
To address this question, we directly observed fluorescently labeled Sox2 mutant
retinal cells in situ. We have uncovered that depletion of Sox2 leads to aberrant cell
division of Müller glia, resulting in two daughter cells that do not re-establish radial
morphology, losing both Müller glial and progenitor cell identity (Fig.5.3-5.5). The fate
of the daughter cells resulting from divisions of Sox2 mutant Müller glia is unclear.
Based on our observations, these cells are short-lived and oftentimes undergo apoptosis
soon following cell division. Moreover, disruption of both apical and basal limiting
membranes (OLM and ILM, respectively) and disorganization of the laminar architecture
in Sox2 mutant retinas, combined with progressive depletion of Müller glial cells and
retinal degeneration, indicate that the cell divisions of Sox2 mutant Müller glia are
“terminal” (Fig.5.5 and 5.6).
These data suggest that there is an obligatory requirement for at least one round of
cell division in the absence of SOX2 as a prelude to terminal progenitor cell
differentiation. This finding is consistent with the idea that loss of neural progenitor cell
identity through inhibition of SOX2 function is associated with cell cycle exit (Graham,
Khudyakov et al. 2003). However, neither disruption of SOX2 function in the chick
spinal cord, nor its genetic ablation in the retina result in proper neuronal differentiation
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of progenitor cells, suggesting that downregulaton of Sox2 in neural progenitors during
neuronal differentiation must be temporally regulated according to cell cycle phase.
An intriguing possibility that needs to be tested is whether expression levels of
SOX2, or its transcriptional and functional activity, in neural progenitor cells differ
during different phases of the cell cycle. In addition, there is a possibility that the
mechanism underlying maintenance of neural progenitor cell identity by SOX2 may be
different in temporally distinct populations of progenitor cells. Interestingly,
misexpression of SOX2 in postnatal retinal progenitor cells precludes their proliferation,
consistent with its possible role in preventing cell cycle progression in the postnatal retina
(Lin, Ouchi et al. 2009). On the other hand, misexpression of SOX2 in the embryonic
chick spinal cord promotes maintenance of cycling neural progenitor cells (Graham,
Khudyakov et al. 2003). Therefore, to determine whether regulation of cell cycle is a
conserved function of SOX2 in progenitor cells, the effect of Sox2 ablation on
proliferative behavior of neural progenitor cells must be assessed in both the embryo and
the adult. To conduct such analyses, Sox2 can be genetically ablated in the embryonic
retina using retina-specific Cre mouse lines, as well as by electroporation of DNA
constructs encoding CRE recombinase. In adult Müller glial cells, ablation of Sox2 can be
achieved using mouse lines carrying inducible forms of CRE. Alternatively,
pharmacological means to inhibit distinct aspects and/or molecular components involved
in cell cycle progression could be explored and applied towards cultured retinal explants
to determine the mechanism functioning downstream of SOX2 in regulating of cell
proliferative behavior. Combined with in situ imaging of cell behavior using time-lapse
microscopy, detailed analysis of SOX2 function in temporally distinct subsets of neural
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progenitor cells would provide further insight into its role as neural progenitor cell
determinant.

Possible cellular mechanisms underlying Müller glial cell division in Sox2 mutant
retinas.
When activated in response to injury, Müller glia enter a state of reactive gliosis,
characterized by upregulation of Glial Fibrillary Acidic Protein (GFAP), swelling of cell
bodies, detachment of processes and cell proliferation (Bringmann, Pannicke et al. 2006).
While we observed changes in Müller glia cell morphology, including atrophy of Müller
glial cell processes, changes in cell body morphology and cell proliferation in SOX2
mutant retinas, we failed to detect upregulation of GFAP typical to reactive gliosis
(Fig.5.6). Previously, a state of constitutive reactive gliosis was described in mouse
mutants lacking cell cycle inhibitor p27Kip1 (Dyer and Cepko 2000). Furthermore,
downregulation of p27Kip1 expression in Müller glia is associated with neurotoxic injuryinduced prolifartive gliosis. In this study, expression of p27Kip1 persists in the INL of
SOX2-deficient retinas, while reduction in the number of p27Kip1-positive cells appears to
reflect depletion of Müller glia (Fig.5.1). Therefore, it remains unclear whether disruption
of cell cycle inhibitory function of p27Kip1 underlies the role of SOX2 in the maintenance
of Müller glial cell quiescence.
	
  

One of the molecular mechanisms that may explain both the proliferative

behavior and the depletion of Müller glial cells in Sox2 mutant retinas is misregulation of
retionoblastoma (Rb) signaling pathway. In the retina, genetic inactivation of components
of Rb signaling pathway leads to ectopic cell proliferation, oftentimes followed by
apoptotic cell death of resulting daughter cells (Chen, Livne-bar et al. 2004; Ajioka and
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Dyer 2008). Thus, Rb pathway is a plausible candidate to probe the link between the
function of SOX2 and cell cycle progression of retinal Müller glia. Interactions between
SOX2 and possible molecular pathways regulating cell cycle progression of Müller glial
cells can be addressed more efficiently using a purified population of Müller glia.
Derivation and characterization of Müller glial cell lines, therefore, would be an
important step prior to utilizing biochemical approaches towards identifying possible
changes in cell cycle machinery induced by loss of SOX2 function in Müller glia.
Together, results of this study suggest a model by which SOX2 maintains
quiescent progenitor cell state of Müller glial by preventing their progression through the
cell cycle to terminal division. Given that SOX2 signaling is a ubiquitous feature of CNS
neuroepithelia, it is likely that this mechanism is widely employed during development
and regeneration, and therefore needs to be examined in greater detail.
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CHAPTER 6
NOTCH1 SIGNALING PATHWAY FUNCTIONS DOWNSTREAM OF SOX2 IN
THE MAINTENANCE OF POSTNATAL MÜLLER GLIA.
INTRODUCTION
The ability of retinal Müller glia to re-enter the cell cycle in response to injury is
tightly associated with their neurogenic capacity in the adult (Hitchcock, Ochocinska et
al. 2004; Ooto, Akagi et al. 2004; Jadhav, Roesch et al. 2009). Consistent with this
finding, a number of pathways that regulate embryonic and neural progenitor cell identity
have been implicated in this process (Roesch, Jadhav et al. 2008; Jadhav, Roesch et al.
2009). One of the key regulators of both neural progenitor identity and gliogenesis is the
NOTCH signaling pathway (Hojo, Ohtsuka et al. 2000; Jadhav, Cho et al. 2006; Jadhav,
Mason et al. 2006; Jadhav, Roesch et al. 2009). Components of the NOTCH1 signaling
pathway, including its transcriptional downstream regulators HES1/5, not only serve as
specific markers of Müller glial cells during the postnatal period of development, but also
play an important role in maintaining this cell’s function. Reduction in the number of
Müller glial cells and aberrant cellular organization are observed in NOTCH1, HES1, and
HES5-deficient retinas, whereas ectopic activation of the NOTCH signaling pathway
promotes acquisition of Müller glial cell identity. We, therefore, examined the epistatic
relationship between SOX2 and NOTCH signaling in the postnatal retina. We find that
NOTCH1, functioning downstream of SOX2, cannot restore progenitor cell identity but
acts to promote Müller glial cell fate. Expression of Notch1 and its transcriptional target

Hes5 are lost in Sox2 mutant retinas and moreover, genetic induction of NOTCH
signaling restores Müller glial cell identity to Sox2 mutant cells. However, in the absence
of SOX2, retinal cells ectopically maintaining NOTCH signaling continue to undergo cell
division. Collectively, these results uncover that SOX2 maintains Müller glia in a
quiescent progenitor state by preventing their progression through the cell cycle to
terminal differentiation and reveal a key molecular mechanism regulating maintenance of
progenitor cell identity over glial cell fate specification.

