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Abstract
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The cell cycle is a highly complex process that is under the control of several pathways.  Failure
to regulate and/or complete the cell cycle often leads to cell cycle arrest, which may be followed
by programmed cell death (apoptosis). One cell type that has a variety of unique cell cycle
properties is the horizontal cell of the chicken retina. In this thesis we aimed to characterize the
final cell cycle of retinal horizontal cells. In addition, the regulation of the cell cycle and the
resistance to apoptosis of retinal horizontal cells are investigated.

Our results show that the final cell cycle of Lim1-expressing horizontal progenitor cells
is heterogenic and three different cell cycle behaviors can be distinguished. The horizontal
cells are generated by: (i) an interkinetic nuclear migration with an apical mitosis; (ii) a final
cell cycle with an S-phase that is not followed by mitosis, such cells remain with a fully or
partially replicated genome; or (iii) non-apical (basal) mitoses. Furthermore, we show that
the DNA damage response pathway is not triggered during the heterogenic final cell cycle of
horizontal progenitor cells. However, chemically induced DNA damage activated the DNA
damage response pathway without leading to cell cycle arrest, and the horizontal progenitor
cells entered mitosis in the presence of DNA damage. This was not followed by apoptosis,
despite the horizontal cells being able to functionally activate p53, p21CIP1/waf1, and caspase-3.
Finally, we show that FoxN4 is expressed in horizontal progenitor cells and is required for their
generation. Over-expression of FoxN4 causes cell death in several neuronal retinal cell types,
except horizontal cells, where it results in an overproduction.

In conclusion, in this thesis, a novel cell cycle behavior, which includes endoreplication not
caused by DNA damage and a basal mitosis that can proceed in the presence of DNA damage,
is described. The cell cycle and cell survival processes are of particular interest since retinal
horizontal cells are suggested to be the cell-of-origin for retinoblastoma.
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“There´s always another story. 
There´s more than meets the eye.” 

W.H. Auden 
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Preface 

Most people start graduate school because they are fascinated with under-
standing the world around them. However, scientific research is not always 
effortless and most PhD students know that the results might diverge sub-
stantially from the initial hypothesis. This is also true for me, as our initial 
hypothesis changed several times before giving rise to this thesis. Diverging 
from the straight path can be favorable, and before and during my PhD-
studies I have been involved in several side projects: some have even re-
sulted in published articles. I have described the effects of neurotrophic fac-
tors on cellular functions (Ledda et al., 2008, Shirazi Fard et al., 2010). I 
have also investigated both stress-response and food consumption in rats 
(Abelson et al., 2009, Olszewski et al., 2010). Furthermore, the pigmentation 
of the retinal pigment epithelium has been studied (Hellstrom et al., 2011) as 
well as the proliferation and differentiation of retinal stem/progenitor cells 
(Ring et al., 2012, Boije et al., 2013). All these projects expanded my inter-
est in research even though they did not directly contribute to this thesis. 
Nevertheless, I am grateful for the experiences the projects have given me 
and I am certain they have made me a better scientist.   
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Introduction 

The first step for a eukaryotic cell towards generating a multicellular organ-
ism is division through the cell cycle. The understanding of the cell cycle is 
based upon models in which the proper temporal transition between the 
phases is maintained by complex control mechanisms. These control mecha-
nisms ensure that the initiation of the first phase leads to completion of the 
cell cycle. Failure to regulate and/or complete the cell cycle often leads to 
cell cycle arrest, which may be followed by programmed cell death (apop-
tosis). However, recent research has demonstrated that the cell cycle is more 
complex than previously believed, and division into two diploid daughter 
cells is not always the outcome. One cell type that has a variety of unique 
cell cycle properties is the horizontal cell of the chicken retina. The final cell 
cycle of retinal horizontal cells is preceded by expression of differentiation 
markers and a free, bidirectional migration within the retina. It is 
hypothesized that during the bidirectional migration, the horizontal cells 
undergo an additional cell cycle where they have a prolonged G2-phase fol-
lowed by terminal basal mitosis (Edqvist and Hallbook, 2004, Edqvist et al., 
2008, Boije et al., 2009). The work presented in this thesis has been carried 
out to characterize the final cell cycle of retinal horizontal cells. Further-
more, we aimed at describing the regulation of the cell cycle and the resis-
tance to apoptosis of retinal horizontal cells. It is important to have an accu-
rate description of cell cycle regulatory events and the possible cell cycle 
outcomes for enhancing our understanding of retinal neurogenesis.  

An introduction to the retina  

The structure of the retina  
The retina develops from neuroectodermal cells through induction of the eye 
field. The eye field evaginates into an optic vesicle followed by invagination 
into the bilayered optic cup. The two neuroepithelial layers of the optic cup 
differentiate; the cells of the outer layer form the retinal pigment epithelium, 
and the cells of the inner layer become the neural retina (Chow and Lang, 
2001).  
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The retina is comprised of five major types of neurons: cone- and rod 
photoreceptor cells, horizontal cells (HCs), bipolar cells, amacrine cells, 
ganglion cells, and one type of glia, the Müller glia cell (Masland, 2001). In 
the chicken, the majority of retinal cells are born between embryonic day (E) 
3 and E9 and studies on the birth order of retinal cells have revealed that 
they are born in an evolutionarily conserved fashion (Prada et al., 1991). The 
ganglion cells, HCs, and cone photoreceptor cells are generated first. Rod 
photoreceptor cells, bipolar cells, and Müller glia cells are born thereafter. 
The generation of amacrine cells overlaps the early and the late period 
(Prada et al., 1991, Cepko et al., 1996). As the retina matures it is divided 
into a three-layered structure (Fig.1). The three layers are the outer nuclear 
layer (ONL) containing the cone- and rod photoreceptor cells, the inner nu-
clear layer (INL) consisting of HCs, bipolar cells, Müller glia cells and 
amacrine cells, and the ganglion cell layer (GCL) containing the ganglion 
cells and displaced amacrine cells. The three nuclear layers are separated by 
two synaptic layers; the outer plexiform layer (OPL) and the inner plexiform 
layer (IPL) (Masland, 2001).  

 
Figure 1. Schematic representation of the vertebrate retina. ONL, outer nuclear 
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform 
layer; GCL, ganglion cell layer; PR, photoreceptor; HC, horizontal cell; BP, bipo-
lar cell; MC, Müller glia cell; AC, amacrine cell; GC, ganglion cell.  

The subdivision of horizontal cells  
Horizontal cells are interneurons located in the outer part of the INL with 
their processes ascending the OPL. The HCs modify the signal from the 
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photoreceptors to the bipolar cells through lateral inhibition, thereby sharp-
ening contrast sensitivity (Masland, 2001). Most species have three distinct 
types of HCs: an axon-bearing subtype and two axon-less subtypes (Peichl et 
al., 1998). Primates, including humans, have all three types of HCs (Kolb et 
al., 1994), as do chicken and zebrafish (Génis-Gálves et al., 1979, 
Connaughton et al., 2004). Mouse and rat retinas are exceptions as they only 
have the axon-bearing subtype (Peichl and Gonzalez-Soriano, 1994, Peichl 
et al., 1998). The axon of the axon-bearing HCs mainly connects to rod pho-
toreceptors, whereas the dendritic trees of all three HC subtypes connect to 
cone photoreceptors (Peichl et al., 1998). 

