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Supervisor: Jeffrey M. Gross
The Hedgehog receptor Patched (Ptch) is a well-studied tumor suppressor.
Mutations in Ptch have been linked to mis-regulation of stem cell proliferation and
tumorigenesis in numerous contexts. To study the role of Ptch function during retinal
development and homeostasis, I analyzed retinal growth and patterning in the embryonic
and post-embryonic (juvenile) zebrafish ptc2 mutant line. ptc2 deficiency in zebrafish
results in an expansion of the stem/progenitor population of the ciliary marginal zone
(CMZ), as well as ectopic proliferation within the neural retina at juvenile stages. ptc2-/mutants also possess vitreo-retinal abnormalities that appear to be embryonic in origin.
These phenotypes are similar to the ocular abnormalities previously reported in human
patients suffering from Basal Cell Naevus Syndrome (BCNS), a disorder that has been
linked to mutations in the human PTCH gene (the orthologue of the zebrafish ptc2), and
point to the utility of the ptc2 mutant line as a model for the study of BCNS-related
ocular pathologies. In addition, peripheral retinal dysplasias that include ectopic
neuronal clusters and disrupted lamination were observed at later, juvenile stages. It has
vi

been previously proposed that retinal over-proliferation might contribute to retinal
dysplasias observed in the post-natal Ptch1+/- mice (an established model for BCNS);
however, this potential relationship has yet to be established experimentally. I
demonstrated that a population of ectopically proliferating cells give rise to the ectopic
neuronal clusters in the INL of ptc2-/- mutants and established ectopic proliferation as the
likely cellular underpinning of retinal dysplasia in juvenile ptc2-/- mutants.
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CHAPTER I
Introduction: Molecular and Cellular Regulation of Retinal
Development and Homeostasis

I.1

DEVELOPMENT OF THE VERTEBRATE EYE
Visual impairments affect over 160 million people worldwide, of which 37

million are blind (Resnikoff, Pascolini et al. 2004). Model organisms with similar
physiology to humans are vital to understand underlying developmental processes,
identify potential causative genes for human disorders, and develop therapies. The
zebrafish has long been recognized as a useful model for the study of human ocular
development and disease (Bilotta and Saszik 2001; Goldsmith and Harris 2003; Fadool
and Dowling 2008; Gross and Perkins 2008; Bibliowicz, Tittle et al. 2011). Detailed
characterization of the embryonic development of the zebrafish retina has not only shed
light on the sequence of events in vertebrate retina development, but has also highlighted
the similarities in the architecture of the zebrafish retina to that of the human retina
(Schmitt and Dowling 1999; Lister 2002).

In zebrafish, eye development is rapid. The optic vesicle, which will ultimately
give rise to the neural retina and the retinal pigment epithelium (RPE), evaginates from
the forebrain at around 12 hours post fertilization (hpf) and remains attached to and
1

Figure I-1. The structure and cellular composition of the embryonic zebrafish
retina. In zebrafish, a population of proliferative retinal progenitors (24hpf, A) give rise
to a laminated and functional retina (5dpf, B). The differentiated retina is composed of
three nuclear layers (C)- the ganglion cell layer (GCL), the inner nuclear layer (INL), and
outer nuclear layer (ONL). The GCL is composed mainly of retinal ganglion cells, while
the INL is made up of three types of neurons (horizontal cells, amacrine cells, and bipolar
cells) and one type of glia (Müller glia). The ONL is composed of cone and rod
photoreceptors.
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continuous with the forebrain through a transient structure called the optic stalk. The
optic vesicle then gives rise to the optic cup through a series of morphogenetic events that
occur from about 16hpf to 20hpf (Schmitt and Dowling 1994). Neurogenesis begins at
28hpf and by as early as 72hpf zebrafish embryos exhibit visual function (Easter and
Nicola 1996). In lower vertebrates, such as fish, growth of the mature retina continues at
the retinal margin throughout the lifetime of the animal through the continual
proliferation and subsequent differentiation of retinal progenitors at the ciliary marginal
zone (CMZ, see section I.4).

As in humans, the mature zebrafish retina is composed of three nuclear layers
separated by two plexiform layers (Figure I-1). Zebrafish possess four types of cones
(blue, UV, and red/green double cones) and one rod cell type (Robinson, Schmitt et al.
1993). Rod and cone cell bodies reside in the outer nuclear layer (ONL), while the inner
nuclear layer (INL) is occupied by amacrine, horizontal, bipolar cells, and Müller glia.
Visual signals originating in the photoreceptors are transmitted through the retina to the
ganglion cells, which make up the ganglion cell layer (GCL); their axons then relay the
signal to the brain (Dowling 1987; Schmitt and Dowling 1999).

I.2

MOLECULAR REGULATION OF VERTEBRATE RETINAL DEVELOPMENT

I.2.1

Vertebrate retinal development
3

Retinal neurogenesis occurs via the coordination of proliferation, cell cycle exit,
and differentiation and is regulated by both intrinsic and extrinsic factors (reviewed in
(Agathocleous and Harris 2009)). Proliferation of the retinal neuroepithelium, which
gives rise to the differentiated retina, is tightly controlled by components of the cell cycle
machinery.

Loss of CyclinD1, for example, results in reduced proliferation and

decreased retinal size (Ma, Papermaster et al. 1998), while inactivation of the cell cycle
inhibitors p27kip1 and p57kip2 results in ectopic proliferation (Dyer and Cepko 2000;
Levine, Close et al. 2000).

In addition, various transcription factors, including the

homeodomain transcription factors Chx10, Six3, Pax6 and Prox1 have been shown to
influence the proliferative properties of retinal progenitors (Marquardt, Ashery-Padan et
al. 2001; Casarosa, Amato et al. 2003; Dyer, Livesey et al. 2003; Green, Stubbs et al.
2003). These transcription factors are thought to affect retinal progenitor proliferation by
cross-regulating each other, and by regulating components of the cell cycle machinery
(Zuber, Gestri et al. 2003).

For example, p27kip1 is activated upon loss of Chx10,

resulting in cell cycle exit of progenitor cells, and leading to a hypocellular retina,
suggesting a regulatory interaction between Chx10 and regulation of the G1 phase of the
cell cycle (Green, Stubbs et al. 2003). Chx10 also regulates the transcriptional levels of a
related homeobox gene, Vsx1, by directly binding to its promoter and ultimately affecting
the proliferative properties of retinal progenitors (Clark, Yun et al. 2008).

Cell cycle progression in the developing retina also depends on the process of
interkinetic nuclear migration (INM) (Baye and Link 2008). Nuclei of retinal progenitors
within the proliferative neuroepithelium oscillate between the apical and basal surfaces of
the neuroepithelium. Progenitors occupying the M-phase of the cell cycle are located at
4

the apical surface while those occupying the G1-, G2-, and S-phases are found more
basally. Chemical inhibition of cell cycle progression results in an arrest in INM, and
conversely, inhibition of INM migration results in inappropriate mitosis throughout the
neuroepithelium (Ueno, Katayama et al. 2006). Supporting the link between cell polarity
and migration with cell cycle progression are phenotypes of zebrafish mutants in which
polarity and/or migration are defective. In the N-cadherin (nok) and nagie oko (nok)
mutants, in which cell polarity is defective, the transition between proliferative
progenitors and neurogenesis is defective, resulting in hyperplasia of retinal tissue
(Yamaguchi, Imai et al. 2010). In the mikre oko (mok) mutant, apical migration is
defective due a mutation in the dynactin-1 protein, resulting in premature cell cycle exit
due to lack of Notch signaling originating at the apical surface of the neuroepithelium
(Del Bene, Wehman et al. 2008). These results demonstrate a complex mechanism of
cell cycle progression and cell cycle exit that is dependent on the orchestrated activity of
the cell cycle machinery, cell migratory behavior, and extrinsic developmental cues.

Retinal cell fate decisions are also tightly linked to regulation of the cell cycle
(Ohnuma, Hopper et al. 2002). Lineage analyses performed in several model species
have established that the different cell types in the retina originate from a common pool
of multipotent retinal progenitors (Turner, Snyder et al. 1990). How cell fate decisions
within the retina are dictated is currently not fully understood, however a ‘competence’
model has emerged, in which retinal progenitors pass through a series of ‘competence
states’ during which each retinal progenitor is competent to differentiate into a subset of
cell types (Cepko, Austin et al. 1996). Like proliferation, cell fate decisions are dictated
by both intrinsic and extrinsic factors, with competence defined intrinsically and the final
5

differentiation and cell fate decision promoted by extrinsic factors (reviewed in (Livesey
and Cepko 2001; Stenkamp 2007)).

The contribution of intrinsic factors to cell fate decisions has been supported by
gene profiling of single retinal progenitors that highlighted the heterogeneity of gene
expression within a pool of retinal progenitors (Trimarchi, Stadler et al. 2008), and
analyses of gene function in the retina have identified transcription factors that are
required for the formation of specific retinal cell types (Ohsawa and Kageyama 2008). In
addition, genetic and biochemical manipulations of developmental pathways such as
Notch (Scheer, Groth et al. 2001; Del Bene, Wehman et al. 2008), Wnt (Kubo, Takeichi
et al. 2005) and FGF (McFarlane, Zuber et al. 1998; Patel and McFarlane 2000), have
supported the contribution of extrinsic signals in retinal cell fate decisions. While various
factors that control neurogenesis have been identified, the relationship between intrinsic
factors and the extrinsic developmental pathways that have so far been identified to
control retinal neurogenesis are still incompletely understood.

I.2.2

Developmental pathway regulating retinal neurogenesis

Several developmental pathways have been shown to affect both proliferation and
differentiation in the vertebrate retina. The role of Wnt signaling in controlling retinal
proliferation has been demonstrated in several studies (Kubo, Takeichi et al. 2005;
Denayer, Locker et al. 2008). It has been suggested that Wnt signaling might control
proliferation through the direct regulation of cyclin D1 (Shtutman, Zhurinsky et al. 1999;
Masai, Yamaguchi et al. 2005). However, Wnt signaling has also been shown to promote
differentiation by indirectly regulating proneural genes through the control of both the
6

homeobox transcription factor Sox2 and activity of the Notch pathway (Kubo, Takeichi
et al. 2005). Modulations of Wnt activity levels have therefore been implicated in the
transition between retinal proliferation and differentiation (Agathocleous, Iordanova et al.
2009). Notch activity, in turn, has also been implicated in the inhibition of neuronal
differentiation in the vertebrate retina, as over-expression of the Notch ligand, Delta, in
the Xenopus retina resulted in a bias towards earlier cell fates (RGCs) (Dorsky, Chang et
al. 1997). Misexpression of activated Notch in retinal progenitors result has an opposite
effect, resulting in prolonged proliferation and lack of differentiation (Austin, Feldman et
al. 1995; Bao and Cepko 1997). In zebrafish, inhibition of the Notch activity using γsecretase inhibitors or through the mib mutation, which disrupt ubiquitin E3 ligase
activity, result in loss of Müller glia, and support the role of Notch in promoting
gliogenesis (Bernardos, Lentz et al. 2005). The glial cell fate promoting function of
Notch has been shown to involve the activity of the cell cycle inhibitor p27xic1(Ohnuma,
Philpott et al. 1999). Taken together, these studies, along with others, support a role for
the Notch pathway in promoting progenitor identity and glial cell fates in the retina
(Furukawa, Mukherjee et al. 2000; Scheer, Groth et al. 2001).

Interestingly, mib mutants also present with disrupted retinal lamination that
appears to be confined to the INL (Bernardos, Lentz et al. 2005). The correlation of
disrupted lamination in mib mutants with the absence of differentiated Müller glia
suggests that lack of proper Müller glia development underlies the lamination defects in
these mutants.

Indeed, in vitro studies utilizing cultured chick retinal cells have

demonstrated that Müller glia provide the structural scaffolding required for proper
retinal lamination (see section I.3) (Willbold, Rothermel et al. 2000). This possibility is
further supported by earlier studies showing that abnormal Müller glia morphology that
7

results from exposure to exogenous Shh in retinal explants contributes to disorganization
of retinal lamination (Wang, Dakubo et al. 2002).

FGF signaling has been shown to initiate retinal differentiation in the zebrafish
retina. Analysis of retinal differentiation in fgf8/fgf3 double mutants or after inhibition of
FGF signaling with the chemical inhibitor SU5402 just prior to the onset of the first wave
of RGC differentiation prevents the expression of ath5, a proneural gene required for
RGC differentiation (Martinez-Morales, Del Bene et al. 2005). Studies in Xenopus
demonstrated the additional role of FGF signaling in cell fate decisions during retinal
development.

Expression of a dominant-negative form of the Xenopus FGF receptor

(FGFR) resulted in a 50% reduction in both amacrine cells and photoreceptors and a 3.5fold increase in Müller glia, the last-born retinal cell type (McFarlane, Zuber et al. 1998).
Over-expression of FGF2 ligand resulted in a 35% increase in RGCs and 50% increase in
Müller glia (Patel and McFarlane 2000). The ratio of cone to rod photoreceptors was also
influenced, and in a separate study the over-expression of a dominant-negative FGFR4a
in retinal progenitors resulted in complete loss of photoreceptors (Zhang, El-Hodiri et al.
2003).

While genetic and molecular perturbations of specific signaling pathway have
shed light on their specific roles during retinal neurogenesis, the interactions between
these pathways are still poorly understood. The studies mentioned thus far reveal the
complex nature of regulatory mechanisms during retinal development and highlight the
need for the continued investigation of the molecular processes controlling cell behaviors
in the developing retina.
8

I.2.3

The Hh pathway in embryonic retinal development

Hh proteins are secreted signaling molecules that act to control various
developmental processes, including pattern formation, cell fate specification, and cell
proliferation (Ingham and McMahon 2001). In vertebrates, binding of Hh to its 12transmembrane receptor Patched (Ptch) ultimately results in the activation of Gli
transcription factors and consequently in the expression of Hh target genes (Marigo,
Davey et al. 1996; Stone, Hynes et al. 1996). In the absence of Hh ligands, Ptch inhibits
the 7-transmembrane domain protein Smoothened (Smo), which in turn is responsible for
transducing the Hh signaling cascade (Murone, Rosenthal et al. 1999). Upon binding of
Hh to Ptch, inhibition on Smo is relieved, and the Hh transcriptional response is activated
(Ingham 1998).