RESULTS
Notch1 and its downstream target, Hes5, are downregulated in Sox2 mutant retinas.
NOTCH1 signaling pathway plays an important role in regulating postnatal neural
progenitor cell fate decisions and is essential in specification of Müller glia. Therefore,
we examined whether disruption of Müller glial cell function in Sox2 mutant retinas is
associated with changes in components of NOTCH pathway. To begin addressing this
question, we performed in situ hybridization on sections of control (Sox2+/+;CAGGCreERTM) and Sox2 mutant (Sox2COND/COND;CAGG-CreERTM) retinas using probes for Notch1
and its downstream target Hes5. We find that Notch1 and Hes5 expression are
significantly downregulated in Sox2 mutant retinas (compare Fig.6.2 A, E vs C, G).
Importantly, reduced expression of Notch1 and Hes5 is observed not only in severely
disorganized Sox2 mutant retinas, but also in mutant retinas still maintaining large
numbers of Müller glia, as evidenced by expression of CRALBP (Fig.6.2 C, G and O).
Thus, morphological disruption of Müller glial cells observed in Sox2 mutant retinas is
accompanied by downregulation of Müller glial cell fate determinants - Notch1 and Hes5.
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Genetic induction of NOTCH signaling restores glial cell identity to Sox2 mutant
retinal cells.
The downregulation of Notch1 and Hes5 expression in Sox2 mutant retinas,
coupled with the described requirement of NOTCH1 signaling in promoting Müller glial
cell fate, led us to address whether depletion of Müller glial cells in the Sox2 mutant
retina is a direct consequence of the loss of NOTCH1 signaling. To test this, we used
transgenic and transient expression assays to determine whether ectopic activation of
NOTCH1 signaling pathway can rescue the Sox2 mutant Müller glial phenotype. To
genetically activate NOTCH1 signaling pathway in Sox2 mutant retinas we crossed
Sox2+/COND;CAGG-Cre-ERTM mice to transgenic mice carrying a CALSL-NICD transgene
(Sox2+/COND; CALSL-NICD) (Fig.6.1) (Yang, Klein et al. 2004). The CALSL-NICD
transgene encodes NOTCH1 intracellular domain (NICD) preceded by a floxed
translational stop codon and driven by chicken β-actin promoter. CRE-mediated
recombination in Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas results in
ablation of Sox2 concomitant with ectopic expression of NICD, allowing for constitutive
activation of NOTCH1 signaling pathway in a SOX2-deficient background (Fig.6.1).
Figure 6.1. Strategy for genetic
activation of NOTCH1 signaling in
Sox2 mutant retina. Schematic
diagrams of Sox2COND and CALSLNICD
alleles.
CALSL-NICD
transgene
encodes
NOTCH1
intracellular
domain
(NICD),
preceded by translational stop
cassette.
CRE-mediated
recombination in CALSL-NICD mice
results in excision of the stop
cassette and expression of NICD. In
mice carrying Sox2COND allele and
CALSL-NICD transgene, CREmediated recombination results in
excision of Sox2 coding sequence
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concomitant with ectopic activation of Notch1 signaling.

We find that expression of NICD restores Müller glial cell characteristics to Sox2
mutant cells. First, in Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas cultured for
5 days, expression of both Notch1 and Hes5 is restored to levels observed in control
(Sox2+/+;CAGG-CreERTM) retinas (Fig.6.2 A, E vs D, H) and the numbers of CRALBP-,
PAX6-, VIMENTIN- and NESTIN-positive cells are increased in Sox2COND/COND;CAGGCre-ERTM;CALSL-NICD compared to both mutant (Sox2COND/COND;CAGG-CreERTM)
(compare Fig.6.2 P vs O; Fig.6.3 D, D’, H and L vs C, C’, G and K ) and control
(Sox2+/+;CAGG-CreERTM) retinas (Fig.6.2 M; Fig.6.3 A, A’, E and I). Second, the
morphology of Müller glial cells (elongated cell body shape and long apical and basal
processes) is re-established in Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas
(Fig.6.2 P vs O). Importantly, expression of NICD in Sox2+/+;CAGG-CreERTM;CALSLNICD retinas does not appear to have a significant effect on Müller glial cell morphology
(Fig.6.2 N; Fig.6.3 B, B’ and F).

	
  
	
  

130	
  

Figure 6.2. Activation of NOTCH1 signaling restores cell morphology of Müller glia in Sox2
mutant Sox2COND/COND;CAGG-CreERTM;CALSL-NICD retinas. (A-H) Expression of
components of NOTCH1 signaling in TM-treated Sox2+/+;CAGG-CreERTM;CALSL-NICD (B and
F) and Sox2 mutant Sox2COND/COND;CAGG-CreERTM;CALSL-NICD (D and H) retinas cultured for
5 days was assessed using in situ hybridization against Notch1 (B, D) and Hes5 (F, H), a
downstream target of NOTCH1. While Notch1 and Hes5 expression is enriched in the INL of
control Sox2+/+;CAGG-CreERTM retinas (A and E), and is almost undetectable in Sox2 mutant
Sox2COND/COND;CAGG-CreERTM retinas (C and G), in both Sox2+/+;CAGG-CreERTM;CALSLNICD (B and F) and Sox2COND/COND;CAGG-CreERTM;CALSL-NICD (D and H) retinas, the levels
of Notch1 and Hes5 expression are increased, and their expression domains are expanded. (I-L)
Activation of NOTCH1 signaling in mutant Sox2COND/COND;CAGG-CreERTM;CALSL-NICD retinas
occurs in the absence of SOX2 (L), while SOX2 expression in the INL of Sox2+/+;CAGGCreERTM;CALSL-NICD retinas (J) remains essentially unchanged compared to control
Sox2+/+;CAGG-CreERTM retinas (I), and is undetectable in Sox2 mutant Sox2COND/COND;CAGGCreERTM retinas (K). (M-P) Expression of CRALBP highlights typical radial morphology and
nearly perfect localization of Müller glial cell bodies in the INL of Sox2COND/COND;CAGGCreERTM;CALSL-NICD retinas (P), in contrast to Sox2 mutant Sox2COND/COND;CAGG-CreERTM
retinas (O) and compared to both control Sox2+/+;CAGG-CreERTM (M) and Sox2+/+;CAGGCreERTM;CALSL-NICD retinas (N). Both cell number and cell morphology of Müller glia are
restored by activation of NOTCH1 signaling in Sox2COND/COND;CAGG-CreERTM;CALSL-NICD
compared to Sox2 mutant Sox2COND/COND;CAGG-CreERTM retinas (compare O and P). INL – inner
nuclear layer; ONL – outer nuclear layer. Scale bar in (X): 75 µm.
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Figure 6.3. Expression of Müller glial cell markers is downregulated in Sox2 mutant retinas,
but can be restored by activation of NOTCH1 signaling. (A-L) Expression of PAX6 (A-D’),
VIMENTIN (E-H) and NESTIN (I-L), marking cell bodies (A-H) and radial processes (I-L) of
Müller glial cells in the INL, was analyzed in sections of control Sox2+/+;CAGG-CreERTM (A, A’,
E and I), mutant Sox2COND/COND;CAGG-CreERTM (B, B’, F and J), control Sox2+/+;CAGGCreERTM;CALSL-NICD (C, C’, G and K), and mutant Sox2COND/COND;CAGG-CreERTM;CALSLNICD (D, D’, H and L) P0 retinas treated with TM and cultured for 5 days. (A-D’) Fewer PAX6positive cells with elongated cell body morphology are detected in the INL of Sox2 mutant
Sox2COND/COND;CAGG-CreERTM retinas (C and C’ – higher magnification image of C, arrowhead)
compared to control Sox2+/+;CAGG-CreERTM retinas (A and A’ – higher magnification image of
A, arrowheads). Genetic activation of NOTCH1 signaling causes a moderate expansion of PAX6
expression domain in Sox2+/+;CAGG-CreERTM;CALSL-NICD retinas (B and B’ – higher
magnification image of B), while in mutant Sox2COND/COND;CAGG-CreERTM;CALSL-NICD
retinas, PAX6-positive cells are displaced towards the ONL (arrowhead in D) and are increased
in numbers (D and D’ – higher magnification image of D). (E-H) Compared to control
Sox2+/+;CAGG-CreERTM retinas (E), expression of VIMENTIN in the INL of mutant
Sox2COND/COND;CAGG-CreERTM retinas is reduced (compare E and G). NICD1 activity restores
the number of VIMENTIN-positive cells in mutant Sox2COND/COND;CAGG-CreERTM;CALSLNICD retinas (H) compared to Sox2 mutant Sox2COND/COND;CAGG-CreERTM (G), control
Sox2+/+;CAGG-CreERTM (E) and Sox2+/+;CAGG-CreERTM;CALSL-NICD retinas (F). (I-L)
Expression of NESTIN, localized to Müller glial cell processes in control Sox2+/+;CAGG-
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CreERTM retinas (I), is reduced in mutant Sox2COND/COND;CAGG-CreERTM retinas (K), and is
increased in both control Sox2+/+;CAGG-CreERTM;CALSL-NICD (J) and mutant
Sox2COND/COND;CAGG-CreERTM;CALSL-NICD (L) retinas upon genetic activation of NICD. INL
– inner nuclear layer; ONL – outer nuclear layer. Scale bar in (D’): 20 µm, in (L): 75 µm.

Finally, we find that consistent with the restoration of Müller glial cell number
and morphology, the integrity of the OLM, marked by Phalloidin, is restored in
Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas (compare Fig.6.5 L vs K). Thus,
activation

of

NOTCH1

signaling

pathway

downstream

of

SOX2

in

Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas rescues the identity and function
of retinal Müller glia, and consequently retinal structural integrity.