The HCs of the chicken retina were initially subdivided based on morpho-
logical differences. This morphological subdivision is supported with mo-
lecular markers. All three subtypes express the homeodomain transcription 
factor prospero-related homeobox 1 (Prox1). Further subtype specification is 
determined by the transcription factors LIM-homeobox gene 1 (Lim1) and 
Isl LIM-homeobox 1 (Isl1). The axon-bearing subtype expresses Lim1, 
whereas, the two axon-less subtypes express Isl1 (Boije et al., 2008, Edqvist 
et al., 2008). The Lim1 and Isl1 transcription factors direct cell identity and 
regulate processes such as dendritic formation and synaptogenesis (Suga et 
al., 2009). In the mature chicken retina, the Lim1 expressing (+) and the 
Isl1+ HCs constitute equally large populations (Edqvist et al., 2006, Edqvist 
et al., 2008).  

Proliferation of retinal cells 
Proliferation is the first step toward generation of new cells, and the cell 
cycle starts with the first gap phase (G1-phase). During the G1-phase the cell 
grows in size and prepares for DNA replication. This is followed by the S-
phase, during which DNA replication occurs. The S-phase is followed by the 
G2-phase, where the integrity of the DNA is checked and the cell prepares 
for cell division. The last phase of the cell cycle is mitosis (M-phase), during 
which chromosome segregation and cytokinesis occur, resulting in the gen-
eration of two daughter cells (Nasmyth, 1996). During development, the 
length of the cell cycle varies, as it is not fixed. Chicken retinal progenitor 
cells (RPCs) complete a cell cycle in 5 hours at stage (st) 7 (E1), whereas, it 
takes 10 hours in a st29 (E6) embryo (Hamburger and Hamilton, 1951, 
Fujita, 1962).  

The proliferation of RPCs correlates with the migration of the nuclei 
along the vertical plane. This is known as interkinetic nuclear migration 
(INM), and inhibition of the cell cycle leads to disruption of migration (Baye 
and Link, 2007). During each cell cycle, the nucleus enters G1-phase while 
migrating from the ventricular (apical) towards the vitreal (basal) side of the 
retina. At the basal side, the DNA is replicated and upon completion of the 
S-phase, the nucleus migrates back towards the apical side, where mitosis 
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takes place (Baye and Link, 2008). As retinal cells undergo their terminal 
mitosis, they withdraw from the cell cycle and migrate to their appropriate 
laminar position (Fig. 2A) (Malicki, 2004).  

The generation of horizontal cells 
Like all other retinal cell types, HCs derive from RPCs through INM. How-
ever, whereas most retinal cell types withdraw from the cell cycle and initi-
ate differentiation after their final apical mitosis, the chicken horizontal pro-
genitor cells (HPCs) do not withdraw. The HPCs have an additional cell 
cycle that is preceded by expression of transcription factors for differentia-
tion. The transcription factors include Prox1 and Lim1, which commit the 
progenitor cells to a HC fate. The first Lim1+ HPCs are observed in the cen-
tral part of the chicken retina from st19 (E3) and they progress with an S-
phase while migrating to the basal side of the retina. The S-phase was hy-
pothesized to be followed by a prolonged G2-phase for upwards of 48 hours 
while remaining on the basal side. From st19 to st25 (E3 to E4), additional 
Lim1+ HPCs are generated, resulting in an accumulation of Lim1+ cells on 
the basal side. Between st26 and st31 (E5 and E7), the HPCs with a pro-
longed G2-phase initiate a symmetrical terminal basal mitosis, thus generat-
ing two HCs. The newly generated HCs remain on the basal side until st31 
(E7). From st31, the Lim1+ HCs start migrating to their final laminar posi-
tion (Fig 2B and C) (Edqvist and Hallbook, 2004, Edqvist et al., 2008, Boije 
et al., 2009). Later arrival of HCs to their final laminar position may be im-
portant for the formation of future synapses to the photoreceptors and bipolar 
cells (Boije et al., 2009). The generation of HCs follows a central to periph-
ery gradient, where the first Lim1+ HPCs are observed in the central part of 
the retina. The same central to periphery gradient is observed for the basal 
mitoses and the subsequent migration of HCs to the HC layer (Edqvist et al., 
2008, Boije et al., 2009).  

The Isl1+ HCs present a similar pattern during their final cell cycle. How-
ever, subtype specific birth-dating has revealed that the Lim1+ and Isl1+ 
subtypes are generated consecutively, with the Lim1+ being born one day 
before the Isl1+ population (Edqvist et al., 2008).  

Although chicken HCs may have an atypical final cell cycle, the findings 
are supported when the development of HCs is compared among different 
species. The zebrafish retinal HCs have a delayed non-apical mitosis in the 
HC layer, generating two HCs (Godinho et al., 2007), and the mouse and rat 
retinal HCs migrate to, and accumulate on, the basal side of the retina as 
post-mitotic Lim1+ HC before settling in the HC layer (Poche et al., 2007).  
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Figure 2. The cell cycle behavior during chicken retinal development. (A) Retinal 
cells divide during the process of interkinetic nuclear migration (INM). (B) It is 
hypothesized that the Lim1+ HPCs perform an additional cell cycle with a 
prolonged G2-phase followed by a terminal basal mitosis. The basal mitoses are 
observed from st26 (period indicated by yellow shaded background). The basal 
mitosis is symmetrical, generating two HCs. (C) Diagram of the final cell cycle of 
Lim1+ HCs with a prolonged G2-phase for upwards of 48 hours. PR: photorecep-
tor, HC: horizontal cell, st; stages according to Hamburger and Hamilton  

The cell cycle and its control 

Regulators of the cell cycle: cyclins and cyclin dependent 
kinases  
Progression through the cell cycle phases is regulated by the activation of 
specific cyclin-dependent kinases (Cdks) upon binding of subunits called 
cyclins. In G1-phase, D-type cyclins bind Cdk4/6, whose main function is to 
phosphorylate the retinoblastoma protein (pRb), thereby, releasing pRb from 
the E2 promoter binding factors (E2Fs). E2Fs are involved in cell cycle pro-
gression from G1 to S-phase through the transcriptional activation of genes 
required for cell cycle progression, including E- and A-type cyclins. S-phase 
is induced by Cdk2 binding with E- or A-type cyclins, and M-phase is in-
duced by Cdk1 binding with B- or A-type cyclins (Fig. 3) (Sherr, 1994). 