How Hh signaling results in diverse cellular responses required for its various
developmental roles is still incompletely understood; however, part of the answer is
thought to lie in the regulation on the levels of the Hh receptor Ptch. Hh signaling results
in the transcriptional induction of Ptch, which in turn acts as a negative regulator of the
pathway. Therefore, constant Hh signaling ultimately results in a ‘de-sensitization’ of the
signal receiving cell to the Hh signal (Ingham and McMahon 2001). The cell’s
‘perception’ of the amount of Hh signaling it receives has been proposed to rely on the
absolute amount of unliganded, and therefore active, Ptch molecules (Taipale, Cooper et
al. 2002). However, a second study proposed a model in which the ratio of unliganded
(active) to liganded (inactive) Ptch determines cellular response to Hh (Casali and Struhl
2004). Also, in addition to the amount of Hh signaling, a cell is able to adapt its Hhdependent transcriptional activity in response to the duration of Hh signaling it receives
9

(Dessaud, Yang et al. 2007)Together with desensitization of the cell to Hh signaling due
to increased Ptch expression in response to Hh signaling (Hidalgo and Ingham 1990),
these mechanisms are thought to account for a cell’s ability to react to a wide range of Hh
morphogen levels.

How Ptch functions to inhibit the activity of Smo also remains unclear. Ptch has
been proposed to function as a transporter of small molecules across the cell membrane
(Taipale, Cooper et al. 2002). In support of this model, Smo activity can be either
activated or inhibited using various small molecules (Frank-Kamenetsky, Zhang et al.
2002). The structural similarity between one such compound, cyclopamine, to sterol
point to sterols as potential regulators of Smo activity (Cooper, Porter et al. 1998).
Interestingly, disruptions of cholesterol synthesis results in embryonic defects that
phenocopy defective Hh signaling (Chiang, Litingtung et al. 1996). Additionally, the
Ptch protein shares a high level of homology with NPC1, a cholesterol trafficking protein
(Davies, Chen et al. 2000). In a more recent study, vitamin D3 levels were elevated in
Ptch-transfected cells, and were shown to bind Smo in vitro (Bijlsma, Spek et al. 2006).
These data, together with the reported ability of vitamin D3 to compete with cyclopamine
for Smo binding (Chen, Taipale et al. 2002), supports vitamin D3 as a candidate
endogenous molecule for Ptch-dependent inhibition of Smo.

In the zebrafish retina, Hh signals originating in the midline initiate retinal
neurogenesis in the ventro-nasal patch of the neuroepithelium (Figure I-2) (Masai,
Stemple et al. 2000). FGF is has been shown to act upstream of Hh signaling to control
the initiation of retinal differentiation (Martinez-Morales, Del Bene et al. 2005). In
zebrafish, perturbations of FGF signaling in zebrafish resulted in corresponding changes
10

in the expression of a transgenic reporter that is driven by Shh regulatory elements and
supported the cooperation of the FGF and Hh pathways in the initiation and propagation
of retinal differentiation (Vinothkumar, Rastegar et al. 2008). Shh and tiggy-winkle
hedgehog (twhh), secreted by the first born RGC neurons, promote the further
propagation of RGC differentiation (Neumann and Nuesslein-Volhard 2000). A second,
temporally overlapping wave in the INL has also been shown to be Hh dependent and
results in the production of amacrine cells, which in turn express Hh ligands that promote
additional differentiation in the INL and ONL (Shkumatava, Fischer et al. 2004). The
propagation of photoreceptor differentiation in the ONL is also thought to be Hh
dependent and Hh signals originating from the RPE have been implicated to control this
process (Stenkamp and Frey 2003). Hh signaling originating from differentiated retinal
neurons is thought to also promote the proliferation of undifferentiated progenitors. In
zebrafish, differentiated RGCs continue to express Hh ligands into adulthood (Neumann
and Nuesslein-Volhard 2000), while undifferentiated retinal progenitors express the Hh
receptor patched2 throughout retinal development, making them competent to respond to
Hh signaling (Stenkamp, Frey et al. 2000). These expression patterns within the retina
are mostly conserved among vertebrate species (Wallace 2008).

Multiple studies have highlighted an apparent contradiction regarding the roles of
the Hh pathway during retinal neurogenesis in different model organisms. Studies in
zebrafish have mostly supported the role of Hh in promoting retinal differentiation at the
expense of proliferation, as loss of Hh function results in a prolonged period of
proliferation and defective differentiation (Stenkamp, Frey et al. 2002; Shkumatava and
Neumann 2005). In addition, increased activity of PKA, a Hh pathway inhibitor, resulted
in increased proliferation, while decreased PKA activity reduced proliferation (Masai,
11

Yamaguchi et al. 2005). In rodents, however, recombinant Shh-N promoted retinal
progenitor cell proliferation in vitro (Jensen and Wallace 1997), and loss of Shh function
results in decreased proliferation (Wang, Dakubo et al. 2005).

The roles of Hh in controlling both proliferation and differentiation in the
vertebrate retina might be due to separate mechanisms that control these seemingly
opposite processes. However, differentiation and cell fate decision have been shown to
be tightly coupled to the regulation of cell cycle dynamics (reviewed in (Dyer and Cepko
2001). For instance, misexpression of the cell cycle inhibitor p27xic1 in Xenopus results in
early cell cycle exit and consequently in the over-production of early-born cell types
(RGCs). Conversely, misexpression of Cyclin E1, a cell-cycle promoter, results in a bias
towards later-born cell types, suggesting that the regulation of cell-cycle dynamics in the
retina is important in cell fate decisions and in producing retinal tissue containing the
correct ratio of neurons and glia (Ohnuma, Hopper et al. 2002). Interestingly, detailed
analysis of cell cycle dynamics in both Xenopus and zebrafish suggested that the
mitogenic role of Hh in the retina might be tightly linked to its function in promoting cell
cycle exit and differentiation. In this study, over-expression of Hh reduced the length of
the cell cycle and promoted proliferation while also resulting in early cell cycle exit. The
shorter cell cycle was a result in the relative shortening of the G1 and G2 phases of the
cell cycle and were also accompanied by the up-regulation of cyclin2A, cyclinB1,
cyclinD1, and cdc25 (Locker, Agathocleous et al. 2006). While these findings clearly
show that cell cycle progression and cell cycle exit are tightly linked and are influenced
by Hh activity, how these effects of the Hh pathway on retinal progenitors might affect
cell fate decision is still unclear.
12

Figure I-2. Differentiation of the embryonic zebrafish retina. In zebrafish,
differentiation of the proliferative retinal neuroepithelium (A) begins at 26 hpf (B) as a
differentiation wave that is triggered by signals originating in the embryonic midline
(arrow in B). Differentiation of the innermost cell layer, the GCL, occurs first, followed
by temporally overlapping waves in the INL and ONL (arrows in C). In addition of
midline signals, other retinal and extra-retinal signals have been shown to influence
retinal differentiation (arrows in D).
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I.3

RETINAL STEM CELLS IN GROWTH, REGENERATION AND DISEASE

The study of stem cells has been of major interest due to the growing potential of
their use in therapeutic and regenerative medicine. The ability of zebrafish to regenerate
various tissues after injury has attracted major attention from researchers seeking to
identify the cellular and molecular mechanisms that enable this regenerative capacity,
which is often absent in mammals (Johnson and Weston 1995; Vihtelic and Hyde 2000;
Poss, Wilson et al. 2002). In the vertebrate retina, two populations of stem/progenitor
cells have been identified: the Müller glia of the central retina, and the ciliary marginal
zone (CMZ) at the most peripheral edge of the retina. Both of these stem cell populations
add new neurons and glia to the zebrafish retina throughout the lifetime of the animal.
Müller glia give rise to rod photoreceptor precursors that migrate along Müller glial
processes to the photoreceptor layer. All other retinal cell types are continually produced
in the post-embryonic CMZ.

I.3.1

The stem/progenitor cells of the CMZ

The spatial organization of the CMZ is thought to mirror and temporal sequence of early
retinal developmental events. Retinal stem cells are thought to reside at the most
peripheral edge of the CMZ, followed by proliferating progenitors more centrally, and
finally differentiating progenitors (Figure I-3). At least some of the transcription factors

14

Figure I-3. The progenitor/stem cells of the retinal CMZ. The retinal CMZ is located
at the retinal peripheral (A) and continues to proliferate throughout the lifetime of the
animal, contributing to the growth of the retina. The spatial sequence of cells in the
CMZ, with retinal stem cells at the most peripheral regions followed by proliferative
progenitors and finally differentiating progenitors more centrally, is thought to
recapitulate the temporal sequence of early retinal development (B).
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known to be expressed in retinal progenitors during early retinal development are also
expressed at the peripheral CMZ, such as Chx10, Rx, Pax6 and Six3 ((Perron, Kanekar et
al. 1998; Raymond, Barthel et al. 2006), and are thought to promote proliferation and
growth of retinal tissue throughout the lifetime of the animal. While the presence and
identity of CMZ stem cells is still controversial, lineage tracing experiments performed in
Xenopus showed that single-labeled cells can give rise to all retinal cell types, as well as
RPE cells, suggesting that a population of stem cells exists at the retinal margin (Wetts,
Serbedzija et al. 1989). Supporting this idea are phenotypes of zebrafish mutants in
which a reduction in the size of the CMZ was accompanied by an expansion of the
peripheral RPE (Gross, Perkins et al. 2005; Wehman, Staub et al. 2005).

The CMZ also possess regenerative capabilities, as lesions in the peripheral neural
retina result in increased proliferation at the CMZ (Moshiri, Close et al. 2004). In chick,
the maintenance of CMZ progenitors and CMZ-dependent retinal regeneration after
retinotectomy is controlled by the concerted activity of the FGF, Hh, and BMP pathways
(Spence, Madhavan et al. 2004; Spence, Aycinena et al. 2007). In mammals, however,
regeneration from the retinal margin is not thought to normally occur (Locker, Borday et
al. 2009). In a recent study, however, induced injury of RGCs resulted in limited
proliferation at the mouse retinal margin and the expression of neuronal markers
(Nickerson, Emsley et al. 2007). In addition, adult Ptch1+/- mice, possess persistent
progenitors at the retinal margin that are capable of limited regeneration (Moshiri and
Reh 2004). These results suggest that although stem cell at the mammalian retinal
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margin, unlike those in lower vertebrates, are quiescent during normal development, they
do possess neurogenic potential.

I.3.2

Müller glia

Neuroprotection, maintenance of retinal homeostasis, and the establishment of
proper retinal lamination are some of the many functions attributed to Müller glia in the
healthy retina (reviewed in (Bringmann, Pannicke et al. 2006)). In response to retinal
disease or damage, Müller glia can become ‘reactive’, as characterized by changes in
gene expression that are often followed by de-differentiation and proliferation. Virtually
every human retinal disease is associated to some degree with Müller glial reactivity
(Bringmann, Pannicke et al. 2006). In some cases, such as diabetic and proliferative
retinopathies, and retinal detachment, Müller glia are thought to become reactive in
response to primary detects arising in another cell type. In others, Müller glia are thought
to be the primary cell type affected. Still, in many human eye diseases, the role of Müller
glia is the onset of the disease is unclear.

Müller glia have long been known to possess neurogenic potential, having an
intrinsic ability to give rise to newborn neurons. In the adult retina of lower vertebrates,
differentiated Müller glia continue to express molecular markers that are characteristic of
early retinal progenitors, such as pax6 and rx1 (Raymond, Barthel et al. 2006). Clusters
of proliferating rod progenitors are closely associated with Müller glia and appear to
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migrate along their processes, which span the apical-basal width of the adult retina, to
their final location in the photoreceptor layer (Raymond and Rivlin 1987; Julian, Ennis et
al. 1998). A recent study utilizing transgenic zebrafish that express GFP under the
control of a Müller glia-specific promoter (Tg(gfap:GFP)) as a lineage tracer has shown
that proliferating rod progenitors retain low levels of GFP, suggesting that Müller glia
indeed give rise to rod photoreceptor precursors in the adult retina (Bernardos, Barthel et
al. 2007). These findings support the neurogenic potential of Müller glia and raise the
intriguing possibility of using Müller glia as a source for cell replacement therapies for
humans suffering from age-related photoreceptor loss, for example.

While in the uninjured adult retina Müller glia give rise strictly to progenitors
destined to the rod lineage, Müller glia are also able to dedifferentiate, proliferate, and
replenish all neuronal cell types in response to retinal damage (Cameron 2000;
Bernardos, Barthel et al. 2007). While conclusive lineage tracing data to show Müller
glia as the sole source of regenerated neurons have not yet been published, the use of
zebrafish transgenic lines together with extensive immuno-histochemical analysis has
strongly supported the role of Müller glia as the stem cell population responsible for the
regenerative response in the central retina (Fausett and Goldman 2006; Bernardos,
Barthel et al. 2007). Since mutant analysis in adults is labor intensive and time
consuming, multiple labs have also performed microarray analyses after retinal damage
in order identify genes that play a role in these processes. Consistent with the idea that
regenerative processes often re-capitulate embryonic development, these studies
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identified known developmental pathways such as BMP, Notch, Wnt and Hedgehog as
being transcriptionally regulated in reactive Müller glia (Kassen, Ramanan et al. 2007;
Qin, Barthel et al. 2009). It remains to be seen what exact roles of each of these
pathways in retinal regeneration, and whether the genetic and/or chemical manipulation
of these pathways might have therapeutic value in humans.

I.3.3

The Hh pathway in the adult retina

In addition to its developmental roles, the Hh pathway functions in the adult CNS
to maintain neural stem cell populations (Fuccillo, Joyner et al. 2006). In the adult
forebrain, Hh signaling has been shown to function in two regions of continual
neurogenesis. In subventricular zone (SVZ) of the lateral ventricles and the subgranular
zone (SGZ) of the dentate gyrus within the hippocampus, Shh controls the number of
proliferating progenitors (Lai, Kaspar et al. 2003; Machold, Hayashi et al. 2003). In Shh
null mice, SVZ-derived olfactory bulb and SGZ-derived hippocampal granule cells are
depleted. In vivo analysis of Shh-dependent control of progenitor proliferation in these
regions is control through the regulation of self-renewal properties of slow-cycling neural
stem cells.

In this context, Shh acts to promote proliferation of stem cells in late

embryonic stages and further maintains this stem cell niche into adulthood (Ahn and
Joyner 2005). These findings highlight an essential role for Hh signaling in maintaining
the neurogenic potential of adult stem cell niches in the CNS.