Ectopic expression of NICD using transient transfection of pCAG-EYFP-CAG-NICD
plasmid induces Müller glial cell marker expression in Sox2 mutant and control
retinas.
In accordance with the genetic activation of NOTCH1 signaling, we find that
ectopic activation of NICD function using transient transfection of pCAG-NICD-CAGEYFP plasmid induces a robust increase in Müller glial cell marker expression in both
control (Sox2+/+;CAGG-CreERTM) and Sox2 mutant (Sox2COND/COND;CAGG-CreERTM)
retinas (Fig.6.4 J-R). Interestingly, while in SOX2-deficient retinas upregulation of
Müller glial cell markers in response to activation of NOTCH1 signaling occurs in the
absence of SOX2, in control Sox2+/+;CAGG-CreERTM retinas, this effect is accompanied
by an increase in SOX2-positive cells in the INL (Fig.6.4 D-F).
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Figure 6.4. Activation of NOTCH1 signaling and increase in Müller glial cell marker
expression in both control Sox2+/+;CAGG-CreERTM and mutant Sox2COND/COND;CAGGCreERTM retinas in vitro electroporated with pCAG-EYFP-CAG-NICD1 construct. (A) Schematic
illustration of in vitro electroporation method used to transfect P0 retinas with pCAG-EYFPCAG-NICD1 DNA construct (see Materials and Methods). (B and C) Expression of EYFP in
sections of both control Sox2+/+;CAGG-CreERTM (B) and mutant Sox2COND/COND;CAGGCre-ERTM
retinas (C) 5 days following electroporation is detected throughout ONL and INL using
immunohistochemistry. (D-F) A population of SOX2-positive cells is significantly expanded in
control Sox2+/+;CAGG-CreERTM
retinas expressing NICD (E) compared to control
Sox2+/+;CAGG-CreERTM retinas alone (D), while SOX2 remains almost undetectable in the
mutant Sox2COND/COND;CAGGCre-ERTM retinas expressing NICD (F). (G-I) Activation of
NOTCH1 signaling pathway in retinas electroporated with pCAG-EYFP-CAG-NICD1 (H and I)
was confirmed by in situ hybridization against downstream effector of NOTCH1 – Hes5. While
Hes5 expression remains confined to the INL in control retinas (G), the levels and the domain of
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Hes5 expression are increased in both control Sox2+/+;CAGG-CreERTM and mutant
Sox2COND/COND;CAGGCre-ERTM retinas expressing NICD (H and I). (J-L) Expression domain of
PAX6, marking amacrine cells and Müller glia, is expanded apically in both control
Sox2+/+;CAGG-CreERTM (K) and mutant Sox2COND/COND;CAGGCre-ERTM (L) retinas expressing
NICD, compared to control Sox2+/+;CAGG-CreERTM retinas (J). (M-O) Expression of CRALBP,
marking Müller glia, is significantly upregulated in both control Sox2+/+;CAGG-CreERTM (N) and
mutant Sox2COND/COND;CAGGCre-ERTM (O) retinas expressing NICD, compared to control
Sox2+/+;CAGG-CreERTM retinas (M). The morphology of individual Müller glial cells is no
longer discernable in NICD-expressing retinas (compare M vs N and O). (P-R) NESTIN, a
marker of neural progenitor cells and retinal Müller glia, normally enriched in progenitor and
Müller glial cell processes at the basal retinal boundary during postnatal retinal development (P),
is expressed throughout ONL and INL in control Sox2+/+;CAGG-CreERTM (Q) and mutant
Sox2COND/COND;CAGGCre-ERTM (R) retinas expressing NICD, and appears to be increased in
levels (compare P vs Q and R). INL – inner nuclear layer; ONL – outer nuclear layer. Scale bar in
(R): 75 µm.

NICD activity increases Müller glial cell density.
Specification of Müller glial cells in the developing retina relies on the
maintenance of NOTCH1 signaling pathway in postnatal neural progenitor cells, which
allows them to acquire glial characteristics (Furukawa, Mukherjee et al. 2000; Yaron,
Farhy et al. 2006; Jadhav, Roesch et al. 2009). Consistent with this, constitutive
expression of NOTCH1 intracellular domain (NICD) in retinal progenitor cells promotes
Müller glia and blocks photoreceptor cell genesis. Restoration of Müller glial cell
morphology and marker expression in Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD
retinas led us to ask whether postnatal neural progenitors in Sox2 mutant retinas undergo
cell fate shift concomitant with genetic activation of constitutive NOTCH1 signaling, i.e.
whether the increase in the number of Müller glial cells is due to NICD expression or to
NICD activity specifically restoring the identity of Sox2 mutant cells. To address this
question, we have assessed the density of both Müller glia, marked by SOX9, and rod
photoreceptor precursors, marked by NR2E3, in TM-treated retinas expressing NICD
(Sox2+/+;CAGG-CreERTM;CALSL-NICD and Sox2COND/COND;CAGG-Cre-ERTM;CALSLNICD)
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and

Sox2

mutant

(Sox2COND/COND;CAGG-CreERTM) retinas cultured from P0 to P5 (Fig.6.5). As predicted,
we

find

that

genetic

activation

of

NOTCH1

signaling

in

Sox2+/+;CAGG-

CreERTM;CALSL-NICD retinas promotes Müller glia and attenuates photoreceptor cell
genesis compared to control (Sox2+/+;CAGG-CreERTM) retinas (Fig.6.5 M and N).
Specifically, the density of SOX9-positive cells in Sox2+/+;CAGG-CreERTM;CALSLNICD retinas is increased by 20% compared to control (Sox2+/+;CAGG-CreERTM) retinas
(mean ± S.E.M.: 167.7 ± 3.7 vs. 134.8 ± 6.6) (Fig.6.5 B vs A; Fig.6.5 M), while the
density of NR2E3-positive rod photoreceptor precursors is decreased by 11% (mean ±
S.E.M.: 416.5 ± 15.2 vs. 468.5 ± 17.1) (Fig.6.5 F vs E; Fig.6.5 N). Similarly, Müller glial
cell density in Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas is increased by
24% compared to control (Sox2+/+;CAGG-CreERTM) retinas (mean ± S.E.M.: 177.8 ± 5.4
vs. 134.8 ± 6.6) (Fig.6.5 D vs A; Fig.6.5 M), and photoreceptor cell density is decreased
by 12% (mean ± S.E.M.: 413.0 ± 14.3 vs. 468.5 ± 17.1) (Fig.6.5 H vs E; Fig.6.5 N).
Importantly, the density of Müller glial cells in Sox2COND/COND;CAGG-Cre-ERTM;CALSLNICD retinas is 50% higher than that in Sox2 mutant (Sox2COND/COND;CAGG-CreERTM)
retinas (mean ± S.E.M.: 177.8 ± 5.4 vs. 87.0 ± 3.7) (Fig.6.5 D vs C; Fig.6.5 M),
indicating that activation of NOTCH1 signaling in SOX2-deficient background
significantly restores the number of SOX9-positive Müller glia.
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Figure 6.5. Constitutive NICD activity in Sox2COND/COND;CAGG-CreERTM;CALSL-NICD
retinas restores the density of Müller glial cells. (A-D) The density of Müller glial cells is
significantly increased in TM-treated Sox2COND/COND;CAGG-CreERTM;CALSL-NICD retinas (D)
compared to Sox2COND/COND;CAGG-CreERTM retinas (c) isolated at P0 and cultured for 5 days, as
revealed by immunostaining against SOX9. SOX9-positive cells are dispersed throughout INL
and ONL in both Sox2COND/COND;CAGG-CreERTM and Sox2COND/COND;CAGG-CreERTM;CALSLNICD retinas, compared to confined localization of SOX9-positive cells to the INL in control
Sox2+/+;CAGG-CreERTM (A) and Sox2+/+;CAGG-CreERTM;CALSL-NICD retinas (compare A and
B vs C and D). (E-H) The density of NR2E3-positive rod photoreceptor precursors is reduced in
both Sox2+/+;CAGG-CreERTM;CALSL-NICD (F) and Sox2COND/COND;CAGG-CreERTM;CLASLNICD retinas (H) compared to control Sox2+/+;CAGG-CreERTM retinas (e), but their organization
remains relatively intact compared to Sox2COND/COND;CAGG-CreERTM retinas (G). (I-L) The
integrity of the OLM is restored in Sox2COND/COND;CAGG-CreERTM;CALSL-NICD retinas (L,
arrow) compared to mutant Sox2COND/COND;CAGG-CreERTM retinas (K, arrow), reflected by
continuous pattern of Phalloidin staining similar to control Sox2+/+;CAGG-CreERTM (I, arrow)
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and Sox2+/+;CAGG-CreERTM;CALSL-NICD retinas (J, arrow). (M) Density of Müller glial cells is
significantly increased in Sox2COND/COND;CAGG-CreERTM;CALSL-NICD retinas (mean ± S.E.M.:
177.80 ± 5.39; n=31) compared to mutant Sox2COND/COND;CAGG-CreERTM retinas (mean ±
S.E.M.: 87.03 ± 3.67; n=32) and control Sox2+/+;CAGG-CreERTM retinas (mean ± S.E.M.: 134.8
± 6.57; n=21), as reveled by One-way ANOVA analysis and Tukey’s multiple comparison test of
SOX9-positive cells counterstained with nuclear Hoechst33258 stain, counted on z-stacks
collected from retinal sections of at least 3 pups of each genotype (p < 0.001). The density of
SOX9-positive cells in Sox2+/+;CAGG-CreERTM;CALSL-NICD retinas is marginally increased
compared to control Sox2+/+;CAGG-CreERTM retinas (mean ± S.E.M.: 167.70 ± 3.66; n=44; p <
0.001). (N) Rod photoreceptor precursor cell density is decreased in Sox2+/+;CAGGCreERTM;CALSL-NICD (mean ± S.E.M.: 416.50 ± 15.19; n=17) and Sox2COND/COND;CAGGCreERTM;CALSL-NICD retinas (mean ± S.E.M.: 413.00 ± 14.33; n=12) compared to control
Sox2+/+;CAGG-CreERTM retinas (mean ± S.E.M.: 468.50 ± 17.10; n=10) (p > 0.05), while the
density of rod precursors is significantly increased in Sox2COND/COND;CAGG-CreERTM retinas
(mean ± S.E.M.: 520.60 ± 26.36; n=13) compared to Sox2+/+;CAGG-CreERTM;CALSL-NICD (p <
0.001) and Sox2COND/COND;CAGG-CreERTM;CALSL-NICD retinas (p < 0.01), assessed by Oneway ANOVA analysis of NR2E3/Hoechst33258 double-positive cells. INL – inner nuclear layer;
ONL – outer nuclear layer. Scale bar in (L): 75 µm.