The cyclins are further subdivided in, for example, three different D-type 
cyclins (D1, D2 and D3). The subdivision gives additional control and op-
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portunity for compensatory mechanisms during the regulation of the cell 
cycle (Satyanarayana and Kaldis, 2009). Even though there is a compensa-
tory mechanism among the cyclins throughout most of the organism, this is 
not the case in the retina. Cyclin D1 is the primary D-type cyclin expressed 
by RPCs throughout retinal neurogenesis, and cyclin D3 is expressed for a 
brief period during the late stage of retinal development (Godbout and 
Andison, 1996, Das et al., 2012). Cyclin D3 is upregulated in cyclin D1-
deficient retinas to levels similar to those seen for endogenous cyclin D1. 
However, cyclin D3 does not compensate for cyclin D1, and the cyclin D1-
deficient retinas display inadequate histogenesis (Das et al., 2012).  

Even though there is no compensatory mechanism for the cyclins in the 
retina, the functions of the Cdks are compensated. Cdk4 and Cdk6 double 
knockout mice have normal organogenesis and most cell types proliferate 
normally due to compensation by Cdk2 and Cdk1 (Malumbres et al., 2004). 
Cdk2 has been shown to be dispensable for cell cycle regulation and its func-
tion can be compensated by Cdk4 and Cdk1 (Aleem et al., 2005). Cdk1 is an 
exception to the compensatory ability seen among the Cdks. Loss of Cdk1 
cannot be compensated, and knockout of Cdk1 leads to early embryonic 
death (Santamaria et al., 2007, Satyanarayana and Kaldis, 2009).  

 
Figure 3. Cell cycle progression is dependent on cyclins, Cdks, INK4, CIP/KIP, 
and the pRb-E2F complex. The cell cycle is initiated by cyclin D- Cdk4/6 phos-
phorylation of pRb. As pRb is phosphorylated, it is released from the E2F transcrip-
tion factors, which then activates genes required for cell-cycle progression, includ-
ing cyclin E and cyclin A. The cyclin-Cdk complexes are regulated by the INK fam-
ily, which inhibits the cyclin D-Cdk2/4 complex and the CIP/KIP CKIs that can form 
stable complexes with several cyclin-Cdk complexes.  
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Regulation of the cyclins and cyclin dependent kinases 
For proper progression of the cell cycle, the cyclins and Cdks need to be 
regulated. The cyclins are mainly regulated by synthesis and degradation 
throughout the cell cycle, leading to oscillation in their concentration (Evans 
et al., 1983). The Cdks are expressed throughout the cell cycle and their ac-
tivity is tightly regulated by several different processes. Partial activation of 
Cdks is initiated upon binding of the cyclins. Further regulation is achieved 
in three main ways by both activating and inhibitory phosphorylation.  

 
1. The Cdk activating kinase phosphorylates the cyclin-Cdk complex, 

thereby, increasing the activity of Cdk (Pavletich, 1999).  
2. Inhibitory-phosphorylation of the Cdk reduces the kinase activity of the 

complex. The inhibitory phosphorylations are carried out by Myt1, at 
both Thr14 and Tyr15, and by Wee1, at Tyr15 (King et al., 1994).  

3. Dephosphorylation of the inhibitory sites by cell division cycle 25 
(Cdc25), leads to reactivation of the cyclin-Cdk complex (King et al., 
1994).   

The cyclin-Cdk activity is further regulated by binding of Cdk inhibitors 
(CKIs). There are two families of CKIs: the inhibitors of Cdk4 (INK4) and 
the Cdk interacting/inhibitory proteins (CIP/KIP). The INK4 inhibitors in-
clude p16INK4a, p15INK4b, p18INK4c, and p19INK4d, and the CIP/KIP include 
p21CIP1/waf1, p27Kip1, and p57Kip2. The INK4 proteins restrain the activity of 
Cdk4 and Cdk6, thereby facilitating their effect during the G1-phase, 
whereas the CIP/KIP interact with a broad range of Cdks (Fig. 3) (Sherr, 
1994).  

The main function of p21CIP1/waf1 is to respond to DNA damage and arrest 
the cell cycle by directly binding to the appropriate cyclin-Cdk complex 
(Xiong et al., 1993, Niculescu et al., 1998). Besides p21CIP1/waf1, is p27Kip1 the 
main CIP/KIP in the chicken retina (Portugal and Ventura, 2009), since ex-
pression of p57Kip2 has only been described in other species (Dyer and 
Cepko, 2001, Shkumatava and Neumann, 2005). However, p27Kip1 and 
p57Kip2 are expressed in mutually exclusive populations in the mouse retina, 
indicating that there is no compensation between the proteins (Dyer and 
Cepko, 2001).  

p27Kip1 has a dual role in regulating the cyclin-Cdk complexes. Besides its 

ability to block cyclin E- and A-dependent Cdk2, and cyclin B- and A-
dependent Cdk1, thereby ensuring cell cycle arrest and/or cell cycle exit, it is 
also able to aid in cyclin D-Cdk4/6 complex formation. Thus, low levels of 
p27Kip1 acts to assemble cyclin D-Cdk4/6, thereby supporting cell cycle pro-
gression, and elevated levels of p27Kip1 inhibits cyclin-Cdk complexes (Fig. 
3) (LaBaer et al., 1997, Sherr and Roberts, 1999, Pagano, 2004).   
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During development of the retina, there is a gradual increase in p27Kip1 
expression. Low concentrations of p27Kip1 favor cell cycle progression and as 
the level of p27Kip1 rises, cells with neuronal activity will exit the cell cycle 
and assume a neuronal fate. High p27Kip1 expression also favors the fate of 
the last cell type to be born in the retina, the Müller glia cells (Ohnuma et al., 
1999, Levine et al., 2000). During development of the mouse retina, p27Kip1 
plays an important  role in ensuring HC cell cycle exit, since deficiencies in 
p19INK4d and p27Kip1 overproduce HCs (Dyer and Cepko, 2001, Cunningham 
et al., 2002). The increase in the number of HCs is not compensated through 
apoptosis (Cunningham et al., 2002), indicating that HCs are more tolerant 
for additional rounds of division.  

As the retina matures, most species down-regulate the expression level of 
p27Kip1 (Dyer and Cepko, 2001); however, the chicken retina sustains the 
expression of p27Kip1 in several cell types, including HCs (Portugal and 
Ventura, 2009). Thus, sustained expression of p27Kip1 in the chicken retina 

may be needed to compensate for the lack of p57Kip2 expression.  

DNA damage and apoptosis  

Mediators of the DNA damage checkpoints 
Checkpoints are regulatory pathways that ensure proper transition between 
the cell cycle phases. There are several checkpoints during the cell cycle, 
including the G1-phase checkpoint, the intra S-phase checkpoint, the G2/M-
phase checkpoint, and the M-phase checkpoint (Hartwell and Weinert, 
1989). The intra S-phase and the G2/M-phase checkpoints ensure the integ-
rity of the DNA through monitoring of the DNA and inducing cell cycle 
arrest to allow time for repair, if the DNA is not fully replicated or if it is 
damaged (Zhou and Elledge, 2000). DNA can be damaged in several ways, 
including single-strand breaks, double-strand breaks, DNA adducts, or even 
during a block in DNA replication (Bartek et al., 2004).  