In the adult mouse retina, Hh ligand expression has been reported in RGCs and
the RPE and Ptch is expressed in Müller glia and the ciliary margin (Jensen and Wallace
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1997; Takabatake, Ogawa et al. 1997; Moshiri and Reh 2004).

Interestingly, the

expression of Ptch in the known stem/progenitor cell populations of the adult retina
suggests that the Hh pathway might function to control some aspects of post-embryonic
retinal neurogenesis. Indeed, in the post-hatch chick, Shh promotes the proliferation of
progenitors located in the CMZ-like retinal margin (Moshiri, McGuire et al. 2005). In
Ptch1+/- post-natal mice a population of proliferative progenitors that resembles the
CMZ found in lower vertebrates, but that is normally absent in mammals, has been
reported at the retinal margin (Moshiri and Reh 2004). The functional significance of Hh
activity in Müller glia has yet to be established in vivo. In vitro, rat Müller glia dedifferentiated, proliferated, and expressed rod photoreceptor markers upon exposure to
recombinant Shh, suggesting that Hh pathway activity might indeed act to control the
neurogenic potential of Müller glia (Wan, Zheng et al. 2007). Müller glia are also known
to promote proper retinal organization and lamination (see section I-3). Inhibition of Hh
signaling via exposure to an anti-Shh antibody disrupted lamination in rat retinal explants
and administration of Shh to these explants restored proper Müller glia morphology and
lamination (Wang, Dakubo et al. 2002), suggesting a role for Hh in promoting normal
retinal structure.

In a recent study, human embryonic stem cells (hESCs) expressed the retinal
progenitor markers Six3, Pax6, Chx10 and Rx, and subsequently differentiated into
retinal neurons upon exposure to Shh. In addition, when transplanted into the subretinal
space of visually-impaired albino rabbits, these progenitors were able to incorporate into
the retina and partially restore visual function (Amirpour, Karamali et al. 2011). These
results not only illustrate the ability of Hh activity to influence retinal stem cell identify
and maturation, but also highlights the potential of Shh as a potential factor for use in
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stem cell therapies in medical treatments of certain types of blindness, such as retinal
degenerations. In vivo studies utilizing Ptch1+/- mice have supported the therapeutic
potential of the Hh pathway. Breeding of Ptch1+/- mice into a retinal degeneration
background (pro23his rhodopsin transgenic) resulted in the production of newly
generated photoreceptors, suggesting that the over-active Hh pathway in these mutants
has activated neurogenesis (Moshiri and Reh 2004).

A study analyzing retinal morphology in adult zebrafish with a loss-of-function
mutation in Shh (syu+/-) revealed cone photoreceptor abnormalities characterized by
localized photoreceptor loss and morphological abnormalities (Stenkamp, Satterfield et
al. 2008).

In humans, photoreceptor degenerations are the most common form of

blindness in the Western world and involve the loss of vision due to dystrophy and/or
death of retinal photoreceptors. These pathologies can be roughly divided into those
conditions that initially affect rod photoreceptors, such as retinitis pigmentosa (RP), and
those that initially affect cone photoreceptors, such as macular degeneration (Goldsmith
and Harris 2003). In mature photoreceptors, proteins that are required for growth and
maintenance of photoreceptor OS’s, as well as for phototransduction, are transported
along polarized microtubules from the basal IS to the apical OS.

Proper development

and subsequent maintenance of vertebrate photoreceptors relies on the establishment of
proper apical–basal polarity, as well as the function of the transport machinery. It is
therefore not surprising that of the more than 100 genetic loci known to cause
photoreceptor degenerations in vertebrates, most affect the structure and function of the
OS (Hartong, Berson et al. 2006). In addition, photoreceptor degenerations can also be
caused indirectly by primary defects in the RPE, which serves an important function in
photoreceptor health and homeostasis. Considering that Hh ligands expressed in the RPE
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during zebrafish embryonic development have been suggested to influence proper
photoreceptor development (Stenkamp and Frey 2003), it is possible that disrupted Hh
signaling in syu+/- mutant RPE might underlie cone abnormalities in these mutants.

While the studies discussed above begin to indicate roles of the Hh pathway in the
adult retina, our understanding of the process is still limited.

Analysis of mutations in

Hh components is invaluable in order to provide models to determine the requirement
and function of the Hh pathway during retinal homeostasis and disease. Indeed, the
mouse Ptch1+/- mutant has been established as a model for the study of BCNS, a
congenital disorder that includes ocular abnormalities (see chapter III) (Black, Mazerolle
et al. 2003), and additional studies utilizing the zebrafish syu+/- mutant line may further
contribute to our understanding of the molecular mechanisms underlying Hh function in
photoreceptor homeostasis. Furthermore, the continual development of conditional gene
knockdown strategies will greatly facilitate efforts to investigate the roles of specific
genetic pathways, such as Hh, in the adult retina.

The work presented here addresses open questions regarding the roles of the Hh
pathway during both embryonic development and in adult retinal tissues through the
study of the zebrafish ptc2 mutant line. My research sheds new light on Ptc-dependent
Hh signaling in the vertebrate retina and contributes to our understanding of the roles of
Ptc in controlling proliferation and proper patterning and structure in the retina. In this
work, I have also established the ptc2 mutant line as a model for the study of BCNS and
provided important insight into the relationship between retinal over-proliferation and
BCNS-related ocular pathologies.
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CHAPTER II
Expanded progenitor populations, vitreo-retinal abnormalities, and
Müller glia reactivity in the ptc2 retina

II.1

INTRODUCTION
During retinal development, proliferation and differentiation must be tightly

coordinated in order to produce a tissue of the proper size and containing the correct cell
types (Neumann 2005). The Hh pathway has been shown to play a critical role in
controlling these two seemingly opposite processes (Marti and Bovolenta 2002). Early in
retinal development, the optic vesicle is composed of a population of proliferating
neuroepithelial cells that will ultimately give rise to the mature retina (Li, Hu et al. 2000).
Differentiation of the retinal neuroepithelium occurs in a succession of temporally
overlapping waves (Amato, Boy et al. 2004). In the zebrafish, the first cells to exit the
cell cycle become retinal ganglion cells (RGCs), which differentiate in a Sonic Hh (Shh)dependent wave (Neumann and Nuesslein-Volhard 2000). A second Hh-dependent wave
of differentiation in the inner nuclear layer (INL) occurs almost simultaneously with the
first wave, and is responsible for the differentiation of the multiple cell types of the INL
(horizontal, amacrine, and bipolar cells, and Müller glia) and the rod and cone
photoreceptors of the outer nuclear layer (ONL) (Shkumatava, Fischer et al. 2004). In
addition, extra-retinal Hh signaling originating in the retinal pigment epithelium (RPE)
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has been suggested to direct photoreceptor differentiation (Stenkamp and Frey 2003).
While the role of the Hh pathway in cell cycle exit and differentiation of retinal
progenitors is well described, comparatively less is known about its possible influence on
cell fate decisions. In Xenopus, over-expression of p27Xic1, which promotes cell cycle
exit, results in increased numbers of early-born cell types (RGCs), while the overexpression of cyclin E1, which inhibits cell cycle exit, biases cell fate towards late-born
cell types (e.g. Müller glia) (Ohnuma, Hopper et al. 2002). Similarly, Shh has been
shown to promote early cell cycle exit in the Xenopus retina (Locker, Agathocleous et al.
2006); however, a direct role of the Hh pathway in dictating retinal cell fate has yet to be
established in vivo.

While the cells of the central retina of the zebrafish exit the cell cycle by 60 hours
post fertilization (hpf) (Schmitt and Dowling 1999), a population of retinal progenitors at
the CMZ is maintained and continues to proliferate throughout the animal’s lifetime
(Wetts, Serbedzija et al. 1989; Raymond, Barthel et al. 2006). The spatial pattern of cells
within the CMZ, with retinal stem cells at the most peripheral region followed by
proliferative retinal progenitors and finally differentiating progenitors more centrally, is
thought to recapitulate the temporal sequence of early retinal development (Perron,
Kanekar et al. 1998). Some of the factors that control early retinal development, such as
notch, rx1, pax6a, and vsx2/chx10, are expressed in the zebrafish CMZ (Raymond,
Barthel et al. 2006). In Xenopus, expression of gli2, gli3, and smoothened, is found at the
retinal margin, suggesting a role for the Hh pathway in the stem cell/progenitor
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population in the CMZ (Perron, Boy et al. 2003). Shh over-expression studies in chick
support a role for the Hh pathway as a mitogen in the CMZ (Moshiri, McGuire et al.
2005), consistent with its described mitogenic effects on retinal progenitors in early
zebrafish and mouse retinal development (Jensen and Wallace 1997; Stenkamp, Frey et
al. 2002).

Invaluable knowledge regarding Hh function in the developing retina has been
gained from the analysis of Hh pathway mutants in zebrafish. For example, the zebrafish
mutants syu (shh) and smu (smoothened) have helped elucidate the complex mechanisms
of Hh-dependent neural differentiation and proliferation (Stenkamp, Frey et al. 2002;
Stenkamp and Frey 2003). However, retinal differentiation is severely defective or
altogether absent in these mutants due to defective Hh signaling, making it difficult to
arrive at definitive conclusions about the possible role of the Hh pathway in cell fate
decisions. To address this issue, we analyzed retinal development in the zebrafish ptc2-/mutant, in which the Hh pathway is ‘over-active’. ptc2-/- mutants possess a non-sense
mutation in the exon encoding the sixth trans-membrane domain of Patched2 (Koudijs,
den Broeder et al. 2005), which is predicted to abolish its function (Johnson, Milenkovic
et al. 2000; Koudijs, den Broeder et al. 2005). Loss of Patched function results in an
‘over-active’ Hh pathway due de-repression of Smoothened (Goodrich, Milenkovic et al.
1997). Normally, in the absence of Hh ligand, the Patched protein inhibits the activity of
Smoothened. Binding of the Hh ligand to its Patched receptor relieves this inhibition,
ultimately resulting in increased transcription of Hh target genes (Murone, Rosenthal et
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al. 1999; Taipale, Cooper et al. 2002). A non-functional Patched would therefore result
in loss of inhibition on, and constitutive activity of, Smoothened in ptc2 deficient cells.
ptc2-/- mutants possess increased proliferation in multiple tissues including the retinal
CMZ (Koudijs, den Broeder et al. 2005). Utilizing this mutant as a tool, we sought to
gain further insight into Hh function with respect to retinal cell fate decisions and to
determine how Hh activity influences progenitor proliferation at the CMZ. Our results
revealed no significant change in neuronal composition within the retina, but we did note
a reduction in differentiated Müller glia that was accompanied by localized Müller glial
reactivity and abnormalities at the vitreo-retinal interface. In addition, the results of cell
cycle analyses suggest that the over-proliferation at the CMZ likely results from an
expansion of the progenitor cell population, and not from direct effects of the mutation on
cell cycle kinetics within progenitor cells.

II.2

RESULTS

II.2.1 ptc2-/- mutants possess enlarged retinas and overgrown irises, while lens and
RPE morphology are largely normal