Collectively, these data demonstrate that Müller glial cell identity, i.e. radial
morphology, expression of specific markers, and their density, are restored in Sox2
mutant retinas by the introduction of the intracellular constitutively active form of
NOTCH1 (NICD), supporting the hypothesis that NOTCH1 signaling functions
downstream of SOX2 in postnatal Müller glia.

Genetic activation of NOTCH1 signaling pathway in Sox2 mutant retinas does not
prevent Müller glial cell division.
The dramatic increase in Müller glial cell density and the restoration of Müller
glial cell morphology and marker expression led us to question whether all aspects of
Sox2 mutant phenotype, including the proliferative state of Müller glial cells, were
restored due to activation of NOTCH1 signaling in Sox2COND/COND;CAGG-CreERTM;CALSL-NICD retinas. To assess the proliferative state of Müller glia in retinas
expressing NICD, we evaluated expression of PCNA and PH3 in TM-treated retinas
cultured for 5 days (Fig.6.6 A-D and E-H). In the central regions of Sox2+/+;CAGG-Cre-
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ERTM;CALSL-NICD (Fig.6.6 B and F) and control Sox2+/+;CAGG-CreERTM (Fig.6.6 A
and E) retinas, PCNA expression pattern is nearly indistinguishable (compare Fig.6.6 A
and B), while PH3 is undetectable (compare Fig.6.6 E and F), suggesting that in the
presence of SOX2, NICD activity does not promote cell division. In sharp contrast, the
numbers of both PCNA (Fig.6.6 D) and PH3 positive cells (Fig.6.6 H) were increased in
the INL and ONL of Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas.

Figure 6.6. Genetic activation of NICD does not reduce the number of dividing cells in
Sox2COND/COND;CAGG-CreERTM;CALSL-NICD retinas. (A-D) The number of cells expressing
proliferative cell marker PCNA is increased in the INL and ONL of Sox2COND/COND;CAGGCreERTM;CALSL-NICD retinas (D) compared to control Sox2+/+;CAGG-CreERTM (A),
Sox2+/+;CAGG-CreERTM;CALSL-NICD (B) and Sox2 mutant Sox2COND/COND;CAGG-CreERTM
retinas (C). (E-H) Expression of mitotic cell marker PH3 is detected in Sox2 mutant
Sox2COND/COND;CAGG-CreERTM retinas (G) and is not reduced by activation of NOTCH1
signaling in Sox2COND/COND;CAGG-CreERTM;CALSL-NICD retinas (H), while NICD activity in
Sox2+/+;CAGG-CreERTM;CALSL-NICD retinas (F) has no effect on PH3 expression, which
remains undetectable similar to control Sox2+/+;CAGG-CreERTM retinas (E). INL – inner nuclear
layer; ONL – outer nuclear layer. Scale bar in (H): 75 µm.

Furthermore, ectopic activation of NOTCH1 signaling using transient transfection
of pCAG-EYFP-CAG-NICD1 DNA construct results in the dramatic increase in the
number
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cells

only

in

Sox2

mutant

(Sox2COND/COND;CAGG-Cre-ERTM) retinas (Fig.6.7 C, F, I and L). Interestingly, ectopic
activation of NOTCH1 signaling in Sox2+/+;CAGG-CreERTM retinas is accompanied by
the expansion of cells marked by PCNA, but not by the increase in mitotic BrdU and
PH3-positive cells (Fig.6.7 B, E, H and K). These results illustrate that in contrast to
Sox2+/+;CAGG-Cre-ERTM;CALSL-NICD retinas, where an increase in Müller glial cells is
induced by activation of constitutive NOTCH1 signaling and does not involve cell
division, expansion of Müller glia in Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD
retinas is accompanied by an increase in dividing cells.
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Figure 6.7. Increase in proliferating cells in Sox2 mutant retinas in response to activation of
NOTCH1 signaling following transfection of pCAG-EYFP-CAG-NICD1 construct. (A-C)
Expression domain of PCNA, marking proliferative cells and postnatal Müller glia, is
significantly expanded in both control Sox2+/+;CAGG-CreERTM (B) and Sox2 mutant
Sox2COND/COND;CAGGCre-ERTM retinas (C) transfected with pCAG-EYFP-CAG-NICD1 DNA
construct, compared to restricted expression of PCNA in the INL of control Sox2+/+;CAGGCreERTM retinas (A). Punctate PCNA staining (A, B and C, arrowheads) corresponds to cells
incorporating BrdU (D, E and F, arrowheads), which are increased in number in mutant
Sox2COND/COND;CAGGCre-ERTM retinas expressing NICD (C, F and I, arrowheads), compared to
control Sox2+/+;CAGG-CreERTM retinas (A, D and G) and control Sox2+/+;CAGG-CreERTM
retinas expressing NICD (B, E and H). (J-L) While mitotic cells marked by PH3 are not detected
in the central retina of control Sox2+/+;CAGG-CreERTM (J) and Sox2+/+;CAGG-CreERTM+NICD1
retinas (K), these cells are found in both the INL and ONL of mutant Sox2COND/COND;CAGGCreERTM retinas expressing NICD (L). INL – inner nuclear layer; ONL – outer nuclear layer. Scale
bar in (L): 75 µm.

To further address the effect of NICD activity on the proliferative state of Sox2
mutant Müller glial cells specifically, we followed the fates of GLASTp-dsRED2-labeled
cells

in

slices

of

both

Sox2+/+;CAGG-Cre-ERTM;CALSL-NICD

and

Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas using time lapse imaging at days
3-4 of culture (Fig.6.8; Fig.6.9 A and B; Fig.6.10). As predicted, and in accordance with
the lack of mitotic marker (PH3) expression, we did not detect dividing Müller glial cells
in Sox2+/+;CAGG-Cre-ERTM;CALSL-NICD retinas (Fig.6.8; Fig.6.9 A). In contrast,
dividing

GLASTp-dsRED2-positive

cells

can

be

easily

observed

in

Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas (Fig6.9 A and B). Moreover, the
percent

of

dividing

GLAST-dsRED2-labeled

cells

in

both

Sox2

(Sox2COND/COND;CAGG-Cre-ERTM) (mean ± S.E.M.: 16.14 ± 1.86; n=19)