 Each type of DNA damage requires a set of molecules for a proper re-
sponse. Activation of ataxia telangiectasia mutated (ATM) and ataxia te-
langiectasia and Rad-3 related protein (ATR) is the first step the DNA dam-
age checkpoint takes to inhibit cell cycle progression. Inhibition of DNA 
replication through stalled replication forks triggers the activation of ATR, 
whereas, DNA damage itself triggers activation of both ATM and ATR. As a 
first step, ATM and ATR phosphorylate histone H2AX (γ-H2AX), which 
marks the DNA as damaged (Burma et al., 2001, Ward and Chen, 2001). 
Once the ATM/ATR kinases are activated, they in turn activate downstream 
targets: checkpoint kinase 1 (Chk1), checkpoint kinase 2 (Chk2), stress in-
duced p38 mitogen-activated protein kinase (p38MAPK), and the tumor 
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suppressor protein p53 (Cimprich and Cortez, 2008, Reinhardt and Yaffe, 
2009). The Chk1, Chk2, and p38MAPK mediate the DNA damage signal 
onwards by phosphorylating and inactivating the Cdc25 phosphatases. Inac-
tivation of Cdc25 renders the cyclin-Cdk complex inactive, leading to cell 
cycle arrest (Fig. 4) (Donzelli and Draetta, 2003).  

Activation of the ATM/ATR and Chk1/2 kinases leads to rapid and tran-
sient cell cycle arrest, which allows time for DNA repair. Activation of p53 
by the ATM/ATR kinases may lead to sustained cell cycle arrest, cell senes-
cence, and apoptosis (Jin and Levine, 2001, Bohlig and Rother, 2011). The 
p53 family of transcription factors consists of p53 and the paralogues p63 
and p73. p63 and p73 are mainly involved in regulating embryonic devel-
opment (Levrero et al., 2000; Yang and McKeon, 2000). During an unper-
turbed cell cycle is p53 negatively regulated by murine double minute 2 
(Mdm2) and murine double minute 4/X (Mdm4/X) (Fig. 4) (Marine and 
Lozano, 2010, Zdzalik et al., 2010). Although Mdm2 and Mdm4/X are simi-
lar in structure, they inhibit p53 through distinct mechanisms. Mdm2 is an 
ubiquitin ligase that blocks p53 activity by marking p53 for degradation, 
whereas, Mdm4/X does not have ubiquitin ligase activity, but it inhibits p53 
activity by binding to its transactivation domain (Kruse and Gu, 2009). In 
the presence of DNA damage, the ATM/ATR kinases will phosphorylate 
p53, Mdm2, and Mdm4/X, leading to stabilization and activation of p53 
(Kruse and Gu, 2009). When p53 is activated it will transcribe several genes, 
including p21CIP1/waf1, GADD45, and 14-3-3α, which are involved in cell 
cycle arrest (Fig. 4) (Taylor and Stark, 2001, Stark and Taylor, 2006). p53´s 
ability to function as a transcriptional inducer is well characterized. How-
ever, p53 is also able to inhibit the transcription of several genes directly, 
including the cyclins and Cdks, thereby facilitating cell cycle arrest (Taylor 
and Stark, 2001, Bohlig and Rother, 2011).    
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Figure 4. The DNA damage checkpoint control in cell cycle progression. The cy-
clin-Cdk complex is maintained in an inactive state, due to inhibitory phosphoryla-
tion of Cdk at Thr14 and Tyr15 by the kinases Wee1 and Myt1. Activation of the 
cyclin-Cdk complex occurs when the Cdc25 phosphatase dephosphorylates Cdk. In 
response to DNA damage the ATM/ATR kinases phosphorylate H2AX and inhibit 
Cdc25 via the Chk1/Chk2 kinases, p38/MK2 and p53/p21CIP1/waf1. p53 is negatively 
regulated by Mdm2 and Mdm4/X. The DNA damage repair pathway includes activa-
tion of DNA-PK and formation of Rad51 foci.   

DNA damage repair and apoptosis  
Checkpoints respond to DNA damage by arresting the cell cycle to provide 
time for repair, or if the damage is too severe, by inducing apoptosis. How-
ever, checkpoints are also able to initiate activation of DNA repair (Zhou 
and Elledge, 2000). Cells have several mechanisms for repairing DNA dam-
age, including homologous recombination and non-homologous end-joining 
(Orii et al., 2006). Homologous recombination repair is the main repair 
mechanism during the S- and G2-phase and repairs DNA damage without 
altering the DNA sequence. The recombinase Rad51 has been shown to be 
essential for homologous recombination. Rad51 mediates the assembly of 
DNA damage repair proteins and DNA strand invasion of an intact sister-
chromatid, which function as an undamaged template (Fig. 4) (Henning and 
Sturzbecher, 2003, West, 2003). Non-homologous end-joining involves the 
direct ligation of two DNA ends without ensuring that the correct sequence 
is restored. The repair mechanism thereby functions throughout the cell cy-
cle as well as in postmitotic cells (Orii et al., 2006). For efficient non-
homologous end-joining, several proteins need to collaborate. One of these 
is the DNA-dependent protein kinase (DNA-PK) (Fig. 4), which both phos-
phorylates H2AX and initiates the assembly of proteins needed for DNA 
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repair (Zhou and Elledge, 2000, Park et al., 2003). DNA-PK has been shown 
to be required during retinal development, as inhibition of DNA-PK in-
creases caspase-dependent cell death (Baleriola et al., 2010). 

In the presence of sustained DNA damage, the cell can choose to induce 
apoptosis. The main activator of apoptosis is p53, through activation of pro-
apoptotic genes, including BAX and PUMA. These proteins enhance the 
secretion of cytochrome c from the mitochondria into the cytoplasm. Cyto-
chrome c initiates a protease cascade, leading to the activation of caspases, 
including caspase-9 and caspase-3, followed by apoptosis (Harris and 
Levine, 2005).  

The horizontal cells do not undergo developmental apoptosis 
Studies on the temporal and cellular pattern of apoptosis have revealed that 
apoptosis is a normal part of neural development (Boya and de la Rosa, 
2005). The retina is not an exception: two waves of apoptosis occur in the 
developing retina and, depending on the species, the timing and magnitude 
of retinal cell death varies (Vecino et al., 2004). The early wave overlaps 
with the period of neurogenesis and differentiation, which in the chicken 
retina occurs between E4 and E7, and the late wave overlaps with the period 
of neurotrophic interactions between post-mitotic neurons and their targets 
(E10 to E14) (Cook et al., 1998, Vecino et al., 2004). The early wave of 
apoptosis has been suggested to remove cells with developmental DNA 
damage caused by erroneous regulation of the cell cycle or differentiation 
(de la Rosa and de Pablo, 2000, Baleriola et al., 2010). Although a majority 
of the retinal cell types are affected by apoptosis, the HCs do not undergo 
apoptosis during development of the chicken retina (Karlsson et al., 2001, 
Edqvist et al., 2008). Therefore, the size of the HC population appears to be 
determined by proliferation rather than apoptosis.  