ptc2-/- mutants were isolated based on expanded PCNA staining in multiple tissues
including the retinal CMZ (Koudijs, den Broeder et al. 2005). While mutant embryos
appear to be of normal size at 5 days post fertilization (dpf) (Figure II-1A), their retinas
are enlarged (Figure II-1D,E) and they possess reduced pupil size ((Koudijs, den Broeder
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et al. 2005) and Figure II-1B,C). To characterize ocular tissues in ptc2-/- mutants, we
performed histological analyses at 33hpf, around the time of the onset of retinal
differentiation, and at 5dpf, when the laminar organization of the embryonic retina is
complete (Schmitt and Dowling 1999; Gross, Perkins et al. 2005). ptc2-/- retinas appear
largely normal at 33dpf and do not possess increases in retinal cell number relative to
phenotypically wild-type siblings (Figure II-2A,B,E). At 5dpf, however, ptc2-/- retinal
cells are more tightly packed and mutant retinas contain a larger number of cells as
compared to their phenotypically wild-type siblings (Figure II-2C,D,E). Normal retinal
lamination of differentiated neurons has been shown to be dependent on Shh signaling in
vitro (Wang, Dakubo et al. 2002). Lamination is largely normal in ptc2-/- mutants and all
major cell types are present (Figure II-2C,D). Loss-of-function experiments in both frog
and mouse have suggested a role for the Hh pathway in the development of the RPE
(Perron, Boy et al. 2003; Dakubo, Mazerolle et al. 2008). In ptc2-/- mutants the RPE is of
normal thickness and morphology. The Hh pathway has also been implicated in lens
development (Karlstrom, Talbot et al. 1999; Swindell, Zilinski et al. 2008), and the
reduced pupil size present in ptc2-/- mutants was previously attributed to potential
degeneration of the lens (Heisenberg, Brand et al. 1996). No gross morphological defects
are evident in the lenses of ptc2-/- mutants at either 33hpf or 5dpf, however. Additionally,
histological analyses revealed an abnormality in the anterior segment of ptc2-/- eyes where
the iris was over-grown and extended further over the lens than in sibling retinas (Figure
II-2D). The enlarged iris and the overgrowth of the CMZ are the likely causes of the
decreased pupil size, rather than defects in lens morphology.
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Figure II-1. ptc2-/- mutants possess enlarged retinas and reduced pupil size. Whole
embryo lateral view shows that ptc2-/- embryos are largely normal compared to their
siblings (A). High magnification images of sibling (B) and ptc2-/- (C) eyes reveal reduced
pupil size in ptc2-/- (arrows in B,C). Dorsal view images illustrate the overgrowth of
retinal tissue as the retina is thicker and appears to engulf the lens (arrows in D, E).
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II.2.2 Neuronal composition of the ptc2-/- retina is normal, while Müller glia are
under-represented
Hh signaling has been shown to be required for the differentiation of multiple cell
types in the vertebrate retina (Zhang and Yang 2001; Stenkamp and Frey 2003;
Shkumatava, Fischer et al. 2004) and is thought to promote cell fate decisions by
modulating the timing of cell cycle exit (Wallace 2008). Shh gain-of-function
experiments in Xenopus link a faster cell cycle with early cell cycle exit (Locker,
Agathocleous et al. 2006), which in turn results in an over-production of early-born
retinal cell types at the expense of late-born cell types (Ohnuma, Hopper et al. 2002). We
therefore reasoned that in ptc2-/- retinas, where the Hh pathway is over-active, early-born
cell types would be over-represented while late-born cell types would be reduced in
number. Cell counts from histological sections of ptc2-/- mutants revealed a statistically
significant increase in cell number in all three retinal nuclear layers (GCL, INL, and
ONL), as well as in total retinal cells, when compared to those from phenotypically wildtype siblings (Figure II-2E). However, no significant change in the proportion of each
layer was observed when the number of cells per layer was calculated as a percentage of
total retinal cells (Figure II-2F). This suggests that all three retinal cell layers are
proportionally increased in ptc2-/- retinas.
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Figure II-2. ptc2-/- mutant retinas possess proportional increases in cell numbers in
all three nuclear layers. Histology of sibling (A,C) and ptc2-/- mutant (B,D) retinas at
33hpf (A,B) and 5dpf (C,D). E) Quantification of total number of retinal cells at 33hpf
and 5dpf, and of cells in each nuclear layer at 5dpf (18.0%, 17.0%, and 17.8% increases
in GCL, INL, and ONL, respectively. ***p<0.0001). F) Graph of the proportion of each
nuclear layer as a percentage of total retinal cells at 5dpf. Scale Bars = 20um in A,B and
100um in C,D.
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Figure II-3. All neuronal cell types in the ptc2-/- INL are increased proportionately,
while Müller glia are reduced. Immunohistochemistry of sibling (A,C,E) and ptc2-/(B,D,F) retinas for Amacrine cells (A,B), Bipolar cells (C,D), and Müller glia (E,F). G)
Cell counts for each INL cell type. No significant change is cell number in all neuronal
cell types when calculated as a percentage of total INL cells. Müller glia, however, were
reduced in ptc2-/- retinas by 29% relative to sibling retinas (**p=0.0013).
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Figure II-4. Photoreceptors appear unaffected in ptc2-/- retinas.
Immunohistochemical analysis of rods (A,B), blue cones (C,D), red/green cones (E,F),
and UV cones (G,I) in sibling (A,C,E,G) and ptc2-/- retinas (B,D,F,I). All photoreceptor
types were present and appear normal.
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It is possible that in ptc2-/- mutants, an overactive Hh pathway could alter neuronal
composition within each layer. To test this hypothesis, immunohistochemistry using
markers for each specific cell type in the INL and ONL was performed on retinal sections
at 5dpf, when all cell types are normally differentiated and the embryonic retina is fully
developed. Since the GCL layer is almost exclusively composed of retinal ganglion cells
(RGCs), no further analysis was performed on this layer. In order to analyze cell types
within the INL, immunohistochemistry was performed using antibodies that mark
amacrine cells (5E11), bipolar cells (PKC) and Müller glia (Glutamine Synthetase, GS),
while horizontal cells were detected according to their stereotypical morphology in
histological sections. This analysis revealed that while the proportion of each neuronal
cell type in the INL was not significantly changed in ptc2-/- mutants, there was a
statistically significant decrease in the proportion of differentiated Müller glia (Figure II3). For the ONL, immunohistochemistry was performed to detect rods (Zpr3) and each
three cone opsins (blue, red/green, and UV) (Vihtelic, Doro et al. 1999) . Due to the
diffuse nature of the staining of some of the markers used, precise cell counts were not
performed on these cell types. However, immunohistochemisty did show that these cell
types are present in ptc2-/- and qualitatively appear unaffected (Figure II-4). In all, ptc2-/mutants possess more cells in their retinas and cell types, except for Müller glia, were
present at identical ratios to those observed in phenotypically wild-type siblings.

II.2.3 ptc2-/- mutants possess abnormalities at the vitreo-retinal boundary and
localized Müller glial reactivity
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Müller glial endfeet terminate at, and contribute to, the inner limiting membrane
(ILM), which separates the retina from the vitreous (Gabriel, Wilhelm et al. 1993).
Interestingly, our immunohistochemical analysis of differentiated Müller glia revealed
disruptions in the integrity of the ILM (Figure II-5A,B). Since humans who possess
mutations in the PTCH gene (orthologue of the zebrafish ptc2 (Lewis, Concordet et al.
1999)) have been previously shown to possess abnormalities in the vitreo-retinal interface
(Black, Mazerolle et al. 2003), we sought to further investigate this phenotype. High
magnification examination of GS-stained retinas revealed disruptions in the integrity of
the ILM in 40% of the ptc2-/- retinas examined. While Müller glial endfeet form a tight
and continuous boundary at the vitreo-retinal boundary in sibling retinas, the ILM in ptc2/-

retinas was often discontinuous and disorganized, and endfeet did not appear to

properly terminate in the ILM (Figure II-5A,B). In Ptch1+/- mice, ocular abnormalities
are accompanied by the upregulation of GFAP, a marker of reactive Müller glia, and
ectopic proliferation of Müller glia in the central retina (Black, Mazerolle et al. 2003).
Immunohistochemical analysis of GFAP revealed that its levels in Müller glia were
indeed higher in ptc2-/- mutant retinas as compared to their phenotypically wild-type
siblings (Figure II-5C,C’,D,D’). Higher levels of GFAP were often localized to Müller
glial endfeet in the central retina, adjacent to the optic nerve. However, BrdU
incorporation assays in ptc2-/- mutants at 5dpf did not reveal ectopic proliferation in the

34

Figure II-5. ptc2-/- mutants display Müller glial reactivity and morphological
abnormalities in the ILM. Immunohistochemical analysis using glutamine synthetase
(GS) antibody, which marks differentiated Müller glia and their endfeet at the ILM,
highlights disruptions in the ILM. (A) In sibling retinas, the ILM is tight and continuous
(inset). (B) In ptc2-/- retinas the ILM is discontinuous and Müller glial endfeet do not
terminate properly at the ILM (inset). Glial fibrillary acidic protein (GFAP) antibody
staining reveals elevated immuno-reactivity in the inner retina, adjacent to the optic nerve
of ptc2-/- (D and arrows in D’) mutant retinas as compared to siblings (C, C’).
Approximately 40% of analyzed mutants displayed significant ILM disruptions and
elevated GFAP levels.
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Figure II-6. ptc2-/- mutants do not possess ectopic cell death or proliferation in the
central retina and/or optic stalk.
(A,B) BrdU incorporation and (C,D) TUNEL assays in 5dpf (A,C) phenotypically wildtype siblings and (B,D) ptc2-/- mutants.
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central retina (Figure II-6), suggesting that the upregulation of GFAP is not coupled with
Müller glial proliferation in this context. In addition, the localized nature of Müller glial
reactivity in not due to abnormal cell death in the ptc2-/- retina and/or optic nerve since no
apoptotic nuclei were detected by TUNEL assays (Figure II-6).

II.2.4 ptc2 is expressed in the progenitor/stem cell populations of the CMZ

We next sought to better understand the nature of the over-proliferation at the
CMZ by defining the retinal cell populations that express the ptc2 transcript. At 56hpf,
prior to the time that the overgrowth phenotype becomes detectable, ptc2 expression was
visible at the retinal margin, corresponding to the undifferentiated population of retinal
progenitors of the CMZ (Figure II-7A). Expression continued to be restricted to the
CMZ at 72hpf (Figure II-7B), consistent with previously reported expression of Hh target
genes in the Xenopus CMZ (Perron, Boy et al. 2003). Closer inspection of ptc2
expression in the CMZ at 72hpf revealed that low-level ptc2 expression was detected
throughout most of the CMZ, consistent with previous reports (Stenkamp, Frey et al.
2000). Staining was more robust in two distinct CMZ cell populations; the first was
immediately apposed to the RPE and the second was a patch of cells at the edge of the
CMZ, bordering the differentiated GCL (arrows in Figure II-7E). Hh ligands have been
shown to be expressed in both the RPE (Perron, Boy et al. 2003) and the GCL (Neumann
and Nuesslein-Volhard 2000; Wang, Dakubo et al. 2002) during retinal development, and
Patched genes are expressed in a Hh-dependent manner (Lewis, Concordet et al. 1999).
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Figure II-7. ptc2 is expressed at the zebrafish CMZ. In-situ hybridization for the ptc2
transcript shows expression at the retinal margin at 56hpf (arrows in A). At 72hpf,
transcript is detected throughout the CMZ (B) and at the iridio-corneal angle (green
arrows), with high magnification of CMZ region (E) revealing more robust staining
adjacent to the RPE and in a region just apposed to the GCL (red arrows). Whole mount
images from a dorsal view of sense (C) and anti-sense (D) probes in-situ hybridization
show that staining is specific.
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Thus, these CMZ regions may reflect areas of active Hh signaling. Finally, the ptc2
transcript is expressed at the iridio-corneal angle, where the iris and cornea converge
(Soules and Link 2005) (arrows in Figure II-7B).
II.2.5 The number of proliferating progenitors, but not the rate of progenitor
proliferation, is increased in the ptc2-/- CMZ

Ptc1+/- mice possess increased numbers of progenitor cells at all stages of retinal
development, suggesting a role for the Hh pathway in controlling the size of retinal
progenitor populations in the ciliary margin, and these mice also possess a persistent
progenitor population in the retinal margin as adults (Moshiri and Reh 2004). Studies in
post-hatch chicks suggest that Shh regulates the proliferation of CMZ progenitors
(Moshiri, McGuire et al. 2005). In addition, Shh over-expression studies in Xenopus
have revealed a role for the Hh pathway in regulating the length of the cell cycle in the
progenitor populations of the CMZ (Locker, Agathocleous et al. 2006). Given the
differing roles for Hh pathway activity in these contexts, we wanted to determine whether
the over-proliferation in ptc2-/- retinas was due to an increase in the number of
proliferating cells and/or an increase in the proliferation rate of the progenitor cell
population in the CMZ. To address these possibilities, we first performed a ‘pulse-chase’
BrdU analysis on ptc2-/- and sibling embryos starting at 64hpf, when a mild retinal
phenotype is first detectable. Embryos were sorted according to phenotype and exposed
to a short pulse (15min) of BrdU. Half of the embryos were immediately fixed for
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Figure II-8. The number of proliferating CMZ progenitors is increased in ptc2-/-,
while proliferation rate is unaffected. (A,B) BrdU ‘pulse’ in sibling (A) and ptc2-/mutants (B). BrdU+ cells are observed throughout the CMZ. (C,D) After an 8 hour
‘chase’, BrdU+ cells are observed at the CMZ, as well as within the retina of sibling (C)
and ptc2-/- mutants (D). E,F) PH3 labeling in sibling (E) and ptc2-/- (F) at 64hpf. G)
Quantification of BrdU+ cells in sibling and ptc2-/- after ‘pulse-chase’ experiment. ptc2-/retinas contained 67% more BrdU+ cells than sibling retinas at 64hpf. After an 8 hour
‘chase’, the number of BrdU+ cells increased by almost identical ratios in siblings (2.31fold increase) and ptc2-/- mutants (2.29-fold increase, ***p<0.0001). H) Quantification of
BrdU- and PH3-positive cells as a percentage of total retinal cells in ptc2-/- and wild-type
siblings at 64hpf. The proportion of both BrdU+ and PH3+ cells increased by similar
ratios (1.34-fold increase, **p<0.001 and 1.36-fold increase, *p<0.01, respectively).
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sectioning, while the other half were transferred to non-BrdU containing fish water and
fixed 8 hours later (72hpf). This enabled us to determine the rate of progenitor
proliferation in both ptc2-/- and sibling retinas during the 8 hour chase period. The results
of these assays revealed that, on average, ptc2-/- retinal sections contained 67% more
BrdU-positive cells in the CMZs when compared to phenotypically wild-type sibling
retinas at 64hpf (Figure II-8A,B, E). At 72hpf, after the 8 hour ‘chase’, the average
number of BrdU-positive cells in ptc2-/- and phenotypically wild-type sibling retinal
sections increased by almost identical ratios (2.29-fold changes in ptc2-/- vs. 2.31 fold
change in sibling sections, Figure II-8C,D, E). From these data, we can therefore infer
that, on average, each proliferating cell gave rise to 2.3 daughter cells during the 8 hour
‘chase’ period. To further analyze proliferation, we assayed the expression of
phosphohistone H3 (PH3) and these analyses revealed that the proportion of CMZ
progenitors occupying the M phase of the cell cycle increased by approximately 34% in
ptc2-/- retinas at 64hpf, when compared to their phenotypically wild-type siblings (Figure
II-8E,F,H). The degree of this increase was almost identical to that observed in
progenitor cells occupying the S phase using BrdU as a marker (Figure II-8A,B,H),
suggesting that the length of the S and M phases was not changed relative to the other.
these results support a model in which the expanded CMZ of ptc2-/- mutants arises from
an expansion of the progenitor cell population therein, and not from changes in the length
of the cell cycle in these progenitor cells.
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II.3

DISCUSSION

II.3.1 Retinal patterning is normal in ptc2-/- mutants

Characterization of ptc2-/- retinas with respect to cell type composition revealed
that over-activity of the Hh pathway did not affect retinal patterning. Cell count analysis
of all major retinal neuronal cell types revealed no change in the proportion of each cell
type. This finding was surprising in light of the well established role of the Hh pathway
in patterning and cell fate decisions throughout the CNS in a number of model systems
(Ekker, Ungar et al. 1995; Ericson, Rashbass et al. 1997; Goodrich, Milenkovic et al.
1997), as well as studies in Xenopus which show that the over-expression of Shh results
in early cell cycle exit (Locker, Agathocleous et al. 2006), and that can, in turn, influence
cell fate decisions (Ohnuma, Hopper et al. 2002). While mouse Ptch1+/- (the orthologue
of the zebrafish ptc2 (Lewis, Concordet et al. 1999)) mutants were found to possess no
defects in retinal cell fate specification, Ptch1-/- mice could not be examined since they
die in utero (Moshiri and Reh 2004). Our results indicate that Ptc2-dependent Hh
signaling does not likely play an integral role in neuronal cell fate decisions in the
zebrafish retina. These findings raise the possibility that the second zebrafish Patched
protein (Patched1) might compensate for the lack of a functional Patched2. While
patched1 (blowout) mutant retinas contain all major retinal cell types, the lack of a retinal
phenotype might be due to the holomorphic nature of the mutation (Koudijs, den Broeder
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et al. 2008; Lee, Willer et al. 2008). However, this seems unlikely since patched1
transcripts are not expressed at detectable levels in retinal tissue throughout development
(data not shown and (Stenkamp, Frey et al. 2000)). The reduced number of differentiated
Müller glia, a late born cell type (Schmitt and Dowling 1999), could feasibly be due to a
bias towards early born cell types in ptc2-/- mutants; however, this potential bias does not
affect neuronal composition of the retina at 5dpf. It is possible that a transient bias
towards early neuronal cell types could occur early in retinal development, but any
differences could masked by neurons added from the CMZ later in development.
Conversely, any bias could also be present in neuronal populations that arise at the CMZ,
resulting in an unnoticeable change in neuronal composition of the 5dpf ptc2-/- retina.
With this in mind, it will be interesting to examine the proportion of retinal cell types in
juvenile ptc2-/- mutants, as some homozygous fish reach two months of age (Koudijs, den
Broeder et al. 2005). Finally, the Hh pathway could play a role in neuronal cell fate
decisions in the retina through Hh ligand interactions with other Hh receptors. The Ihog
Hh receptors have recently been suggested to compete with Patched for Hh binding
(McLellan, Zheng et al. 2008) and act at levels at, or upstream of, Patched (McLellan,
Yao et al. 2006). Indeed, the vertebrate Ihog homologue Cdo is expressed in the
developing mouse retina (Mulieri, Okada et al. 2000). In the future, it would be
interesting to test whether certain aspects of retinal development, such as cell fate
decisions, might be Ihog-dependent.
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II.3.2 ptc2-/- mutants as a possible model for the study of BCNS-related ocular
pathologies