mutant
and

Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas (mean ± S.E.M.: 16.68 ± 1.90;
n=11) is significantly higher than in control (Sox2+/+;CAGG-CreERTM) (mean ± S.E.M.:
1.73 ± 0.58; n=24) and Sox2+/+;CAGG-Cre-ERTM;CALSL-NICD retinas (mean ± S.E.M.:
0.37 ± 0.37) (p < 0.0001) (Fig.6.9 A).
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Figure 6.8. Genetic activation of NOTCH signaling in Sox2+/+;CAGG-CreERTM;CALSL-NICD
retinas does not promote Müller glial cell division. Time lapse imaging of GLASTp-dRED2labeled cells in slices of TM-treated Sox2+/+;CAGG-CreERTM;CALSL-NICD retinas isolated at P0
and cultured for 3-4 days reveals maintenance of radial morphology and stability of Müller glial
cells. Internuclear migration and cell divisions of GLASTp-dRED2-labeled Müller glia are not
detected in Sox2+/+;CAGG-CreERTM;CALSL-NICD retinas. INL –inner nucler layer, ONL – outer
nuclear layer. Scale bar - 20 µm.
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Figure 6.9. Constitutive NICD activity in Sox2COND/COND;CAGG-CreERTM;CALSL-NICD
retinas does not restore their quiescent state of Müller glia. (A) The proportion of dividing
Müller glia, calculated as percent of total counted GLAST-dsRED2-positive cells identified on
image sequences collected over 12 hour period using time-lapse microscopy, is significantly
increased in both Sox2 mutant Sox2COND/COND;CAGG-CreERTM (mean ± S.E.M.: 16.14 ± 1.86;
n=19; 428 counted cells) and Sox2COND/COND;CAGG-CreERTM;CALSL-NICD (mean ± S.E.M.:
16.68 ± 1.90; n=11; 295 counted cells) retinas, compared to control Sox2+/+;CAGG-CreERTM
(mean ± S.E.M.: 1.73 ± 0.85; n=24; 691 counted cells) and Sox2+/+;CAGG-CreERTM;CALSLNICD retinas (mean ± S.E.M.: 0.37 ± 0.37; n=8; 230 counted cells) (p < 0.0001), as assessed by
one-way ANOVA analysis and Tukey’s multiple comparison test. (B) GLAST-dsRED2-labeled
Müller glial cell (arrowhead) is undergoing internuclear migration and mitotic division at the
apical retinal boundary in Sox2COND/COND;CAGG-CreERTM;CALSL-NICD retina. Both daughter
cells return back to the INL and re-establish elongated morphology (arrowheads).	
   INL – inner
nuclear layer; ONL – outer nuclear layer. Scale bar in (B): 20 µm.

Interestingly, unlike in Sox2 mutant (Sox2COND/COND;CAGG-CreERTM) retinas,
Müller glial cell divisions in Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas do
not produce daughter cells which assume round cellular morphology, lose cellular
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processes, and remain in the ONL. In contrast, most daughter cells resulting from
divisions of GLASTp-dsRED2-labeled cells in Sox2COND/COND;CAGG-Cre-ERTM;CALSLNICD retinas re-establish neuroepithelial morphology and return back to the INL
following cell division at the apical retinal boundary (Fig.6.9 B), indicating that they
maintain characteristics of Müller glia.
To analyze the fates of these daughter cells even further, we co-labeled cell nuclei
(DNA) and the cytoplasm of Müller glial cells by co-electroporating postnatal
Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas with GLASTp-dsRED2 and
pCAG-H2B-EGFP plasmids (pCAG-H2B-EGFP plasmid encodes Histone 2B-EGFP
fusion protein driven by chicken β-actin promoter). Real time imaging of GLASTpdsRED2 and H2B-EGFP double-labeled cells reveals that while retaining elongated
neuroepithelial morphology, daughter cells resulting from divisions of Müller glia in
Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas can undergo consecutive rounds
of cell division (Fig.6.10). These data suggest that activation of NOTCH signaling
rescues the fate of SOX2 mutant daughter cells. Importantly, this finding, coupled with
the restoration of Müller glial cell density, morphology, and marker expression in
Sox2COND/COND;CAGG-Cre-ERTM;CALSL-NICD retinas, strongly show that NOTCH1
signaling functions downstream of SOX2 and promotes Müller glial cell identity, but is
insufficient to maintain progenitor cells in a quiescent state.
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Figure 6.10. Mitotic behavior of daughter cells resulting from cell divisions of Sox2 mutant
Müller glia in Sox2COND/COND;CAGG-CreERTM;CALSL-NICD retinas. Cell nuclei and
cytoplasm of Müller glial cells were labeled by co-electroporating P0 Sox2COND/COND;CAGGCreERTM;CALSL-NICD retinas with pCAG-H2B-EGFP and GLASTp-dsRED2 DNA constructs
respectively, and H2B-EGFP/GLAST-dsRED2-labeled cells were imaged in TM-treated retinal
slices at days 3-4 of culture. Müller glial cell co-expressing H2B-EGFP and GLAST-dsRED2
(arrowhead) undergoes internuclear migration towards outer retinal boundary and divides, giving
rise to two daughter cells (arrowheads). One of the resulting daughter cells repeats the cycle of
internuclear migration, returns back to ONL and undergoes second round of cell division
(arrowheads). INL –inner nucler layer, ONL – outer nuclear layer. Scale bar - 20 µm.

DISCUSSION AND FUTURE DIRECTIONS
Similar to SOX2, NOTCH1 signaling serves to prevent premature differentiation
of neural progenitor cells in the developing and adult CNS (Austin, Feldman et al. 1995;
Tomita, Ishibashi et al. 1996; Henrique, Hirsinger et al. 1997; Furukawa, Mukherjee et al.
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2000; Yaron, Farhy et al. 2006). In the postnatal retina, however, NOTCH1 is known to
regulate neural progenitor cell fate decisions, promoting differentiation of Müller glia
over rod photoreceptors. Evidence for possible interaction between SOX2 and NOTCH1
in neural progenitor cells comes from earlier studies of these pathways in the developing
mouse retina and in the chick spinal cord (Takatsuka, Hatakeyama et al. 2004; Taranova,
Magness et al. 2006; Yaron, Farhy et al. 2006; Holmberg, Hansson et al. 2008). While
genetic disruption of NOTCH1 signaling in the developing retina leads to premature
differentiation of retinal progenitor cells into early born retinal cell types and
subsequently lack of late born neurons and glia, genetic ablation of Sox2 in the same
subset of cells blocks neuronal fate entirely. Furthermore, the ability of NOTCH1
intracellular domain (NICD) to promote neural progenitor cell fate depends on functional
SOXB1 proteins (Holmberg, Hansson et al. 2008).
Co-expression of SOX2 and Notch1 in retinal neural progenitor cells and in
Müller glia, combined with the evidence for direct regulation of Notch1 expression by
SOX2, led us to examine the relationship between SOX2 and NOTCH1 signaling
pathway in the postnatal Müller glial cells in greater detail (Fig.6.1-6.10) (Taranova,
Magness et al. 2006). We find that while being correctly specified, Sox2 mutant Müller
glia downregulate both Notch1 and its downstream target Hes5, confirming that
expression of components of NOTCH1 signaling pathway in Müller glia is dependent on
SOX2 (Fig.6.1). Importantly, depletion of Müller glial cells in Sox2 mutant retinas is
prevented by genetic induction of NOTCH1 signaling. However, unlike in control
(Sox2+/+;CAGG-CreERTM) retinas, where an increase in Müller glial cells is a result of
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NOTCH1 intracellular domain (NICD)-induced cell fate shift, restoration of Müller glial
cell density by NICD in Sox2 mutant retinas involves a different mechanism.
Despite the restoration of Müller glial cell marker expression and radial
morphology, activation of NOTCH1 signaling in Sox2 mutant retinas fails to attenuate
their proliferative status (Fig.6.2-6.10-8). Unlike in other regions of the CNS, where high
levels of Notch1 receptor are associated with tumor formation (Pierfelice, Schreck et al.
2008), overexpression of NICD has little to no effect on cell proliferation in the postnatal
retina (Fig.6.2-6.9) (Bao and Cepko 1997; Furukawa, Mukherjee et al. 2000). Our
analyses of the effect of constitutive NICD signaling in Sox2 mutant cells in real time
reveal that in addition to promoting Müller glial cell identity in postnatal neural
progenitor cells, NOTCH1 signaling regulates the fates of daughter cells resulting from
mutant Müller glial cell divisions, allowing them to, at least temporarily, maintain Müller
glial cell characteristics (Fig.6.10). These data strongly suggest that besides maintaining
Müller glial cell identity via NOTCH1 signaling pathway, SOX2 functions in a
NOTCH1-independent manner to prevent Müller glia from progression through the cell
cycle. Thus, we have uncoupled the roles of SOX2 and NOTCH1 signaling in Müller
glial cells, and established that while NOTCH1 signaling pathway functions as a cell fate
determinant, SOX2 is essential in the maintenance of the quiescent progenitor cell state
of Müller glia and prevents their terminal cell cycle exit.

Possible mechanisms of interaction between SOX2 and NOTCH1 signaling pathway.
The results of this study, combined with earlier experimental evidence, suggest
existence of a cross-regulatory loop between SOX2 and NOTCH1 signaling pathway.
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First, both SOX2 and NOTCH1 are expressed in neural progenitor cells of the developing
CNS, where they both function in the maintenance of progenitor cell identity. Second,
NOTCH1 is a possible direct target of SOX2 in neural progenitor cells (Taranova,
Magness et al. 2006). Consistent with this, expression of components of NOTCH1
signaling pathway, including Notch1 and Hes5, is misregulated in embryonic and
postnatal Sox2 mutant retina. Similarly, inhibition of NOTCH1 signaling pathway in the
developing chick spinal cord results in downregulation of Sox2 in neural progenitor cells
concomitant with their neuronal differentiation, while ablation of Notch1 in the postnatal
retina prevents maintenance of neural progenitor cell fate as they downregulate SOX2 to
become rod photoreceptors (Holmberg, Hansson et al. 2008). Conversely, maintenance of
NOTCH1 signaling in the postnatal retina, as demonstrated in this study, results in the
maintenance of SOX2 expression in neural progenitor cells as they acquire the fate of
Müller glia (Fig.6.4).