Fate commitment of retinal progenitor cells   

Regulators of cell fate determination  
At an early stage during development, the retina is comprised entirely of 
multipotent RPCs. The RPCs divide symmetrically, generating two progeni-
tor cells, thereby increasing the progenitor pool. As development progresses, 
symmetric division is followed by asymmetric division, producing one pro-
genitor cell and one cell that differentiates. Near the end of retinal develop-
ment, the cell cycle once more becomes symmetrical, generating two post 
mitotic cells. The cell fate of the two daughter cells is not always homoge-
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neous, and heterogenic cell fate contributes to the generation of different 
retinal cell types (Malicki, 2004).   

The cell fate of newly produced cells is regulated by a complex array of 
extrinsic and intrinsic signals acting on the RPCs to ensure that the correct 
cell types are generated in the right number and at the appropriate time 
(Cayouette et al., 2006). During early retinal development, transcription 
factors such as paired-box gene 6 (Pax6) and sex-determining region Y-box 
containing gene 2 (Sox2) collaborate with each other to regulate both prolif-
eration and control of the competence state of RPCs. The precise regulation 
of the ratio between them is necessary to ensure accurate development, as 
high expression of Pax6 maintains the multipotent potential of RPCs, and an 
increase in the expression of Sox2 inhibits the expression of Pax6 and bias 
RPCs towards a neurogenic fate (Matsushima et al., 2011). 

The fate of one cell is not decided by only intrinsic signals. Instead, there 
is collaboration between intrinsic signals and external stimuli. The Notch-
Delta signaling pathway acts through lateral inhibition to regulate heteroge-
neity in the progenitor cell population. Notch is highly expressed at the api-
cal side of the retina (Austin et al., 1995) and random fluctuation in the lev-
els of Notch and Delta lead to elevated Delta expression in one cell. Delta, 
which is the ligand for Notch receptor, enhances Notch signaling in its 
neighboring cell (Perron and Harris, 2000). Cells with high Notch signaling 
either remain as progenitor cells or take on a glial fate since Notch inhibits 
expression of proneural genes, whereas, inhibition of Notch leads to cell 
cycle withdrawal and  proneuronal fate (Perron and Harris, 2000). Addi-
tional external stimulus that can affect cell fate is Sonic Hedgehog (SHH) 
(Zhang and Yang, 2001). In the chicken retina it is the ganglion cells, which 
are the first retinal cell type to differentiate, that secrete SHH. Low concen-
tration of SHH is important for maintaining proliferation, whereas, an in-
crease in SHH concentration will initiate differentiation of the neighboring 
progenitor cells towards a ganglion cell fate (Zhang and Yang, 2001, Wang 
et al., 2005). SHH is part of the neurogenic wave front which state that the 
generation of retinal cells is initiated in the central part of the retina and pro-
gresses toward the periphery in a wave-like fashion, resulting in a more ma-
ture retina in the central part than in the peripheral part (Prada et al., 1991).  

However, the multipotent RPCs are not always susceptible to the influ-
ences around them. As development proceeds, the progenitor cells change 
their competence over time under the control of extrinsic and intrinsic regu-
lators (Harris, 1997, Livesey and Cepko, 2001, Boije et al., 2014). The tran-
scription factor Ikaros has been suggested to play an important role in the 
competence of RPCs. The Ikaros protein is expressed in early, but not late, 
mouse RPCs, and has thereby been suggested to specify early cell fate 
(Elliott et al., 2008). 
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Commitment to a horizontal cell fate 
Collaboration of a series of genes is needed for a multipotent progenitor to 
commit to a specific cell type. The generation of HCs is regulated by several 
transcription factors, including forkhead box N4 (FoxN4). In the mouse ret-
ina, inactivation of Foxn4 leads to a total loss of HCs and most of the 
amacrine cells, whereas, over-expression is not sufficient for the generation 
of HCs (Li et al., 2004). FoxN4 drives the pancreas specific transcription 
factor 1a (Ptf1a) (Li et al., 2004, Fujitani et al., 2006) and Ptf1a knockout 
mice have, similar to Foxn4 knockout mice, a complete loss of HCs (Fujitani 
et al., 2006).    

The Foxn4 or Ptf1a knockouts lack expression of the HC markers Prox1, 
Lim, and Isl1, indicating they lie downstream of the FoxN4-Ptf1a pathway 
(Li et al., 2004, Fujitani et al., 2006). Prox1 is both necessary and sufficient 
for HC development, since Prox1 knockout mice lack HCs, and Prox1 over-
expression promotes a HC fate (Dyer et al., 2003). However, most transcrip-
tion factors are not unique for HC development, for example, Prox1 controls 
both RPC proliferation and HC development (Dyer et al., 2003) and Isl1 is 
expressed by several retinal cell types, including HCs and amacrine cells 
(Edqvist et al., 2006).  Furthermore, HCs, amacrine cells, and cone photore-
ceptors share molecular mechanisms for their differentiation, which indicates 
a common precursor cell (Boije et al., 2014).    

Retinal cells and tumor development 
One of the fundamental principles in developmental biology is that once a 
neuronal cell has differentiated, there is no possibility for cell cycle re-entry 
without induction of apoptosis (Folch et al., 2012). The incompatibility be-
tween proliferation and differentiation is seen in most retinal cell types. 
Over-expressing cyclin D to force retinal photoreceptors to re-enter the cell 
cycle induces apoptosis (Skapek et al., 2001). However, arguments against 
the theory that proliferation and differentiation are incompatible have been 
made. This includes our initial discovery that migrating HCs express mark-
ers for differentiation while undergoing an additional cell cycle with a basal 
mitosis (Edqvist and Hallbook, 2004, Edqvist et al., 2008, Boije et al., 2009). 
The hypothesis that HCs are more tolerant for addition rounds of division is 
supported in the zebrafish retina, where HCs express transcription factors for 
differentiation while undergoing a delayed symmetrical division in the HC 
layer (Godinho et al., 2007). Furthermore, HCs in the pRb-deficient mouse 
retina, do not undergo apoptosis, and instead continue to divide forming 
metastatic retinoblastoma (Ajioka et al., 2007).  

Retinoblastoma is a pediatric tumor, with 5000 to 8000 cases diagnosed 
annually worldwide (Abramson, 2005). The main underlying cause of reti-
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noblastoma is inactivation of both copies of the RB1 gene. This can occur in 
a heritable form, where there is a germline mutation in one of the RB1 
genes, or it can occur sporadically. Heritable retinoblastoma constitutes 40% 
of the cases and the sporadic constitutes  the remaining 60% (Vogel, 1979).  