In BCNS patients, abnormalities at the interface between the retina and the
vitreous, known as epiretinal membranes (ERMs), are associated with disruptions of the
ILM and are thought to result from the overproliferation and ectopic presence of multiple
cell types, including glia (Harada, Mitamura et al. 2006). BCNS ocular pathologies have
been linked to mutations in the human PTCH gene (Hahn, Wicking et al. 1996; Johnson,
Rothman et al. 1996; Black, Mazerolle et al. 2003), and have been shown to be associated
with reactive Müller glia (Black, Mazerolle et al. 2003). Müller glial reactivity is often
marked by upregulation of GFAP, and ptc2-/- mutants possessed regions of elevated
GFAP levels. Elevated GFAP levels were consistently localized in the inner retina,
where Müller glial endfeet terminate and contribute to the ILM. Staining with GS, which
labels the Müller glial endfeet, revealed disruptions in ILM integrity in ~40% of mutant
retinas assayed. In these cases, Müller glial endfeet did not terminate properly in the
ILM, and the ILM was discontinuous. In some human patients, ERMs are found adjacent
to retinal arteries (Black, Mazerolle et al. 2003); interestingly, we consistently detected
the presence of reactive glial endfeet in localized retinal regions adjacent to the optic
nerve and embryonic retinal vasculature. Importantly, no increases in cell death were
detected in the retina or optic nerve of ptc2-/- mutants, or in Müller glia themselves
(Figure II-6), ruling out reactivity due to apoptosis. Finally, in other contexts, Müller glia
reactivity is often coupled with ectopic proliferation of these cells during ‘reactive
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gliosis’ (Dyer and Cepko 2000). BrdU analysis did not detect ectopic proliferation in the
central retinas of ptc2-/- mutants (Figure II-6 and Figure II-8), indicating that while a
subset of these cells was reactive, they did not undergo a proliferative response. While
reactive Müller glia have been shown to be associated with ERMs, it is unclear whether
reactive Müller glia are the cause of these pathologies or, conversely, whether Müller glia
become reactive in response to ERM formation. Further studies will be required to
answer this question and to shed light on the cellular and molecular causes of ERM
formation.

II.3.3 The retinal progenitor population of the CMZ is expanded in ptc2-/- mutants

Exact roles for Hh pathway activity in proliferating retinal progenitor cells remain
unclear. Over-expression studies in Xenopus suggest a direct role for the Hh pathway in
regulating proliferation by influencing the length of the cell cycle in CMZ progenitors
(Locker, Agathocleous et al. 2006). In Ptch1+/- mice, more retinal progenitors are
allocated to the CMZ throughout development and into adulthood (Moshiri and Reh
2004). BrdU pulse-chase analysis of the progenitor population at the ptc2-/- CMZ
suggests that Patched-dependent Hh signaling controls the number of retinal progenitors
in the zebrafish CMZ, and does not directly affect the length of the cell cycle in these
cells. Importantly, cell counts at an earlier time-point, before the formation of the CMZ,
revealed no increase in cell number in ptc2-/- retinas as compared to their wild-type
siblings (Figure II-2E), suggesting that the increase in proliferating progenitors at the
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CMZ is not simply due to an earlier proliferative event. Shh has been shown to control
stem cell maintenance in multiple organs, including the adult brain (reviewed in
(Fuccillo, Joyner et al. 2006)). Indeed, the Hh pathway genes smo, gli2, and gli3 are
expressed in the putative stem cell region of the Xenopus CMZ (Perron, Boy et al. 2003).
In light of our findings, it is possible that the increase in retinal progenitors in the ptc2-/CMZ is an indirect result of misregulation of the stem cell population rather than a direct
effect on progenitor proliferation
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CHAPTER III
Ectopic proliferation contributes to retinal dysplasia in the juvenile
zebrafish ptc2 mutant eye
III.1

INTRODUCTION
The Hedgehog (Hh) pathway is well known to control proliferation,

differentiation, and patterning throughout the developing vertebrate central nervous
system (Ekker, Ungar et al. 1995; Ericson, Muhr et al. 1995; Dahmane and Ruiz i Altaba
1999; Jiang and Hui 2008). In the vertebrate retina, Hh activity plays an integral role in
the coordination of tissue growth and patterning through its influence on cell cycle
progression of proliferating neuroblasts, which influences the timing of their cell cycle
exit and differentiation (Ohnuma, Hopper et al. 2002; Locker, Agathocleous et al. 2006).
Indeed, the mitogenic effects of the Hh pathway on retinal progenitors during
development have been demonstrated in multiple model organisms (Wallace 2008). In
zebrafish and Xenopus embryos, Hh pathway activation positively regulates cell cycle
progression by influencing the lengths of the G1 and G2 phases of the cell cycle (Locker,
Agathocleous et al. 2006). Consistent with these findings, Shh is required for the
maintenance of retinal progenitor proliferation in mice(Wang, Dakubo et al. 2005;
Sakagami, Gan et al. 2009).

The Hh receptor Patched is a tumor suppressor and negative regulator of the Hh
pathway (Marigo, Davey et al. 1996; Stone, Hynes et al. 1996). Mutations in the human
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PTCH gene have been linked to BCNS (OMIM 109400), a disorder characterized by
dental, skeletal, and radiographic defects, as well as a predisposition to early- and lateonset tumorigenesis (reviewed in (High and Zedan 2005)). Early lethality of Ptch1-/mice (Goodrich, Milenkovic et al. 1997), an established model for BCNS (Goodrich,
Milenkovic et al. 1997; Black, Mazerolle et al. 2003), has limited the investigation of the
effects of loss of Patched function to largely developmental contexts. Interestingly, postnatal Ptch1+/- mice possess retinal dysplasias and epiretinal membranes, structural
abnormalities arising at the vitreo-retinal interface. Dysplasic regions of the retina in
Ptch1+/- mice are characterized by foci of disrupted lamination and the presence of
photoreceptor ‘rosettes’ in the INL (Black, Mazerolle et al. 2003). Ectopic proliferation
of retinal cells is thought to account for retinal dysplasias in Ptch1+/- mice; however, this
relationship has not yet been experimentally demonstrated.

In addition to retinal dysplasia and vitreo-retinal abnormalities, post-natal Ptch1+/mice also possess increased proliferation in the retinal margin (Moshiri and Reh 2004).
In lower vertebrates, such as fish, frogs and chicks, a population of proliferative cells at
the retinal margin called the CMZ continues to contribute to the growth of the retina
throughout the life of the animal (Negishi, Teranishi et al. 1982; Wetts, Serbedzija et al.
1989). The spatial pattern of cells within the CMZ- retinal stem cells proximally,
followed by proliferative retinal progenitors centrally and differentiating progenitors
more distally, is thought to recapitulate the temporal sequence of early retinal
development (Wetts, Serbedzija et al. 1989; Perron, Kanekar et al. 1998). Loss of a
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single allele of the mouse Ptch1 gene curiously results in the persistence of a population
of retinal progenitors very reminiscent of the CMZ, a structure normally absent in
mammals (Moshiri and Reh 2004).

The zebrafish ptc2tj222 (the orthologue of the mammalian Ptch1 (Lewis, Concordet
et al. 1999)) mutant was isolated in a genetic screen designed to identify genes involved
in the regulation of proliferation during embryonic development (Koudijs, den Broeder et
al. 2005). ptc2tj222 mutants possess a nonsense mutation in the exon encoding the sixth
trans-membrane domain of Patched2, which is predicted to abolish its function (Johnson,
Milenkovic et al. 2000; Koudijs, den Broeder et al. 2005). Loss of Patched function
results in an overactive Hh pathway due to derepression of Smoothened, a
transmembrane protein responsible for transducing Hh signaling (van den Heuvel and
Ingham 1996; Murone, Rosenthal et al. 1999).

Our previous characterization of embryonic retinal development in ptc2 mutants
revealed vitreo-retinal abnormalities, similar to those observed in Ptch1+/- mice, and in
human BCNS patients. Our findings suggested that the vitreo-retinal abnormalities were
developmental in origin (Bibliowicz and Gross 2009). Other aspects of retinal
development such as retinal lamination were normal up to late embryonic stages (5 days
post-fertilization, 5dpf); however, an increase in the number of proliferative progenitors
at the CMZ was observed, suggesting a role during embryonic eye development for
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Patched2 in negatively regulating the size of this retinal progenitor/stem cell population
(Bibliowicz and Gross 2009).
A small percentage of zebrafish ptc2-/- mutants survive to juvenile stages
(Koudijs, den Broeder et al. 2005). Given that retinal dysplasias do not appear in Ptch1+/mice until post-natal stages and the cellular underpinnings of this phenotype is not
known, we utilized juvenile ptc2-/- mutants to gain further insight into the consequences
of loss of Patched function on the growth and patterning of the post-embryonic retina.
Our analyses identified peripheral retinal dysplasias in juvenile ptc2-/- mutants that
included disrupted lamination, the presence of ectopic clusters of cells in the INL, and
morphological abnormalities at the retinal margin. Analysis of cell proliferation in the
ptc2-/- juvenile retina revealed overproliferation in all retinal regions where proliferative
progenitors normally reside, i.e. the CMZ, INL, and outer nuclear layer (ONL).
Continually proliferative progenitors were detected in ptc2-/- mutants adjacent to the
CMZ, and proliferative cells were associated locally with dysplasic retinal regions that
contained ectopic neurons.

Importantly, BrdU pulse-chase assays, combined with

immunohistochemistry for retinal neuronal markers, demonstrated that ectopic retinal
neurons within these dysplasic regions originated from an ectopic proliferative event.
Taken together, our findings support a role for Patched2 in negatively regulating
proliferation in the post-embryonic retina and demonstrate that ectopic proliferation in
the ptc2-/- juvenile retina directly contributes to retinal dysplasias in these mutants.
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III.2

RESULTS

III.2.1 Juvenile ptc2-/- mutants possess peripheral retinal dysplasias and
abnormalities at the CMZ and ciliary zone

To begin to investigate the effect of the ptc2 mutation on the post-embryonic
zebrafish retina, histological analyses were performed on ptc2-/- mutants and their
heterozygous and wild-type siblings. While most ptc2-/- fish do not reach adulthood, ~2%
survive to 6 weeks of age (“juveniles”). Juvenile ptc2-/- mutants were smaller than their
wild-type siblings and had mild pigmentation defects, overall eye structure appeared
normal (Figure III-1A). Juvenile ptc2+/- fish were indistinguishable from their wild-type
siblings (data not shown) and when examined histologically, retinal morphology and
lamination also appeared to be normal (n=6, Figure III-1C), when compared to wild-type
siblings (Figure III-1B). In ptc2-/- mutants, however, regions of disrupted retinal
lamination were detected in the dorsal peripheral retina, as well as morphological
abnormalities in the CMZ and ciliary zone (Figure III-1D). Of the ten ptc2-/- juveniles
that were analyzed by histology, four contained ectopic clusters of cells that appeared to
be continuous with the CMZ (n=4/10, Figure III-1E,F). These ectopic cells were
incorrectly incorporated into the retina and disrupted normal retinal lamination. Three
other ptc2-/- juveniles contained clusters of ectopic cells within the INL; however,
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Figure III-1. Juvenile ptc2-/- mutants possess peripheral retinal dysplasias and
abnormalities at the ciliary zone. A small percentage of ptc2-/- mutants (~2%) reach 6
weeks of age. ptc2-/- mutants are smaller than their wild-type siblings and have disrupted
pigmentation pattern (A). Histological analysis of wild-type (B,E,G,I), ptc2+/- (C), and
ptc2-/- (D,F,H,J) 6 week retinas. Retinal organization appears normal in ptc2+/- mutants
(C). In ptc2-/- mutants, retinal disorganization was found in the dorsal peripheral retina,
while the rest of the retina was laminated normally (D). Within the dorsal peripheral
retina of ptc2-/- mutants, ectopic neurons that appeared to be continuous with the CMZ
and disrupted lamination were detected (arrow in F, n=4/10). Ectopic neuronal clusters
in the INL were also observed (H, n=3/10). Neuronal clusters contained photoreceptor
outer segments (red arrow in H) and were associated with an ectopic plexiform layer
(white arrow in H). Morphological abnormalities and ectopic cells (arrow in J) were
observed in the ciliary zone (n=3/10). Scale bars 100um (B-D) and 25um (E-J).
52

Figure III-2. Ectopic neuronal clusters in juvenile ptc2-/- retinas contain rod and cone
photoreceptors. Both ZPR3-expressing rods (arrow in B) and ZPR1-expressing
red/green double cones (arrow in D) are detected in the ectopic neuronal clusters in ptc2-/retinas, while in wild-type retinas (A,C), photoreceptors are restricted to the ONL. Scale
bar 100um.
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Figure III-3. Ectopic cells at the ptc2-/- juvenile ciliary zone label with markers of
differentiated retinal neurons. Immunohistochemical analysis of ptc2-/- juvenile retinas
revealed cells at the ciliary zone that are positive for the neuronal markers Islet1 (B),
ZPR3 (rods, D) and ZPR1 (red/green double cones, F),. In wild-type sibling retinas,
staining was restricted to the retina (A,C,E). Scale bar: 100um.
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lamination in the remainder of the retina in these individuals appeared to be normal
(n=3/10, Figure III-1G,H). Examination of sequential histological sections through the
depth of the retina indicated that these clusters did not appear to be continuous with the
CMZ (data not shown). These ectopic clusters contained photoreceptors, indicated by the
presence of photoreceptor outer segments, and they were associated with an ectopic
plexiform layer (arrows in Figure III-1H). Immunohistochemical analyses confirmed the
presence of both cone and rod photoreceptors within these dysplasic foci (Figure III-2).
Additionally, five of the ten ptc2-/- juveniles examined possessed abnormalities in the
‘ciliary zone’, a region located at the base of the iris which contains a non-pigmented
epithelium continuous with the CMZ (n=5/10) (Soules and Link 2005). These
abnormalities varied in severity between affected individuals and were characterized by
the presence of ectopic cells surrounded by pigmented tissue (Figure III-1I,J).
Immunohistochemical analyses revealed that this abnormal ciliary zone contained
differentiated neurons characteristic of the neural retina (Figure III-3).