These facts suggest a tight relationship between SOX2 and

NOTCH1 signaling pathway in regulation of neural progenitor cell fate.
However, the results of our study clearly show that, while SOX2 and NOTCH1
signaling pathway interact, their functions in the postnatal retina are different. NOTCH1
plays a role in specification of Müller glial cell fate, while SOX2 functions to prevent
terminal division of Müller glia, thus serving to preserve their progenitor cell state.
Combined with the evidence from other studies, our findings suggest that NOTCH1
pathway serves to specify cell fate, and SOX2 functions to regulate the mechanisms
involved in progenitor cell fate maintenance. How can interaction between SOX2 and
NOTCH1 signaling pathway be utilized to further understand the function of SOX2 in
neural progenitor cells? First, we have demonstrated that SOX2 plays a conserved role in
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preserving the quiescent state of Müller glia during both the initial steps of this cell
specification, as well as in the differentiated postnatal Müller glial cells specifically. The
role of NOTCH1 signaling in the maintenance, as opposed to specification, of Müller
glial cells is currently unknown. Therefore, ablation of NOTCH1 exclusively in
differentiated Müller glia would further show how SOX2 and NOTCH1 signaling
pathway interact in the context of differentiated Müller glial cells and neural progenitor
cells in general, and what the role NOTCH1 may be in the mature Müller glia. Similarly,
to better understand the functional distinction between SOX2 and NOTCH1 in neural
progenitor cells, it would be necessary to develop an experimental system allowing for
genetic ablation of Notch1 concomitant with the maintenance of SOX2 expression. A
system, where SOX2 expression can be maintained in neural progenitor cells devoid of
NOTCH1 receptor-mediated signaling, could potentially help uncover 1) the aspects of
neural progenitor cell maintenance that are regulated by SOX2 specifically, and 2)
whether NOTCH1 is involved in regulation of SOX2 function.
SOX2 and therapeutic approaches towards retinal regeneration.
	
  
Many human diseases of the eye result in death of retinal neuronal cell types and
lead to blindness (Berger, Kloeckener-Gruissem et al.). Among the cell types most
affected in retinal disease are RGCs, which are lost in one of the most common diseases
of the eye, glaucoma, as well as rod photoreceptors, affected in macular degeneration
(MA), retinitis pigmentosa (RP) and many other conditions. In recent years, multiple
approaches have been utilized in an attempt to restore retinal visual function due to
disease-related loss of neural and non-neural retinal cells (Lamba, Karl et al. 2008).
These approaches encompass two main directions of research: 1) the search for factors
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and conditions that promote transdifferentiation of existing ocular tissues or potential
stem cell populations into retinal neurons, and 2) development of strategies for generation
of retinal neuronal precursor cells, which include methods of their transplantation into the
diseased retina. How can the knowledge about SOX protein function during eye
development be employed in the field of retinal regeneration?
Most studies aiming at regeneration of retinal neuronal cell types utilize SOX2
transcription factor as a marker of prospective neural progenitor cells, or use its ability, in
concert with three other factors, to reprogram somatic cells into induced pluripotent stem
(iPS) cells, that can be differentiated into retinal precursors or neurons for transplantation
(Comyn, Lee et al. ; Lamba, Karl et al. 2008). Some attempts have also been made to use
SOX2 to induce transdifferentiation of the chick retina pigmented epithelium (RPE) into
retinal neurons (Ma, Yan et al. 2009).
In the adult rodent retina, expression of SOX2 is maintained in Müller glial cells.
Due to their remarkable capacity to structurally and functionally restore damaged neural
retina in teleost fish, these cells are the focus of many studies investigating their
neurogenic potential (Karl and Reh ; Bernardos, Barthel et al. 2007). However, in the
chick and in rodents, regenerative potential of Müller glia is very limited, and diminishes
with age (Karl and Reh ; Hitchcock, Ochocinska et al. 2004; Jadhav, Roesch et al. 2009).
Studies examining the response of Müller glia to retinal injury suggest two aspects
important for activation of their regenerative capacity: 1) stimulation of cell proliferation,
and 2) activation of transcriptional programs leading to neuronal differentiation of their
progeny.
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At early postnatal stages of mouse development, up to at least postnatal day 12
(P12), the proliferative response of Müller glia can be triggered by ablation of Sox2
(Fig.5.3-5.6). However, divisions of Sox2 mutant Müller glia are also associated with
retinal dysplasia, while the fates of resulting daughter cells are unclear. Injury-induced
proliferative response of adult rodent Müller glial cells is very limited; exogenous factors,
such as Shh, EGF and Wnt3a signals, can enhance this response (Close, Liu et al. 2006;
Osakada, Ooto et al. 2007; Wan, Zheng et al. 2007). It is unclear, however, how SOX2
functions in adult compared to postnatal Müller cells, and whether mitogenic factors
stimulating proliferative behavior of Müller glia affect SOX2 expression and function. In
neural progenitor cells, Shh, EGF and Wnt3a signaling pathways can stimulate
upregulation of SOX2 expression, which in the context of adult Müller glial cells may at
least in part account for their progenitor cell properties (Hu, Zhang et al. ; Takemoto,
Uchikawa et al. 2006; Agathocleous, Iordanova et al. 2009; Takanaga, Tsuchida-Straeten
et al. 2009). In fact, SOX2/BrdU-positive cells are found in injury models using EGF to
stimulate proliferative response of adult Müller glia, indicating a correlation between
expression of SOX2 and cell proliferation in the presence of EGF (Close, Liu et al. 2006).
Conversely, downregulation of SOX2 in neural progenitor cells is required for their
commitment to terminal neuronal cell fates (Bylund, Andersson et al. 2003; Graham,
Khudyakov et al. 2003; Pevny and Placzek 2005; Agathocleous, Iordanova et al. 2009).
How can both the importance of SOX2 for multipotent neural progenitor state, and the
requirement for its downregulation during neuronal differentiation, be reconciled in the
context of retinal injury?
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Perhaps re-evaluation of the antagonistic relationship of SOX proteins with proneural transcription factors in activated Müller glial cells could provide the answer.
During retinal development, the natural progression of neural progenitors towards
differentiation involves downregulation of SOX2 and components of Notch signaling
pathway, concomitant with upregulation of transcription factors involved in neuronal
differentiation (Ohsawa and Kageyama 2008). In this process, Notch pathway plays an
instrumental role, as its downstream targets, basic helix-loop-helix (bHLH) transcription
factors, HES1 and HES5, act to repress expression of pro-neural genes, such as
Neurogenin and Mash1, thus preventing neuronal differentiation (Bylund, Andersson et
al. 2003; Yoon and Gaiano 2005; Holmberg, Hansson et al. 2008). Conversely, proneural factors can counteract the ability of SOX proteins and Notch signaling to prevent
neural differentiation and to maintain progenitor cell state (Bylund, Andersson et al.
2003; Holmberg, Hansson et al. 2008). Consistent with this, both inhibition of Notch
signaling pathway and misexpression of pro-neural transcription factors, such as ASCL1,
NeuroD or MATH3, in retinal injury models promotes differentiation of newly-born cells
into neurons, and thus enhances regeneration (Ooto, Akagi et al. 2004; Hayes, Nelson et
al. 2007; Fausett, Gumerson et al. 2008). Considering a possible direct regulation of
Notch1 expression by SOX2, together with a possibility of their cross-regulatory
capacity, cell fate decisions of activated Müller glial cell progeny may depend on a
balance between expression levels of SOX2, components of Notch signaling pathway,
and pro-neural transcription factors. Perhaps, better understanding of the molecular
mechanisms underlying SOX2’s role in conferring neural identity to progenitor cells
during development and in the adult, as well as its function in regulation of terminal
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neuronal differentiation, would enhance the design of the therapeutic approaches in the
field of retinal regeneration.
SUMMARY
Collectively, the results of this study highlight the delicate balance that exists
between the structural, supportive role of Müller glia and their neurogenic function
during injury. Unlike the subset of specialized adult glial stem cells in the SVZ and SGZ,
Müller glia constitute the only glial cell population in the retina, and thus their primary
function lies in maintaining retinal homeostasis (Kriegstein and Alvarez-Buylla 2009).
Similar to neural progenitor cells of the developing CNS, Müller glia span the entire
retinal thickness, exhibit apical-basal polarity, form appropriate intercellular junctions
and act as a neuronal scaffold. Müller glia have the decisive role in the establishment of
retinal laminar pattern and polarity (Willbold, Berger et al. 1997; Bringmann, Pannicke et
al. 2006). In our study, we find that maintenance of Müller glial cell homeostasis is
compromised in the absence of SOX2, leading to retinal degeneration.
In contrast to adult neurogenesis in the SVZ and SGZ, where relatively quiescent
populations of glial cells persistently give rise to transit-amplifying, highly proliferative
neural progenitor cells, retinal Müller glia enter the cell cycle only in response to injuryassociated signals (Fischer and Reh, 2001; (Hitchcock, Ochocinska et al. 2004; Ooto,
Akagi et al. 2004; Karl, Hayes et al. 2008). The identity of daughter cells resulting from
Müller glial cell divisions in the injured mouse retina, however, is poorly understood.
There is a possibility that upon activation, Müller glia leave their quiescent state by
entering the cell cycle and giving rise to daughter cells that no longer function as
“normal” Müller glia, thus compromising retinal homeostasis. Support for this idea
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comes from the fact that Müller glial cell proliferation and atrophy in the injured retina
exacerbate retinal degeneration (Bringmann, Pannicke et al. 2006). Our data further
confirm that postnatal Müller glial cells do not irreversibly exit the cell cycle, but instead
maintain a “poised” state, allowing for fast entry into the S phase and progression
through cell division - both required for their terminal exit from the cell cycle. Further
investigations of the interactions between SOX2 and NOTCH1 signaling pathway in
healthy and diseased retina are required to fully understand regulation of both the
quiescent state and the regenerative potential of retinal Müller glia.
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MATERIALS AND METHODS
Mouse breeding.
All animal work was carried out in accordance with the University of North
Carolina IACUC and DLAM approval. Mouse lines described in this study were
maintained on C57BL/6J background. Sox2EGFP, Sox2IR, Sox2LP and Sox2COND mouse
lines were generated by homologous recombination in embryonic stem (ES) cells as
previously described (Ellis, Fagan et al. 2004; Taranova, Magness et al. 2006). To
generate compound null hypomorphic embryos, Sox2+/EGFP mice were bred to Sox2IR/+
and Sox2LP/+ mice to generate Sox2IR/EGFP and Sox2LP/EGFP embryos. PCR genotyping for
Sox2 wild type allele was performed using a following set of primers detecting Sox2 wild
type coding sequence and 3’ UTR: S2WT-F 5’-GCT CTG TTA TTG GAA TCA GGC
TGC-3’; S2WT-R 5’- CTG-CTC-AGG-GAA-GGA-GGG-G-3’; 94°C for 4 min, 35
cycles at 94°C for 15 sec, at 57°C for 30 sec, and at 72°C for 30 sec, then 72°C for 5 min,
producing 382 bp product. Genotyping for Sox2IR and Sox2LP alleles was performed with
a set of primers detecting a 3’ LoxP site: S2LP2-F3 5’- CAG CAG CCT CTG TTC CAC
ATA CAC-3’; S2LP2-R3 5’- CAA CGC ATT TCA GTT CCC CG-3’; 94°C for 4 min,
35 cycles at 94°C for 15 sec, at 57°C for 30 sec, and at 72°C for 30 sec, then 72°C for 5
min, producing a 297 bp PCR product. Presence of Sox2EGFP allele in Sox2+/EGFP,
Sox2IR/EGFP and Sox2LP/EGFP embryos was detected by direct visualization of EGFP
expression in the developing CNS using an inverted microscope (Leica DMIRB).
To achieve temporal ablation of SOX2, heterozygote Sox2+/COND mice were bred
to mice carrying a CAGG-CreERTM transgene (a gift from Dr. A.P. McMahon; (Hayashi,
Lewis et al. 2002)), encoding a 4-OH-tamoxifen-inducible form of CRE recombinase, to
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generate Sox2+/COND;CAGG-CreERTM+/- line. Sox2+/COND;CAGG-CreERTM+/- mice were
subsequently crossed to Sox2+/COND or Sox2+/COND;CAGG-CreERTM+/- mice to produce
Sox2COND/COND;CAGG-CreERTM+/- and control Sox2+/+;CAGG-CreERTM+/- animals. To
confirm efficient CRE-mediated recombination, Sox2+/COND;CAGG-CreERTM+/- mice
were crossed to mice carrying a Rosa26Reporter transgene (R26R+/+) (Jackson
Laboratories, Bar Harbor, ME; (Soriano 1999)), expressing β-galactosidase following a
CRE-mediated excision of a translational stop codon, to generate Sox2+/COND;R26R+/line. To analyze the relationship between SOX2 and NOTCH1 signaling, Sox2+/COND
mice were crossed to mice carrying several copies of CALSL-NICD (Tg(ACTBNotch1)1Shn) transgene (Jackson Laboratories, Bar Harbor, ME; (Yang, Klein et al.
2004)), allowing for expression of NOTCH1 intracellular domain (NICD) following
CRE-mediated excision of translational stop codon, to produce Sox2+/COND;CALSLNICD+/- line. Sox2+/COND;CALSL-NICD+/- mice were subsequently crossed to
Sox2+/COND;CAGG-CreERTM+/- mice