Arguments against the theory that RB1 mutations are required for retino-
blastoma development have been made in a recent publication by Rushlow 
and colleagues, they showed that a small fraction of retinoblastoma tumors 
have a functional RB1 gene and protein. Retinoblastomas with functional 
RB1 did instead display MYCN amplification (Rushlow et al., 2013). 
MYCN is an oncogene, that facilitates cell cycle progression, and amplifica-
tion of MYCN has been demonstrated in numerous tumors (Dang, 2012). It 
seems that retinoblastoma might have different routes for development, and 
this is supported in comparisons of mouse and human retinoblastoma. HCs 
are suggested to be the cell-of-origin in the cone photoreceptor-deficient 
mouse retina (Ajioka et al., 2007), whereas, in the cone photoreceptor-rich 
human retina, it seems that some cases of retinoblastoma develops from pro-
genitors of cone photoreceptor cells (Glubrecht et al., 2009). Furthermore, 
human and mouse cases of retinoblastoma may display partially different 
mechanisms of tumor progression (Benavente et al., 2013). Analysis of hu-
man retinoblastoma showed that the tumors have relative stable genomes 
with genes epigenetically deregulated (Zhang et al., 2012).  However, mouse 
retinoblastoma is associated to high aneuploidy, with amplification of the 
Mdm2 and Mdm4/X genes, resulting in inhibition of p53 (Laurie et al., 
2007). 

A recent attempt to classify human retinoblastoma, based on gene expres-
sion, indicated that there are two subgroups; thereby, further supporting the 
hypothesis that retinoblastoma may develop from multiple pathways. The 
first subgroup expresses, otherwise incompatible, genes associated with dif-
ferent retinal cell types, indicating the tumor arises from a multipotent pro-
genitor. The second subgroup expresses markers characteristic of a progeni-
tor of cone photoreceptor cell (McEvoy et al., 2011, Kapatai et al., 2013).  

Even if retinoblastoma has different developmental routes, one cannot ex-
clude that retinal progenitor cells have a natural plasticity that allows them to 
differentiate along an alternative lineage if they are prevented from differen-
tiation along the correct lineage (Haruta et al., 2001, Hatakeyama and 
Kageyama, 2004, Poche and Reese, 2009). This is of particular interesting 
when considering that HCs and cone photoreceptors, which both have been 
suggested to be the cell-of-origin for retinoblastoma, share a common pre-
cursor cell (Boije et al., 2014). The internal plasticity of retinal cells and the 
ability of retinoblastoma to develop by different routes underscore the chal-
lenges of characterizing the cell-of-origin without first establishing full mo-
lecular and cellular description of the cells of the retina. This includes de-
scription of the regulatory pathways involved in both cell cycle control and 
apoptosis.   
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Aims of this thesis 

The main aim of this thesis was to characterize the final cell cycle of retinal 
horizontal cells. Furthermore, we aimed at describing the regulation of the 
cell cycle and the resistance to apoptosis of retinal horizontal cells. This is 
important since accurate description of cell cycle regulatory events and pos-
sible cell cycle outcomes enhances our understanding of retinal neurogenesis 
and tumor development.  

The specific aims were: 

Paper I: To characterize the final cell cycle of HPCs through markers for S- 
and G2/M-phase in combination with markers for the cell cycle regulators, 
pRb1, cyclin B1, Cdc25C and p27Kip1.  

Paper II: To analyze whether the heterogenic final cell cycle of HPCs is 
regulated by an active DNA damage response.  

Paper III: To analyze the regulation of the terminal basal mitosis of Lim1+ 
HPCs, with focus on the Chk1- and the cisplatin-induced DNA damage-
response.   

Paper IV: To analyze the endogenous expression of the transcription factor 
FoxN4, and to determine if FoxN4 over-expression is sufficient to commit 
retinal progenitor cells to a HC fate in the chicken retina.  
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Results and discussion 

The initial hypothesis was that the Lim1+ HPCs had a prolonged G2-phase 
for on average 48 hours while remaining basally; this was followed by a 
terminal basal mitosis and migrating to the prospective horizontal cell layer. 
Surprisingly, our initial experiments indicated that the final cell cycle of HCs 
was more complex than previously considered. Consequently, Lim1+ HPCs 
were discovered to have a heterogenic final cell cycle. A summary of some 
of the results obtained in this thesis are illustrated in Figure 5.  

Paper I 
The initial project was to characterize the duration of the prolonged G2-
phase with markers for S-phase in combination with markers for M-phase. 
The thymidine analogue EdU was used, to mark cells in S-phase, and it was 
discovered that not all Lim1+ HPCs have an S-phase while migrating to the 
basal side of the retina. The EdU-negative cells were classified as having 
behavior “one”. These cells exit the cell cycle after apical mitoses; they then 
migrated as post-mitotic Lim1+ cells to the basal side of the retina. The 
EdU-incorporation also indicated that many Lim1+ cells underwent S-phase 
while migrating and accumulating on the basal side of the retina. These cells 
were classified as having behavior “two”. From st26, the Lim1+ HPCs un-
derwent basal mitoses which were preceded by an S-phase within 6 h. These 
cells were classified as having behavior “three”. The S-phase of behavior 
“two” cells was neither followed by mitosis nor apoptosis. Therefore, the 
cells remained with a replicated genome.    

The presence of behavior “two” cells was supported by nucleus volume 
analysis, by FACS, and by chromosome FISH analysis. However, the fre-
quency of the behavior “two” cells varied between the methods. About 46% 
of the HCs were identified as having a remaining replicated genome by nu-
clear volume analysis, 40% by the FACS, and 2% by the chromosome FISH 
analysis. This discrepancy might be due to sister chromatides being associ-
ated with cohesins during and after S-phase; therefore, FISH double spots 
are less frequent (Skibbens, 2009). Another explanation would be that the 
genome in behavior “two” HPCs is partially replicated, which would explain 
why the frequency of cells with two Z-chromatides was lower. Moreover, we 
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do not exclude that the FACS analysis included a small fraction of cell dou-
blets, although care was taken to exclude all aggregates. 

With focus on the HPCs and in relation to the three final cell cycle behav-
iors suggested, pRb1, cyclin B1, Cdc25C, and p27Kip1 were studied. pRb1, 
cyclin B1, Cdc25C, and p27Kip1 were expressed in a heterogenic pattern; cells 
with behavior “two” and “three”, having a delayed final cell cycle, expressed 
hyperphosphorylated pRb1 during S-phase. Cyclin B1 and Cdc25C were 
only expressed by cells classified as having behavior “three” during their 
basal mitosis. This is in agreement with the transition from G2 to M-phase, 
and is characterized by an increase and activation of cyclin B1, Cdk1, and 
Cdc25C (Stark and Taylor, 2006). p27Kip1 was expressed by the HCs that left 
the cell cycle after an apical mitosis. 

The heterogeneity in HC formation has also been observed in compari-
sons among species. Mouse and rat HCs migrate to, and accumulate on, the 
basal side of the retina as post-mitotic Lim1+ cells before settling in the HC 
layer (Poche et al., 2007), this corresponds to behavior “one”. Zebrafish HCs 
divide non-apically in the HC layer (Godinho et al., 2007) and these mitoses 
mostly resemble the mitosis displayed by behavior “three” cells in the 
chicken. We did not find PH3+ cells in the HC layer (up to st44) indicating 
that there are no non-apical mitoses in the chicken HC layer. However, we 
cannot exclude that cells undergo a delayed mitosis after hatch.  