III.2.2 The juvenile ptc2 retina is overproliferative

The Hh pathway promotes retinal progenitor proliferation in multiple model
organisms (Jensen and Wallace 1997; Moshiri and Reh 2004; Moshiri, McGuire et al.
2005), and in Ptch1+/- mice, ectopic proliferation has been observed both within the
mature retina, where proliferation is normally minimal at post-embryonic stages, and in
the retinal periphery (Black, Mazerolle et al. 2003; Moshiri and Reh 2004). Indeed,
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Figure III-4. The ptc2-/- retina is overproliferative. BrdU incorporation (2 hours) at 6
weeks revealed an increase in the number of proliferative cells in the ptc2-/- retina (C)
when compared to wild-type (A) (n=4). The total number of BrdU+ cells in the CMZ
was increased by 54% in ptc2-/- mutants when compared to wild-type siblings
(**p<0.001, n=4)(D). The percentage of BrdU+ cells in the INL (2.30-fold, *p<0.01,
n=4) and ONL (2.62-fold, **p<0.001, n=4) were significantly increased in ptc2-/- mutants
when compared to wild-type siblings (E). A statistically significant increase in the
percentage of BrdU+ cells was also observed in the ONL of ptc2+/- mutants (B,E)(1.54fold, *p<0.01, n=4) when compared to wild-type (A,E). Scale bar 100um.
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Figure III-5. Ectopic proliferation at the ptc2-/- juvenile retinal periphery. BrdU
incorporation (2 hours) at 6 weeks revealed proliferative cells within the peripheral ptc2-/retina, adjacent to the CMZ (B, arrows in high magnification of boxed area in B’). In
wild-type retinas, proliferative cells at the retinal periphery are confined to the CMZ and
newly generated rods (A, high magnification in A’). Scale bars 100um (A,B) and 40um
(A’,B’).
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ectopic proliferation is thought to underlie the formation of retinal dysplasia in Ptch1+/mice (Black, Mazerolle et al. 2003); however, a direct relationship between proliferation
and retinal dysplasia has not been experimentally established. To begin to address this
question, it was first necessary to determine if proliferation was indeed perturbed in
juvenile zebrafish ptc2-/- mutants.

To quantify proliferation, a BrdU incorporation assay was performed on ptc2-/-,
ptc2+/- and wild-type siblings. 6-week old fish were exposed to BrdU for 2 hours,
sacrificed and the percentage of BrdU+ cells out of total cells was determined for the INL
and outer nuclear layer (ONL), while the total number of BrdU+ cells was determined for
the CMZ. Statistically significant increases in the percent of BrdU+ cells were observed
in ptc2-/- mutants in the INL (n=4, 2.30-fold increase, p<0.01) and ONL (n=4, 2.62-fold
increase, p<0.001) (Figure III-4A,C,E), when compared to wild-type fish. In addition,
the total number of BrdU+ cells in the CMZ was increased by 54% in ptc2-/- mutants
when compared to wild-type siblings (n=4, Figure III-4A,C,D). Interestingly,
overproliferation within the INL was mostly confined to the retinal periphery (Figure III5), where proliferation is normally restricted to a small population of Müller glia. In the
INL, Müller glia proliferation is thought to give rise to rod progenitor cells that then
migrate to the ONL and differentiate into rod photoreceptors (Otteson, D'Costa et al.
2001; Bernardos, Barthel et al. 2007). Overproliferation in the INL could therefore be
due to Müller glia overproliferation, while the increase in BrdU+ cells in the ONL
suggests an overproduction of rod progenitors. Finally, while no differences in the INL
58

or CMZ were observed in ptc2+/- fish, a 1.58-fold increase in the percentage of BrdU+
cells in the ONL was observed when compared to siblings (n=4, p<0.01, Figure III4B,D,E).

III.2.3 ptc2 is expressed in the progenitor/stem cell populations of the juvenile retina

Given the overproliferation phenotypes in ptc2-/- mutants, we next wanted to
define the cell types in which ptc2 was expressed in the juvenile eye. In situ
hybridization for ptc2 transcripts was performed on retinal cryosections from 6-week old
wild-type embryos. ptc2 expression was observed in a discrete population of cells
located within the INL (Figure III-6B,D). In mouse, Ptch1 (the orthologue of the
zebrafish ptc2 (Lewis, Concordet et al. 1999)) is expressed in Müller glia (Wang, Dakubo
et al. 2002), and the location of ptc2-expressing cells in the zebrafish INL suggested that
they might be Müller glia. To determine if zebrafish Müller glia express ptc2, a
gfap::GFP transgenic line was utilized that expresses GFP in Müller glia (Bernardos and
Raymond 2006; Qin, Barthel et al. 2009). GFP+ and GFP- cells were isolated from
dissociated retinas by FACS, and quantification of ptc2 levels by qRT-PCR in GFP+ and
GFP- cell populations revealed a 3.72-fold enrichment in GFP+ cells (n=3, p<0.01,
Figure III-6E).

We previously reported ptc2 expression in the most peripheral region of the CMZ
in embryonic zebrafish (Bibliowicz and Gross 2009), and in Ptch1lacZ+/- mice, lacZ
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Figure III-6. ptc2 is expressed in progenitor/stem cell populations of the juvenile
zebrafish retina. In situ hybridization for the ptc2 transcript in 6 week old juvenile
wild-type retinas. Staining was absent throughout the retina when hybridization was
performed using a ptc2 sense control probe (A). ptc2 expression was detected in the
retinal margin (B, high magnification of white box in C), where CMZ progenitors reside,
and in a population of cells in the INL (B, and high magnification of the black box in D).
qRT-PCR analysis of ptc2 expression from FACS sorted GFP+ Müller glia cells isolated
from a gfap:GFP transgenic line revealed enrichment of the ptc2 transcript in GFP+
Müller glia when compared to GFP-, non-Müller glial cells (E, *p<0.01, n=3). Scale
bars: 100um (A,B), 25um (C) and 50um (D).
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staining is detected in a small population of cells at the retinal margin (Moshiri and Reh
2004). In juvenile zebrafish, ptc2 was also detected at low levels in a few cells at the
CMZ (Figure III-6B,C). Thus, ptc2 is expressed in the two progenitor/stem cell
populations of the post-embryonic zebrafish retina, the CMZ and Müller glia, suggesting
that it could have a role within these cell populations to regulate proliferation.

III.2.4 Peripheral dysplasias in the ptc2-/- juvenile retina contain continually
proliferative cells that do not express Müller glia markers

BrdU incorporation assays revealed proliferative cells in the peripheral retina,
adjacent to the CMZ (Figures III-4, III-5), and therefore, overproliferation at the ptc2-/retinal periphery might be due to CMZ-derived proliferative progenitors that abnormally
remain in the cell cycle. Alternatively, Müller glia, which function as endogenous
progenitors in the post-embryonic retina (Bernardos, Barthel et al. 2007), could be
overproliferative. Indeed, in zebrafish, immature Müller glia express higher levels of
stem cell markers and are more proliferative than their mature, centrally located,
counterparts (Julian, Ennis et al. 1998; Raymond, Barthel et al. 2006). Moreover, Shh
promotes the proliferation of rat Müller glia in vitro (Wan, Zheng et al. 2007), suggesting
that Müller glia proliferation might be sensitive to Hh pathway activity.

To address these possibilities, a ptc2;gfap::GFP line was generated and a
BrdU/EdU ‘pulse-chase-pulse’ experiment was performed in this line (Figure III-7A).
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Figure III-7. Continually proliferative cells in regions of retinal dysplasia in ptc2-/mutants. A BrdU/EdU ‘pulse-chase-pulse’ experiment was performed on wild-type
gfap:GFP (B) and ptc2-/-;gfap:GFP mutant retinas (C,D,D1-3). Fish were exposed to
BrdU for 8 hours at 40 days post fertilization (dpf), returned to their tanks for two days,
injected with EdU at 42dpf (6 weeks), and fixed for BrdU and EdU
immunohistochemistry and detection (A). In wild-type retinas, cells that were
proliferative at time of fixation (EdU+) were mostly confined to the CMZ, while cells
that were proliferative two days before fixation (BrdU+) have incorporated into the
retina. In addition, a few GFP+ Müller glia were also either BrdU+ or EdU+ (B). In
ptc2-/-;gfap:GFP retinas, in addition to BrdU+/GFP+ or EdU+/GFP+ Müller glia,
BrdU+/EdU+ double-labeled cells were detected in the peripheral retina, and these did
not express GFP (C, white arrows in high magnification of boxed region in D and in D1D3, n=3/3). Scale bars 100um (B,C) and 20um (D,D1-D3).
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Briefly, 6-week old fish were ‘pulsed’ with BrdU for eight hours, returned to their tanks
for two days (chase) and then injected with EdU (pulse). After a four-hour recovery, the
fish were euthanized, fixed and processed for immunohistochemistry. In this assay,
continually proliferative cells would be BrdU+/EdU+, while those that ceased
proliferation after the first exposure would only be BrdU+. The presence of GFP would
suggest a Müller glial identity, while an absence will suggest a non-Müller glial origin.
In the wild-type retina, BrdU+ cells were properly incorporated into the differentiated
retina and a few BrdU+/GFP+ or EdU+/GFP+ cells were observed, indicating
proliferative Müller glia (Figure III-7B, and data not shown). EdU+ cells were largely
restricted to the CMZ and no BrdU/EdU+ cells were detected outside of the CMZ. Of the
ten ptc2-/-;gfap::GFP fish analyzed, three possessed retinal dysplasia. In all three of these
fish, beyond the normal populations of BrdU+ or EdU+ cells, several BrdU+/EdU+ cells
were detected in the retinal periphery, physically separated from the EdU+ cells of the
CMZ (n=3/3, Figure III-7C,D,D1-D3). Importantly, these BrdU+/EdU+ cells did not colocalize with GFP, indicating that they were not likely to be Müller glia (Figure III7D,D1-D3).

III.2.5 Ectopic neuronal clusters in regions of retinal dysplasia are associated with
ectopic proliferation

We next wanted to investigate the relationship between proliferation and the formation of
ectopic photoreceptor-containing neuronal clusters observed in the ptc2-/63

Figure III-8. Ectopic neuronal clusters in regions of retinal dysplasia are locally
associated with ectopic proliferation. Immunohistochemical analysis of wild-type
retinas after a two-hour exposure to BrdU revealed few proliferative cells in the INL
(A,C), while in dysplasic regions of the ptc2-/- retina, BrdU+ cells were locally associated
with ectopic ZPR1-expressing red/green double cones in the INL (B, high magnification
of white box in B’). Analysis of adjacent sections from the same individuals showed that
these proliferative cells were not Müller glia, as they did not label with GFP in the
gfap:GFP transgenic background (D, high magnification of white box in D’). Scale bar:
100um.
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retina. Examination of multiple neuronal clusters in the INL revealed ectopic
proliferation that was locally associated with these cells (n=4/5) (Figure III-8A,B,B’). In
the Ptch1+/ -mouse retina, rosettes are associated with Müller glial reactivity that is
thought to occur in response to the presence of the rosettes (Soules and Link 2005).
Reactivity is often characterized by the up-regulation of GFAP, and sometimes by
increased proliferation (Sahel, Albert et al. 1990). In order to determine whether
proliferation around the neuronal clusters in ptc2-/- juveniles resulted from Müller glial
reactivity, we examined the spatial relationship between proliferative cells, Müller glia
and regions of retinal dysplasia within the INL of ptc2-/-;gfap::GFP juveniles (Figure III8C,D,D’). While some BrdU+ cells were located adjacent to GFP+ Müller glia, colocalization of BrdU and GFP was not observed in any of these clusters, suggesting that
proliferating cells associated with the ectopic neuronal clusters were not Müller glia
(n=0/5) (Figure III-8D,D’). This finding was also corroborated by the lack of
colocalization for GFAP and BrdU using an anti-GFAP antibody in
immunohistochemical assays (data not shown).