to

produce

Sox2COND/COND;CAGG-CreERTM+/-

;CALSL-NICD+/- and control Sox2+/+;CAGG-CreERTM+/-;CALSL-NICD+/- animals.
PCR genotyping for the wild type and Sox2COND alleles was performed using a set
of primers detecting a LoxP site sequence 5’ of Sox2 coding region: S2LP1-F 5’–CAG
AGG ACT CGT GTT TGG GAA C–3’and S2LP1-R 5’–TCT TGG ATA CAT AAG
GGT GGA TGG–3’; 94°C for 4 min, 35 cycles at 94°C for 15 sec, at 57°C for 30 sec,
and at 72°C for 30 sec, then 72°C for 5 min, producing a Sox2-loxp1 fragment of 345 bp
and 307 bp Sox2-wt fragment. Animals carrying CAGG-CreERTM transgene were
genotyped by PCR using primers against Cre sequence: CRE-Fwd 5’–GCT AAA CAT
GCT TCA TCG TCG G–3’ and CRE-Rev 5’–GAT CTC CGG TAT TGA AAC TCC
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AGC–3’ primers; 94°C for 3 min, 35 cycles at 94°C for 30 sec, 62°C for 2 min, 72°C for
2 min, then 72°C for 8 min with a product of 750 bp.
PCR genotyping for the R26R/+ mice was performed using the following set of
primers: Rosa1 5’-AAA GTC GCT CTG AGT TGT TAT–3’, Rosa2 5’–GCG AAG AGT
TTG TCC TCA ACC–3’ and Rosa3 5’–GGA GCG GGA GAA ATG GAT ATG-3’;
94°C for 4 min, 35 cycles at 93°C for 30 sec, 58°C for 30 sec, 65°C for 1 min, then 72°C
for 10 min with a R26R product of 340 bp and a wildtype product of 650 bp. PCR
genotyping for NICD1 transgene was performed using the following set of primers:
oIMR6358 5-CAA CAT CCA GGA CAA CAT GG-3’ and oIMR6359 5’-GGA CTT
GCC CAG GTC ATC TA-3’; 94°C for 4 min, 35 cycles at 94°C for 15 sec, at 57°C for
30 sec, and at 72°C for 30 sec, then 72°C for 5 min, producing a fragment of 229 bp.

Isolation of mRNA for microarray analysis.
Eyes were dissected from E13.5 embryos, washed in DEPC-treated 1X PBS, and
stored in RNAlater solution (Ambion) according to manufacture’s protocol at -80°C until
further use. For mRNA isolation, 6-8 eyes of each genotype were pooled together, and
homogenized using 22 and 27 gauge needles in Tri-Reagent (Ambion). mRNA was
isolated using RiboPureTM kit (Ambion) and stored at -80°C until further use. Prior to
cDNA synthesis, mRNA quality was checked using BioAnalyzer platform (Agilent), only
mRNA with RIN score of 9.7 or higher was used for cDNA synthesis. Synthesis of
cDNA and hybridization to arrays were performed at the UNC Neuroscience Center
Functional Genomics core facility using Affymetrix platform and according to
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manufacturer’s protocols. Affymetrix Mouse genome 430 2.0 arrays were used to analyze
gene expression.
Gene expression data was normalized using and analyzed using Partek Genomics
Suite software (Partek). Data was analyzed using PCA (Principal Components analysis),
and corrected for “batch effect”. Lists of genes differentially expressed between tissues of
each genotype were generated using 1-Way and 2-Way Anova analysis (p<0.001,
FDR=0.05).