Poly- or aneuploidy in adult tissue is not completely uncommon, since it 
has been suggested in cat cerebellar cells (Herman and Lapham, 1968, 1969) 
and human Purkinje cells (Lapham, 1968). More recent findings are chromo-
somal variations in developing and adult cortical neurons (Rehen et al., 
2001, Kingsbury et al., 2005) and tetraploidy in chicken retinal ganglion 
cells (Morillo et al., 2010).  

In conclusion, the results indicate that the final cell cycle of chicken 
Lim1+ HCs is heterogenic and we suggest that three different cell cycle be-
haviors can be distinguished.  

Paper II 
In Paper I we showed that some Lim1+ HPCs undergo an S-phase, which is 
not followed by mitosis. Such cells remained with a full or partially repli-
cated genome. Even though neurons with aneuploidy can be functional and 
active, the most common fate for aneuploid cells is apoptosis, both in the 
central nervous system (CNS) and in other systems. (Voullaire et al., 2000, 
Rehen et al., 2001, Kingsbury et al., 2005, Rajendran et al., 2008, Zupanc et 
al., 2009, Peterson et al., 2012).  

We initially hypothesized that the DNA damage response pathway would 
be activated during the heterogenic final cell cycle of the HPCs that gives 
rise to heteroploid cells. However, the Lim1+ cells displayed no γ-H2AX or 
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Rad51 foci, indicating that active DNA damage response was not the under-
lying cause of the heteroploid cells. When DNA damage was inflicted with 
cisplatin or neocarzinostatin, the Lim1+ HPCs presented γ-H2AX and Rad51 
foci, suggesting that HPCs have the machinery and the capacity to trigger a 
DNA damage response. In addition, Lim1+ HPCs were able to activate cas-
pase-3 after neocarzinostatin-induced DNA damage, thereby, proceeding 
into apoptosis. 

Phosphorylation of H2AX is early and transient and downstream events 
in the DNA damage pathway were analyzed by blocking ATM, ATR, DNA-
PK, Chk1/2, and p38MAPK activity. Treating retinal explants with 
ATM/ATR-, Chk1/2-, or p38MAPK-inhibitor, neither triggered apoptosis 
nor increased the number of basal PH3+ HPCs at st25 (before the first basal 
mitoses). The presence of basal mitoses would have been expected if the 
DNA damage response was responsible for the block in S/G2-phase transi-
tion. These results imply that the S/G2-phase transition blockage was 
ATM/ATR, p38MAPK, and Chk1/2 independent. Unlike the mitoses of 
HPCs on the basal side of the retina, the number of apical mitoses increased 
after treatment with the Chk1 inhibitor, indicating that the cell cycle progres-
sion during INM is to some degree under Chk1-kinase control. This is con-
sistent with a Chk1-dependent regulation of cell cycle progression of mouse 
retinal progenitor cells (Fragel-Madeira et al., 2011). 

It has been demonstrated that CNS aneuploid cells are strictly regulated 
by caspase-mediated cell death. Removal of caspase-3 or caspase-9 increases 
the number, range, and form of aneuploid cells (Peterson et al., 2012). 
Therefore, the presence of an aneuploid population in the developing cortex 
is due to reduction in caspase activation. This observation may be related to 
HCs not undergoing developmental/programmed cell death during retinal 
development (Karlsson et al., 2001, Edqvist et al., 2008). 

The results indicate that the heterogeneity in the final cell cycle of 
chicken Lim1+ HPCs is independent of the DNA damage response pathway, 
and manipulation of the pathway does neither induce apoptosis nor M-phase 
entry. However, the DNA damage response pathway is present and can be 
activated, as shown by the -H2AX- and Rad51-response when HPCs are 
exposed to DNA-damaging agents.  

Paper III 
We have in Paper I and II shown that chicken Lim1+ HPCs have a hetero-
genic final cell cycle, where a proportion of the cells undergo a terminal 
basal mitosis. The heterogenic final cell cycle was neither regulated by the 
DNA damage response pathway nor active Chk1. The lack of direct regula-
tion by Chk1 on the terminal basal mitosis was followed up in Paper III. 
Blocking Chk1 had no effect on the basal mitosis of Lim1+ HPCs. This was 
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in contrast to cells undergoing INM, in which blocking Chk1 gave an in-
crease in the number of apical mitoses.  

To further investigate the regulation of the basal mitosis of Lim1+ HPCs, 
we triggered activation of Chk1 using cisplatin. Cisplatin-induced DNA 
damage did not arrest Lim1+ HPCs, indicating Lim1+ HPCs were, to some 
extent, resistant to cisplatin-induced cell cycle arrest. Resistance can be ac-
quired through several mechanisms, for example reduced intracellular drug 
accumulation and/or increase in DNA damage repair (Siddik, 2003). How-
ever, these mechanisms seem unlikely, as cisplatin induced intense γ-H2AX 
labeling in the Lim1+ HPCs, indicating the presence of substantial DNA 
damage (Paper II). Furthermore, the induction of DNA-damage with cis-
platin resulted in a G2/M-phase transition-arrest of cells undergoing INM, 
verifying that the cisplatin treatment was effectiv. 

Cisplatin-induced DNA damage leads to both activation of Chk1 and a 
p53-dependent increase in p21CIP1/waf1 mRNA. To investigate if the ability of 
Lim1+ HPCs to continue into mitosis after cisplatin treatment might be 
caused by an absence in a functional p53/p21CIP1/waf1 response, we used Nut-
lin3a to block the inhibitors Mdm2 and Mdm4/X, thereby, activating p53. 
Within 4 hours of Nutlin3a treatment, an increase in p21CIP1/waf1 mRNA was 
observed indicating an increase in p53 activity. Treatment with Nutlin3a for 
6 hours resulted in blockage of the G2/M-phase transition for both Lim1+ 
HPCs and cells with an apical mitosis, indicating that Lim1+ HPCs have a 
functional p53/p21CIP1/waf1 response.  

The ability to respond to DNA damage was investigated in the Lim1+ 
HPCs that progressed into mitosis after cisplatin treatment. The presence of 
γ-H2AX immunoreactivity was investigated and some Lim1, PH3 double-
positive HPCs were also positive for γ-H2AX. These cells were able to con-
tinue into mitosis in the presence of γ-H2AX without activation of caspase-
3. The ability of Lim1+ HPCs to enter mitosis in the presence of DNA dam-
age is consistent with results obtained in the conditional pRb1-inactivated 
mouse retina. HCs with DNA damage were able to remain in the cell cycle 
due to increased expression of the transcription factor E2f1 and its target 
genes (Donovan and Corbo, 2012). However, further investigation is needed 
to clarify whether this is the case for chicken retinal Lim1+ HPCs. Further-
more, blocking Cdk1 reduced basal and apical mitoses verifying, the well 
established fact, that active Cdk1 is necessary for M-phase transition.   