III.2.6 Ectopically proliferating cells generate new neurons in the dysplasic regions
of the ptc2-/- retina

Results thus far indicate that ectopic proliferation is locally associated, and
correlates, with dysplasic regions of the ptc2-/- retina. However, whether these ectopically
proliferative cells actually generate the ectopic neurons and thereby contribute to the
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Figure III-9. New neurons are generated by ectopic proliferation in the dysplasic
ptc2-/- juvenile retina. A combined BrdU pulse-chase and immunohistochemical assay
to determine if ectopically proliferative cells generate new neurons in dysplasic regions
of the ptc2-/- retina (A). Fish were exposed to BrdU for eight hours at 37dpf, returned to
their tanks for five days, and fixed for immunohistochemistry at 42dpf (6 weeks). In
wild-type siblings (B), BrdU+ cells were detected in a narrow band within the
differentiated retina, corresponding to CMZ-derived cells that were proliferative five
days before fixation, as well as in scattered rod progenitors located in the ONL.
Red/green double cones, marked by ZPR1, are restricted to the ONL. In two different
ptc2-/- retinas, BrdU+ cells colocalize with ZPR1 (C,F, high magnification of boxed areas
in D,G). In adjacent sections from the same individuals, BrdU+ cells are also positive for
Islet1, a marker of retinal ganglion cells, and subsets of differentiated amacrine, bipolar
and horizontal cells (E,H). Insets in D,E,G and H are higher magnification of the
respective boxed regions showing co-localization of BrdU and the neuronal marker. Scale
bars 100um (B,C,F) and 20um (C,E,G,H).
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formation of retinal dysplasias in ptc2-/- mutants is still not known. To directly analyze
this possibility, we performed a BrdU pulse-chase assay combined with
immunohistochemistry for the detection of differentiated retinal neurons, to determine if
proliferative cells differentiated into new neurons in ptc2-/- retinas. Experimentally, ptc2-/juveniles, and their wild-type siblings, were exposed to BrdU for 8 hours at the age of 37
days, returned to their tanks for five addition days, and fixed for immunohistochemical
analysis at 42 days of age (Figure III-9A). In wild-type siblings, a population of BrdU+
cells was evident as a tight band of cells within the differentiated retina. These BrdU+
cells corresponded to CMZ-derived progenitors that were proliferative at day 37, but by
42dpf had differentiated and become incorporated into the retina (Figure III-9B).
Analysis of ptc2-/- juveniles in this assay revealed dysplasias in six of the twenty-two
individuals analyzed. In five of the six ptc2-/-- mutants with dysplasias, zpr1-positive
red/green double cone photoreceptor outer segments were directly associated with BrdUpositive nuclei (n=5/6, Figure III-9C,D,F,G). Unlike rod photoreceptors that are
produced from rod progenitors within the differentiated retina, cone photoreceptors are
only produced in the CMZ. Thus, our findings indicate that ectopically proliferative cells
can generate cone photoreceptors in juvenile ptc2-/- mutants.

To further determine if neurons within dysplasic regions arise from ectopically
proliferating cells, adjacent sections to those used for zpr1 immunohistochemistry were
stained for Islet1, a marker of retinal ganglion cells, and subsets of differentiated
amacrine, bipolar and horizontal cells (Link, Fadool et al. 2000; Shkumatava, Fischer et
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al. 2004). Indeed, in these sections, Islet1 co-localized with BrdU (n=3/4, Figure III9E,H), indicating that ectopically proliferating cells in the ptc2-/- mutant retina also
generated Islet1-expressing neurons. Taken together, these results point to ectopic
proliferation as the source of ectopic neurons in the ptc2-/- retina, and as the likely cellular
underpinning of the retinal dysplasias observed in juvenile ptc2-/- mutants.

III.3

DISCUSSION

III.3.1 Ectopic proliferation contributes to retinal dysplasia in the juvenile ptc2
retina

Our analyses have revealed abnormalities in the juvenile ptc2-/- mutant zebrafish
retina, confined to the peripheral retina, that included ectopic proliferation and retinal
dysplasias, composed of ectopic neuronal clusters, within the INL. These phenotypes are
similar to those observed in the dysplasic Ptch1+/-mouse retina (Black, Mazerolle et al.
2003; Moshiri and Reh 2004). From studies of the Ptch1+/- mouse it has been
hypothesized that retinal dysplasias could result from retinal progenitor overproliferation.
Our results demonstrate that retinal neurons within the dysplasic regions of the ptc2-/juvenile retina do indeed arise from an ectopic proliferative event, supporting a model in
which loss of Patched 2 function leads to overproliferation of cells within the retina,
ultimately contributing to retinal dysplasias in ptc2-/- mutants.
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It is of interest, considering the known role of Patched as a tumor suppressor
(Hahn, Wicking et al. 1996; Johnson, Rothman et al. 1996), that retinal phenotypes in the
ptc2 juvenile retina occur in regions that are either known to, or thought to, contain
retinal stem cells. While the lineage of the ectopically proliferating cells in the ptc2-/juvenile retina is still unknown, expression of ptc2 in both the CMZ and in Müller glia
suggests that one of these progenitor/stem cell populations might be the source of these
proliferative cells. The presence of ectopically proliferating cells adjacent to the CMZ
(Figure III-7), as well as locally associated with neuronal clusters (Figure III-8) in the
ptc2-/- juvenile retina, may account for the increased number of proliferative cells in the
INL. Unlike the CMZ which gives rise to multiple retinal cell types, Müller glia give rise
to lineage restricted rod progenitors that then migrate to the ONL and differentiate into
rod photoreceptors (Otteson, D'Costa et al. 2001; Bernardos, Barthel et al. 2007).
However, upon exposure to growth factors or in response to physical injury to the retina,
Müller glia are thought to de-differentiate, proliferate, and give rise to all neuronal cells
types (Fischer and Reh 2003; Das, Mallya et al. 2006; Bernardos, Barthel et al. 2007).
Analysis of proliferation and retinal dysplasia in ptc2-/-;gfap::GFP transgenic fish
revealed that ectopically proliferating cells were not likely to have been derived from
Müller glia. Moreover, preliminary lineage tracing studies utilizing ptc2-/;tuba1a::CreERT2; β-actin2::LCLG transgenic fish (Ramachandran, Reifler et al. 2010)
have not detected Müller glia derived cells in ptc2-/- mutants (JB, unpublished
observations). While we cannot exclude the possibility that the ectopically proliferating
cells in juvenile ptc2-/- mutant retinas are of Müller glia origin, our findings to date do not
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support this possibility. Identification of the cellular origin of the these ectopic neurons
can only be unambiguously completed using targeted transgenic lineage tracing tools, and
multiple cellular origins for the ectopically proliferating cells are possible; however, our
results suggest that misregulation of progenitor cell proliferation in the CMZ is very
likely to contribute to the process, and lead to the formation of ectopic neurons and
retinal dysplasias in ptc2-/- mutants.

While the mitogenic role of Patched during embryonic neural development is well
established (Hahn, Christiansen et al. 1996; Goodrich, Milenkovic et al. 1997), less is
known regarding its function in the post-embryonic central nervous system (CNS). In the
post-natal mouse cerebellum, the Hh pathway promotes precursor cell
proliferation(Wallace 1999; Wechsler-Reya and Scott 1999), and medulloblastomas,
tumors of the cerebellum, have been described in both Ptch1+/- mice and in human BCNS
patients(Peringa, Fung et al. 1995; Goodrich, Milenkovic et al. 1997) . In mouse, loss of
Ptch1 function results in increased retinal proliferation, suggesting that Ptch1 acts to
negatively regulate progenitor/stem cell proliferation(Black, Mazerolle et al. 2003;
Moshiri and Reh 2004). The overproliferation in the progenitor/stem cell populations of
the juvenile ptc2-/- retina certainly supports this role. While, to our knowledge, no
histological characterizations of human BCNS retinas have been published to date, the
results presented here could provide valuable insight into the contributing causes of
visual impairment in BCNS patients. Whether ptc2-/- juvenile fish possess BCNS-related
phenotypes in tissues other than the retina remains to be investigated; however, the utility
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of the ptc2-/- mutant line for such studies provides an additional, and valuable, in vivo
model for the study of Patched function during development and in diseases like BCNS.
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CHAPTER IV
Future Directions
IV.1 INVESTIGATING THE MOLECULAR MECHANISMS UNDERLYING PATCHED2DEPENDENT CONTROL OF RETINAL PROLIFERATION

The role of the Hedgehog pathway in retinogenesis has been studied extensively,
with multiple reports establishing its importance in both the proliferation (Jensen and
Wallace 1997; Moshiri, McGuire et al. 2005; Locker, Agathocleous et al. 2006) and
differentiation (Shkumatava, Fischer et al. 2004; Masai, Yamaguchi et al. 2005) of retinal
progenitors. Studies in Xenopus and zebrafish have shown that the Hedgehog pathway
controls cell cycle kinetics through the positive regulation of cyclins B1, D1, and A2, and
the phosphatase cdc25, reducing the length of the G1 and G2 phases of the cell cycle
(Locker, Agathocleous et al. 2006). At the same time, other findings suggest that the
Hedgehog pathway controls cell cycle kinetics through the transcriptional regulation of
the cyclin dependent kinase (CDK) inhibitors p27kip1 and p57kip2 (Dyer and Cepko
2001; Masai, Yamaguchi et al. 2005; Shkumatava and Neumann 2005). CDK inhibitors
(CKIs) bind to and inhibit cyclin/CDK complexes, thereby negatively regulating cell
cycle progression (Dyer and Cepko 2001). Due to the multiple roles of the Hedgehog
pathway in retinal development and apparent contradictions in published results, the
exact mechanisms in which this pathway controls retinogenesis are unresolved. Our
characterization of the embryonic and post-embryonic ptc2-/- retina revealed that loss of
Patched2 function results in increased size of the progenitor/stem cell population of the
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CMZ in late embryonic and post-embryonic stages. It would therefore be of great
interest to study the molecular mechanisms through which Patched2-depedent Hh activity
controls the progenitor/stem cell population of the CMZ.

Gene expression studies in Xenopus and zebrafish have identified a peripheral-tocentral spatial arrangement of cells in the CMZ the recapitulates early retinal
development, and have provided a growing list of molecular markers for the study of
neurogenesis in the CMZ (Raymond, Barthel et al. 2006; Stephens, Senecal et al. 2010;
Xue and Harris 2011). These studies have also identified members of genetic pathways
with known roles in stem cell maintenance and/or proliferation. The expression of the
Notch pathway components notch1a/b, her2/6, and deltaC in the peripheral CMZ
suggests a role for Notch in regulating some aspect of neurogenesis in the CMZ
(Raymond, Barthel et al. 2006). In chick, Hairy1, a known Notch pathway effector, has
been shown to act downstream of Wnt2b to maintain the retinal stem/progenitor cell
population of the CMZ (Kubo and Nakagawa 2009). Additional studies in Xenopus have
implicated the Wnt pathway in controlling the proliferation of the CMZ, and loss of
adenomatous polyposis coli (apc), a negative regulator of the Wnt pathway, results in an
expansion of the CMZ in zebrafish (Stephens, Senecal et al. 2010), a phenotype similar to
that observed in the embryonic ptc2-/- retina (Bibliowicz and Gross 2009). A comparative
analysis of gene expression using available markers in ptc2-/- and sibling retinas could
provide insight into the molecular mechanisms through which Patched2 controls in
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proliferation in the CMZ and might prove valuable in uncovering the potential
interactions between the Hh and other developmental pathways, such as Notch and Wnt.

Studies in mouse have shown that Hh regulates the transcription of Hes1, a bHLH
transcription factor and known Notch pathway component, in a Notch-independent
manner (Wall, Mears et al. 2009). Interestingly, increased retinal proliferation in Ptch1+/mice was rescued in Ptch1+/-/Hes1+/- double mutants, suggesting that Hes1 functions to
control Patched-dependent regulation of retinal proliferation. However, the factors that
might be controlled by Hes1 in this context have yet to be identified. Consistent with the
findings in mouse, the zebrafish Hes1 orthologue her6 is expressed throughout the
embryonic zebrafish CNS and has been shown to act downstream of Hh to control
neurogenesis in the developing zebrafish spinal cord (Cunliffe 2004; Scholpp, Delogu et
al. 2009). Analysis of transcriptional regulation of cell-cycle genes in her6 morpholinoinjected zebrafish (her6-MO) will provide insight about the mechanisms in which Hes1
controls proliferation in the retina. In addition, comparative analysis of gene expression
in ptc2-/-/ her6-MO, ptc2-/-, and wild-type CMZs could reveal which aspects of Patcheddependent retinal proliferation are potentiated by her6 transcriptional activity.

The regulation of the Notch effectors Hes1 and Hairy1 by the Hh and Wnt
signaling pathways, respectively, in the retina suggest that Hh and Wnt might cooperate
to control Notch-related molecular processes.

The expansion of the CMZ

stem/progenitor cell population in both the ptc2-/- and apc zebrafish mutants suggest that,
74

consistent with their known roles in the retina, these pathways might promote
proliferation in this context. These effects on the size of the proliferative cell population
of the CMZ can be achieved directly by controlling cell cycle dynamics or indirectly by
inhibiting cell cycle exit. Indeed, reports in zebrafish and Xenopus have suggested that
Notch activity controls both retinal proliferation and cell cycle exit (Ohnuma, Hopper et
al. 2002; Yamaguchi, Tonou-Fujimori et al. 2005). Additionally, it has been proposed
that modulation of Notch activity by both Notch-dependent and Notch-independent
regulation might be required to control multiple functions of Notch signaling during
neurogenesis, and that proliferation and differentiation are dependent on Hes1 dosage
(Wall, Mears et al. 2009). Therefore, combinatorial modulation of Hh and Wnt levels
using chemical and/or genetic inhibitors and activators that affect these pathways will be
used. Resulting changes in the levels of Notch targets could be assayed using qRT-PCR
and correlated with CMZ phenotypes, and the expression of positive and negative
regulators of the cell (e.g. cyclin D1 and p27, respectively). Such analyses would provide
a potential explanation for the mechanism by which Notch activity in the CMZ is
controlled by Hh and Wnt activity and how proliferation and/or cell cycle exit are
regulated in the zebrafish CMZ.

IV.2

INVESTIGATING THE CELLULAR AND MOLECULAR MECHANISMS UNDERLYING
ECTOPIC PROLIFERATION IN THE JUVENILE PATCHED2 MUTANT RETINA

IV.2.1 Cell population(s) of origin
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Juvenile ptc2-/- mutants possess peripheral retinal dysplasias that include the
presence of ectopic neuronal clusters in the INL, and regions of disrupted retinal
lamination.

Through BrdU/EdU pulse-chase and immunohistochemistry assays, we

demonstrated that a population of ectopically proliferating cells give rise to the ectopic
neuronal clusters in the INL of ptc2-/- mutants, and that this contributes to retinal
dysplasia in the mutant eye. Our results therefore demonstrate a direct link between
overproliferation and retinal dysplasia in the ptc2-/- juvenile retina and establish ectopic
proliferation as the likely cellular underpinning of retinal dysplasia in juvenile ptc2-/mutants (Bibliowicz and Gross, submitted). However, the cellular origin(s) of ectopic
proliferation in the ptc2-/- juvenile retina are still unclear.