Retinal explant culture.
Retinal explants were prepared essentially as described in (Hatakeyama and
Kageyama 2002). Briefly, retinal tissue was isolated from enucleated P0 mouse eyes and
cultured on 30 mm filter inserts for organotypic culture (Millicell) placed in 6-well
culture dishes, 2 retinas per filter, with retinal ganglion cell layer facing upward. Culture
medium consisted of 50% MEM with Hepes and L-glutamine (Gibco), 25% 1X HBSS
(Gibco), 25% heat-inactivated horse serum (Gibco), 5.75 mg/ml glucose and
penicillin/streptomycin (Gibco). Each well was filled with 1 ml of medium, 0.5 ml of
medium was replaced every day. 4-hydroxytamoxifen (Sigma) was resuspended in 100%
ethanol and added to culture medium at 1 µM for initial 24 hours. For BrdU labeling,
BrdU (Sigma) was resuspended in 1X HBSS (Gibco) and added to culture medium at 10
µM for 2 hours. Retinas were cultured at 34°C and 5% CO2.
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DNA constructs.
The following DNA constructs were used in transfection experiments: pCIG and
pCIG2, pCAG-mRFP (Cepko C.L.) were used to ubiquitously label retinal progenitor
cells and their progeny, pCAG-H2B-EGFP (Kohno et al, 2008) was used to label DNA,
GLASTp-dsRED2 (a gift from N.Gaiano; (Mizutani, Yoon et al. 2007)) and pCRALBPdsRED (Addgene; (Matsuda, Yamauchi et al. 2007)) were used to label Müller glial cell
cytoplasm. Activation of NOTCH1 signaling in transfection experiments was achieved
using electroporation of pCAG-EYFP-CAG-NICD construct (a gift from N.Gaiano).
pCralbp-CreEGFP-Nuc construct was generated to ablate Sox2 specifically in Müller
glia. To generate pCralbp-CreEGFP-Nuc, the CreEGFP fusion protein was excised from
pCAG-CreEGFP-Nuc (gift from Dr. Jaime Rivera) using EcoRI, blunt-ended and
digested with NotI. The CreEGFP-Nuc fragment was inserted into pCralbp-DsRed
(Matsuda and Cepko 2004) following the removal of DsRed2 cassette using SmaI and
NotI restriction sites.

In vitro retina electroporation and time lapse imaging.
In transfection experiments, retinas were dissected at P0 and cell were labeled by
electroporation using in vitro electroporation chamber (Nepagene) filled with 80-100 µl
of 2-5 µg/µl DNA solution in 1X HBSS, essentially as described in (Donovan and Dyer
2006). Five 30 mV pulses with 50 msec duration and 950 msec interpulse duration were
delivered to the chamber. For time-lapse imaging, retinas were subsequently embedded
into 5% low melting point agarose/MEM blocks and sectioned vertically into 200 µm
slices using microtome (Leica). Retinal slices were cultured on organotypic filter inserts
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in retinal culture medium (50% MEM with Hepes and L-glutamine (Gibco), 25% 1X
HBSS (Gibco), 25% heat-inactivated horse serum (Gibco), 5.75 mg/ml glucose and
penicillin/streptomycin (Gibco)) supplemented with 1 µM 4-hydroxytamoxifen (Sigma)
for the initial 24 hours of culture. Retinal slices were imaged on days 3-4 of culture using
Olympus FV1000 laser scanning microscope (inverted) equipped with the enclosure for
environmental control (Precision Plastics); temperature and CO2 levels during imaging
were set to 34°C and 5%, respectively. Z stacks (1.5-2.5 µm between planes) were
collected at 800x800 resolution using 40x dry objective every 30-50 minutes over 12-24
hour time period. Collected image series were cropped and processed to reduce
background noise (Despeckle function) using ImageJ and Adobe Photoshop software.

Tissue preparation, immunohistochemistry, in situ hybridization and X-gal staining.
For tissue analysis, enucleated eyes or cultured retinas were fixed in 4%
paraformaldehyde (PFA) in 1X PBS at 4°C over night. Tissue was sequentially immersed
in 20% and 30% sucrose/PBS solution over night at 4°C. Tissue was embedded in 3.5%
sucrose/agar blocks and frozen in OCT medium (Tissue-Tek). Fourteen µm thick vertical
retinal sections were obtained using cryostat. For antibody staining, slides were hydrated
in 1X PBS and incubated in antibody-staining solution (1% heat-inactivated goat
serum/0.1% Triton-X in 1X PBS) for 1 hour at room temperature. Primary antibodies
were diluted in antibody staining solution and applied over night at 4°C, secondary
antibodies were applied for 1 hour at room temperature. Antigen retrieval method was
used for antibodies against PH3, PCNA and BrdU and included incubating slides at 6080°C in buffer containing Sodium Citrate/0.001% Tween-20, pH6.0. The following
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primary antibodies were used: beta-catenin (rabbit, Sigma, 1:1500), BrdU (mouse,
1:100), CALRETININ (rabbit, Chemicon, 1:1000), cleaved CASPASE-3 (rabbit, Cell
Signaling, 1:250), CRALBP (rabbit, J. Saari, 1:1500; mouse 1:500), GFP (chicken,
Abcam, 1:1000), GLAST (guinea pig, Chemicon, 1:1000), Glutamine synthetase (mouse,
Chemicon, 1:1000), ISLET-1 (mouse, Hybridoma Bank, 1:50), NESTIN (mouse,
Chemicon, 1:150), NEUROFILAMENT (mouse, Sigma, 1:1000), NR2E3 (gift from Dr.
J. Nathans; mouse, 1:100), p27Kip1 (mouse, Thermo Scientific, 1:1000), PAX6 (mouse,
Hybridoma Bank, 1:100), PCNA (mouse, Biosource International, 1:500), RHODOPSIN
(mouse, Leinco Technologies, 1:100), SOX2 (rabbit, Chemicon, 1:3000), SOX9 (rabbit,
Millipore, 1:1000), VIMENTIN (mouse, Histofine, 1:1). The following fluorescent stains
were used: Hoechst 33258 (Invitrogen, 1:10000), Nissl (Molecular Probes, 1:2000) and
Phalloidin (Invitrogen, 1:250). Secondary antibodies were used as follows: anti-mouse
and anti-rabbit Cy2 and Cy3-conjugated secondary antibodies (Sigma, 1:250), anti-mouse
IgG1 and IgG2a Alexa Fluor 488 (Molecular Probes, 1:2000), anti-guinea pig Alexa
Fluor 546 (Molecular Probes, 1:2000), anti-chicken Alexa Fluor 488 (Molecular Probes,
1:2000).
For X-gal staining, retinas were fixed in 4% PFA at 4°C for 2 hours, cryoprotected in
20% and 30% sucrose/PBS solutions and sectioned as described above. Slides were
hydrated in PBS and incubated over night at 37°C in the following staining solution: 5
mM K3Fe(CN)6 (Sigma), 5 mM K4Fe(CN)6⋅3H2O (Sigma), 2 mM MgCl2 (Mallinckrodt),
0.02% Igepal CA-630 (Sigma), 0.017% Na-deoxycholate (Sigma) and 1 mg/ml X-gal
(Promega) in 1X PBS.

	
  
	
  

161	
  

In situ hybridization was performed on 14 µm frozen retinal tissue sections using DIGlabeled antisense RNA probes and followed by enzymatic detection according to
manufacturer protocols (Roche). The following probes were used: Chx10 (gift from Dr.
R. McInnes (Horsford et al, 2005)), Hes5 (Chenn and Walsh 2002) and Notch1 (Lardelli
and Lendahl 1993).
Images were obtained on Leica inverted microscope (Leica DMIRB) equipped with
either SPOT (RT Color Diagnostics) or Retiga (SRV-1394) cameras at 8 bit, or on laser
scanning upright microscope (Zeiss LSM 510) at 1024x1024, and processed using Adobe
Photoshop software.

Quantification of cell number and density.
Retinas from at least 3 pups of each genotype from independent litters were
analyzed for every specific condition and molecular marker described in this study. For
statistical analysis of PH3 expression, total number of antibody-labeled cells was counted
on 4 non-consecutive sections through the central retinas of 4 individual pups from 4
separate litters. Unpaired two-tail student t-test was used to determine the significance of
difference between the numbers of PH3-positive cells per section in Sox2 mutant and
control retinas using Prism (GraphPad) software. For analysis of SOX9 and NR2E3 cell
density, immuno-positive cells were manually counted against a nuclear marker,
Hoechst33258, on Z-stacks collected from non-consecutive sections of central retinas
using ImageJ software. One-way ANOVA analysis and Tukey’s Multiple Comparison
Test were performed to compare cell density between four different genotypes using
Prism (GraphPad) software. To assess the number of dividing Müller glial cells, GLAST-

	
  
	
  

162	
  

dsRED2-labeled cells were counted on image sequences generated by time-lapse
microscopy during 12-hour period using ImageJ software. Dividing cells were identified
as undergoing internuclear migration and mitotic cell division at the outer retinal
boundary; the number of counted cells ranged from 230 to 691 per genotype. The
proportions of dividing cells over all GLAST-dsRED2-positive cells in each image series
was calculated as percentages, and the values were plotted and compared between the
genotypes using one-way ANOVA analysis and Tukey’s Multiple Comparison Test. At
least three individual pups of each of the four genotypes from independent litters were
used in the analysis.
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