In order to identify the cell type(s) that give rise to ectopically proliferative cells
in the ptc2-/- juvenile retina, the use of transgenic lineage-tracing zebrafish lines is
necessary. We have shown, by utilizing the gfap::GFAP transgenic line, that the ectopic
proliferation is unlikely to be derived from Müller glia. However, this approach has its
limitations, since proliferative Müller glia lose certain molecular markers, such as GFAP,
in response to physical injury or upon exposure to growth factors (Fischer and Reh 2003;
Bernardos, Barthel et al. 2007). In response to physical injury, Müller glia that re-enter
the cell cycle up-regulate tubulin a1a (Senut, Gulati-Leekha et al. 2004; Ramachandran,
Reifler et al. 2010). Unpublished observations using ptc2-/-;tuba1a::CreERT2; βactin2::LCLG transgenic fish suggest that Müller glia cell cycle re-entry is unlikely to
underlie ectopic proliferation since no expression of GFP was observed in dysplasic
regions of the ptc2-/-;tuba1a::CreERT2; β-actin2::LCLG juvenile retina.
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The generation of additional transgenic lineage tracing lines that express
fluorescent reporters in candidate cell populations of origin and their progeny could
provide evidence of the cellular origin of ectopic proliferation in the dysplasic ptc2-/juvenile retina. A gfap::CreERT2; β-actin2::LCLG transgenic line would permanently
label Müller glia and their progeny, while progenitors derived from other cell types could
also be traced by utilizing cell type-specific promoters to drive Cre expression. To date,
no molecular markers that are expressed exclusively in the retinal stem/progenitor cell
population of the CMZ have been described, making lineage tracing of CMZ-derived
progenitors difficult. However, the continual development and improvement of Cre/Loxbased transgenic tools for lineage tracing in zebrafish (Thummel, Burket et al. 2005;
Hans, Freudenreich et al. 2011) and the future discovery of CMZ-specific molecular
markers might enable such experiments in the future.

While our data support the possibility that ectopic neurons in the ptc2-/- juvenile
retina arise from an ectopic proliferative event originating in a stem/progenitor cell
population, other cells of origin are possible.

Studies utilizing a mouse model for

retinoblastoma, a rare childhood retinal tumor, have suggested that tumorigenesis results
from the clonal expansion of the differentiated horizontal cells that re-enter the cell cycle
as a result of mutations in the p107 gene (Ajioka, Martins et al. 2007). In addition, loss
of function of the cell cycle inhibitors p19 and p27 has supported the susceptibility of
differentiated horizontal cells to re-enter the cell cycle, as p19;p27-deficient mice
contained proliferative horizontal cells (Cunningham, Levine et al. 2002). Since the
ectopic neuronal clusters observed in ptc2-/- retinas contain multiple cell types, clonal
expansion of a differentiated cells seems unlikely to be the underlying cause of retinal
dysplasia in this mutant. However, it is formally possible that de-differentiation or
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transdifferentiation of a retinal neuron could occur as a result of the loss of Patched2
function. To test this possibility a BrdU incorporation assay could be combined with
immunohistochemical analysis using the horizontal marker Calbindin (Rohrenbeck,
Wassle et al. 1987) to identify differentiated horizontal cells that might be inappropriately
proliferating in the ptc2-/- juvenile retina. In the case that initial experiments support this
possibility, the Cre/Lox approach outlined above can be carried out to lineage trace
horizontal cells and their progeny.

IV.2.1 Cell migration and the cell cycle

Proper lamination in the embryonic retina has been shown to be dependent on the
establishment of apical-basal polarity (see section I.2).

The nuclei of proliferative

progenitors migrate as they progress through the cell cycle. Specific phases of the cell
cycle take place in specific regions of the proliferative neuroepithelium, with M-phase
occurring at the apical surface and S-phase in the basal (vitreal). Abnormal migration of
progenitor nuclei can result in improper cell cycle progression and inappropriate
differentiation, and mutations affecting both cell polarity and migration have been shown
to result in disrupted retinal lamination of the embryonic zebrafish eye (Del Bene,
Wehman et al. 2008; Yamaguchi, Imai et al. 2010). In zebrafish mutants in which cell
polarity is disrupted, defective neurogenesis and hyperplasia have been linked to
disruptions in Hh and Notch signaling (Yamaguchi, Imai et al. 2010).

Localized

disruptions in polarity and/or migration of CMZ-derived progenitors could therefore
potentially result in the retinal dysplasias observed in ptc2-/- mutant retina. Analysis of
the location of cell cycle progression utilizing markers of specific phase of the cell cycle
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within the ptc2-/- CMZ (e.g. phosphohistone H3 for M-phase and BrdU for S-phase)
might prove helpful in beginning to test this possibility.

The regulation of cell motility and migration has also been linked directly to the
activity cell cycle regulators. p57kip2, which is transcriptionally regulated by the Shh in
the developing zebrafish retina (Shkumatava and Neumann 2005), has been shown to
regulate the activity of the actin depolymerization factor cofilin indirectly by binding to
LIM-kinase 1 (Yokoo, Toyoshima et al. 2003; Vlachos and Joseph 2009). p27kip1 binds to
RhoA, a regulator of the actin cytoskeleton, to influence cell migration in the mouse
cerebral cortex (Nguyen, Besson et al. 2006). These findings highlight a novel role for
cell cycle regulators in influencing actin dynamics and raise the possibility that defective
cell migration can be an additional contributing factor to the retinal dysplasias in the ptc2/-

juvenile retina. Consistent with this possibility, Hh signaling has recently been shown

to promote the migration of retinal stem cells from the adult mouse subventriular zone to
the olfactory bulb (Angot, Loulier et al. 2008). The analysis of cell migratory and
cytoskeletal dynamics via in vivo imaging in the ptc2-/- retina could provide interesting
and novel insights into the potential role of Hh activity on cell migratory and cytoskeletal
dynamics.

79

CONCLUDING REMARKS

Since its first characterization as a segment polarity gene in Drosophila (Perrimon
and Mahowald 1987), the importance of the Hh pathway has been highlighted by its
conserved roles in the CNS that extend from patterning to proliferation, neuronal
migration, and axon growth (Marti and Bovolenta 2002). Numerous studies have
contributed to our understanding of its multiple roles in the developing and adult retina.
The work presented here sheds new light on the function of the Hh receptor ptc2 in
controlling the proliferation of the late- and post-embryonic retinal stem/progenitor cells
and the possible implications of loss of Ptch function in the context of retinal disease.
Future studies will build on this work to further investigate the molecular mechanisms
underlying Ptch-dependent regulation of retinal proliferation with the hope of
contributing to our understanding of the cellular and molecular underpinnings of human
ocular disorders, such as those found in human patients suffering from BCNS.
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APPENDIX A
Materials and Methods

A.1

ZEBRAFISH MAINTENANCE AND STRAINS

Zebrafish (Danio rerio) were maintained at 28.5C on a 14h light/10h dark cycle.
Embryos were obtained from the natural spawning of heterozygous carriers set up in pairwise crosses. ptc2tj222 and Tg(gfap:GFP)mi200 outcrosses were obtained from the
Zebrafish International Resource Center and were propagated by repeated outcrosses to
AB fish. All animals were treated in accordance with provisions established at the
University of Texas at Austin governing animal use and care and adhere to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research.
Genotyping of ptc2tj222 juvenile fish was performed by isolating genomic DNA as
previously described (Westerfield 2000), and amplifying the genomic region containing
the mutation by PCR using the following primer set: Forward: 5’ggcagtggtggtggtgtttaac-3’ and Reverse: 5’-cgagcctttatttagccagttg-3’. Sequencing was
then performed on single fish using the reverse primer to identify individuals containing
the mutation (Koudijs, den Broeder et al. 2005).

A.2

HISTOLOGY
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Histology was performed as described in (Nuckels and Gross 2007). Briefly,
embryos or 6 week old juvenile zebrafish were euthanized and fixed for two days at 4C
in a solution of 1% (w/v) paraformaldehyde (PFA), 2.5% glutaraldehyde and 3% sucrose
in PBS/2% OsO4 solution. They were washed 3x5 min in PBS at room temperature and
further dehydrated 2x10 min in propylene oxide, and then infiltrated 1-2h in a 50%
propylene oxide/50% Epon/Araldite mixture (Polysciences, Inc.). Samples were then
incubated overnight at RT in 100% Epon/Araldite resin with caps open to allow for
propylene oxide evaporation and resin infiltration, they were embedded and baked at
60C for 2-3 days. 1µm sections were cut, mounted on glass slides and stained in a 1%
methylene blue/1% borax solution. Sections were mounted in DPX (Electron
Microscopy Sciences) and photographed on a Leica DMRB microscope mounted with a
DFC320 digital camera.

A.3

IMMUNOHISTOCHEMISTRY

Immunohistochemistry was performed as described in (Uribe and Gross 2007).
Fish (embryos or 6 week old juveniles) were collected and fixed overnight at 4C in a 4%
PFA solution in PBS. Fish were then washed 3X10 min in PBS and incubated in a 25%
sucrose/PBS solution for 1h followed by 35% sucrose/PBS for 1h. Fish were mounted in
Tissue Freezing Medium (Triangle Biomedical Sciences, Inc.) and immediately
transferred to -80C freezer for storage. Frozen blocks were sectioned at 12µm, mounted
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on gelatin coated slides, and let dry for 2h. Slides were then re-hydrated in PBTD [0.1%
Tween, 1% DMSO in 1x PBS] and then blocked using 5%NGS/PBTD for 2h. Slides
were incubated in primary antibody diluted in block in a humid chamber over-night at
4C. When necessary, nuclear staining was obtained by applying Sytox-Green
(Molecular Probes) diluted 1:10,000 in block immediately after removal of primary
antibody. Slides were washed 3x10min with PBTD and then applied with secondary
antibody in block for 1h. After 3x10min washes in PBTD, slides were mounted with
Vectashield (Vector Laboratories, Inc.) and coverslipped. Samples were stored at 4C for
up to one week and imaged on a Zeiss LSM5 Pascal laser scanning confocal microscope.
The following primary antibodies were used: bipolar cells (PKC, 1:200, Santa Cruz
Biotechnology), Müller glia (GFAP-zrf1, 1:100, ZIRC and GS, 1:500, Millipore), rods
(zpr3, 1:100, ZIRC), green/red cones (zpr1, 1:100, ZIRC), PH3 (1:200, Upstate), antiIslet1 (39.4D5, Developmental Studies Hybridoma Bank, 1:10). Blue opsin (1:500) and
UV opsin (1:1,000) antibodies were provided by David Hyde (University of Notre
Dame). Amacrine cell antibody (5E11, 1:100) was the gift of Jim Fadool. For
embryonic cell counts, positively stained cells and nuclei were counted in four eye
sections obtained from different embryos. For total cell counts at 33hpf, Sytox-Green
staining was used. Averages were analyzed and compared using a Student’s t-test.

A.4

IN-SITU HYBRIDIZATION
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Whole mount hybridizations on zebrafish embryos were performed as in (Jowett
and Lettice 1994) and hybridizations on juvenile retinal tissue sections were performed as
described (Barthel and Raymond 2000) using digoxigenin labeled antisense RNA probes.
The ptc2 cDNA construct was provided by Brian Perkins (Texas A&M University).

A.5

BRDU AND EDU INCORPORATION ASSAYS

For embryonic BrdU incorporation, fish were dechorionated and incubated in fish
water with 10µM 5-Bromo-2-deoxyuridine (BrdU, Sigma) and 15% DMSO at 4C for
mentioned time periods and either immediately sacrificed or washed three times in fish
water and grown at 28.5C prior to sacrifice after (Masai, Yamaguchi et al. 2005).
Embryos were processed for immunohistochemistry as in (Lee, Willer et al. 2008).
Mouse anti-BrdU was used at a 1:50 dilution and Cy3 anti-mouse secondary at a 1:200
dilution. Nuclei were counterstained with Sytox:Green (1:10,000, Molecular Probes).
For cell counts, Brdu-positive cells and nuclei were counted in four eye sections obtained
from different embryos. Averages were analyzed and compared using a Student’s t-test.

For juvenile 5-Bromo-2-deoxyuridine (BrdU) incorporation assays, fish were
incubated in fish water containing 5µM BrdU (Abcam) for 2 hours, fixed and prepared
for immunohistochemistry as above. Prior to the blocking step, slides were incubated in
2N HCl at 37C for 20 minutes. Rat anti-BrdU (Sigma) was used at a 1:250 dilution. For
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cell counts, positively stained cells and nuclei were counted from three consecutive
sections for each individual. Averages were analyzed and compared using a Student’s ttest.

For juvenile BrdU/EdU ‘pulse-chase-pulse’ experiments, fish were exposed to
BrdU for 8 hours and then returned to tanks for two days. EdU incorporation was then
performed before fish were fixed and prepared for immunohistochemistry. For EdU
incorporation, a solution of 400uM 5-ethynyl-2’-deoxyuridine (Invitrogen) in PBS was
prepared from a stock of 10mM EdU in DMSO. 100nL of EdU solution was injected
into each eye through the cornea using a glass injection needle. Fish were allowed to
recover for two hours in fish water before fixation. EdU detection was performed
according to the manufacturer’s protocol (Click-iT, Invitrogen), followed by HCl
treatment and subsequent immunohistochemical detection of BrdU.

A.6

FLUORESCENCE ACTIVATED CELL SORTING (FACS) AND QUANTITATIVE REALTIME PCR (QRT-PCR)

Isolation of Müller glia from 6 week old juvenile Tg(gfap:GFP)mi2001 retinas
was performed as outlined in (Qin, Barthel et al. 2009), and carried out on an FACSAria
cell sorter (BD Biosciences). Three retinas, obtained from three different individuals,
were pooled to make up each sample. RNA was extracted using RNAqeous-Micro
(Ambion) according to the manufacturer’s protocol. Total RNA was reverse-transcribed
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using iScript cDNA Synthesis Kit (Bio-Rad) and qRT-PCR performed using the Power
SYBR Green kit (Applied Biosystems) and performed on the Applied Biosystems
7900HT. To determine expression levels, the standard curve method was used, relative
to both beta-actin and gpia (glucose phosphate isomerase a (Qin, Barthel et al. 2009)),
yielding similar results. The entire experiment was performed three times and data were
analyzed for significance using a Student’s t-test. Primer pairs used for qRT-PCR
analysis were as follows:
ptc2- Forward: 5’-ctccattcctgccagcagac-3’ Reverse: 5’-ctcgatggcctccacgaac-3’
beta-actin- Forward: 5’-ccgtgacatcaaggagaagct-3’ Reverse: 5’-tcgtggataccgcaagattcc-3’
gpia- Forward: 5’-tccaaggaaacaagccaagca-3’ Reverse: 5’-ttccacatcacaccctgcac-3’
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