The results indicated that the terminal basal mitosis of Lim1+ HPCs 
might be less sensitive to cisplatin-induced cell cycle arrest, and that Lim1+ 
HPCs are able to enter mitosis in the presence of DNA damage. However, 
the terminal basal mitosis is able to arrest upon direct activation of 
p53/p21CIP1/waf1.  
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Paper IV  
In this study, the transcription factor FoxN4 in the developing chicken 

retina was investigated through endogenous expression and over-expression. 
FoxN4 was found to be expressed by undifferentiated progenitors in the 
developing retina. These progenitor cells expressed Sox2 and weak Pax6, 
and as the progenitor cells started to differentiate and increase Pax6 expres-
sion, FoxN4 was down-regulated, further supporting the observation that 
FoxN4 was expressed only in undifferentiated RPCs.  

FoxN4 was over-expressed during HC genesis in the chicken retina, and 
this increased the number of cells with the HC markers, Prox1 and Lim1. 
During retinal development, there is a central to peripheral wave of matura-
tion, governed by SHH, during which differentiation of the early-born neu-
ronal subtypes is initiated (Zhang and Yang, 2001, Wang et al., 2005). 
FoxN4 over-expression could only initiate the expression of HC markers 
when the electroporated region covered the differentiation wave front. This 
suggests that the RPCs have intrinsic properties making them “competent” to 
respond to the over-expression of FoxN4. Furthermore, we found ectopic 
expression of markers for ganglion cells, amacrine cells and photoreceptors 
in the electroporated regions. This suggests that rather than only committing 
cells to the HC fate, FoxN4 triggers expression of differentiation programs 
of several early born cell types. This was supported by the increase in Pax6 
and decreases in Sox2 labeling indicating neurogenesis.  

At st35 (E9), FoxN4 electroporated retina displayed abnormal morphol-
ogy characterized by disrupted lamination and rosette formation, which ren-
dered the quantification of cell types difficult. Furthermore, a large fraction 
of amacrine cells and ganglion cells undergo naturally occurring cell death 
during normal retinal development, allowing overproduction to be compen-
sated by increased apoptosis. HCs do not undergo naturally occurring cell 
death during normal development, which facilitated their quantification. 
Electroporated retinas had Lim1+ cells in the ganglion cell layer, in the inner 
plexiform layer, and in clusters close to the ventricular side, resulting in 60% 
more Lim1+ cells in FoxN4 compared to control electroporated retinas. 
Thus, FoxN4 was sufficient to promote the generation of Lim1+ HCs.   

A model is suggested, in which FoxN4 is involved in HC genesis and low 
levels of FoxN4 allow and are compatible with continued proliferation, 
whereas, higher FoxN4 expression levels instigate differentiation and cell 
cycle exit.  
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Figure 5. Summary of the results obtained in this thesis. FoxN4 is expressed dur-
ing the apical mitosis of Lim+ HPCs, and down-regulated as development proceeds. 
The Lim1+ HCs are categorized, based on their final cell cycle. (A) Cells with be-
havior “one” undergo an apical mitosis and migrate bi-directionally as post-mitotic 
cells. These cells express p27Kip1. (B) Cells with behavior “two” have an S-phase 
while migrating to the basal. During the S-phase they express phosphorylated pRb1-
S608 but not markers for DNA damage: γ-H2AX and Rad51. Cells with behavior 
“two” do not enter M-phase and reside in the HC layer with a replicated genome. 
(C) Cells with behavior “three” have an S-phase while migrating to the basal side, 
followed by a basal mitosis and migration to the prospective horizontal cell layer. 
This occurs between st26-31 (period indicated by yellow shaded background). Cy-
clin B1 and Cdc25C are expressed by cells with behavior “three” during their basal 
mitosis. st; stages according to Hamburger and Hamilton.  
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Conclusion and discussion of future direction  

The cell cycle is a highly complex process that is under the control of several 
pathways. Thus, an atypical cell cycle implies an alternative or perturbed 
regulation. It has previously been demonstrated that the HCs have an addi-
tional cell cycle after initiation of differentiation (Edqvist et al., 2008, Boije 
et al., 2009), but the reason for this additional HC cell division is not fully 
understood. As the HCs are not produced in excess and their final number is 
not adjusted by developmental apoptosis there might be need for an addi-
tional cell cycle to expand the HC population, a phenomenon also present in 
the cortex (Kriegstein et al., 2006).  

Even though additional cell cycles could be an inherent part of expanding 
a neuronal population, aberrant neuronal cell cycle re-entry often leads to 
apoptosis. This is seen in various neurodegenerative diseases, where neu-
ronal cells that activate cell cycle molecules and re-enter the cell cycle un-
dergo apoptosis (Hoglinger et al., 2007). In contrast to neuronal cells, glial 
cells do not undergo apoptosis upon cell cycle re-entry. Cell cycle re-entry is 
a common trait among glial cells, including the retinal Müller glia cells, 
which are prone to cell cycle re-entry upon damage to the retina (Wan et al., 
2012). This is of particular interest since HCs were initially considered to 
share properties with glial cells such as an “open” chromatin. The genomic 
plasticity is suggested to provide survival advantages, since HCs have access 
to areas of chromatin that are otherwise unavailable (Boycott and Hopkins, 
1981, Davis and Dyer, 2010). Some of the properties of HCs, such as a ten-
dency to enter the cell cycle while expressing markers for differentiation, 
may be evolutionary remnants from a time when ancestral HCs might have 
had a glial cell-like function.  

Mechanisms of regulation that may contribute to the heterogenic 
final cell cycle 
The results presented in this thesis have revealed that the HCs have a hetero-
genic final cell cycle, generating some cells that remain with a fully or par-
tially replicated genome (Paper I). Furthermore, we show that the het-
eroploid HCs are not generated as a consequence of an active DNA damage 
response pathway (Paper II). The heteroploid HCs are generated through 
replication of the genome in the absence of mitosis, a phenomena referred to 
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as endoreplication (Edgar and Orr-Weaver, 2001). However, mitotic failure 
rather than endoreplication is the most common source of aneuploidy in the 
CNS (Yang et al., 2003). Although the functional significance of endorepli-
cation is not well characterized, it has been suggested that endoreplication 
promotes resistance against intrinsic and extrinsic stress (Lee et al., 2009). 
The underlying decision, to undergo endoreplication rather than completing 
the cell cycle, is poorly understood. However, endoreplication has been 
linked to cells that initiated differentiation while remaining in the cell cycle. 
Cycling keratinocytes are able to initiate differentiation without suppressing 
DNA replication and these cells do not progress into mitosis but rather un-
dergo endoreplication (Zanet et al., 2010).  

One regulatory pathway that is able to regulate endoreplication is the 
Notch-Delta, in which high expression of Notch represses p27Kip1 and 
Cdc25, and promotes endoreplication (Deng et al., 2001, Schaeffer et al., 
2004, Shcherbata et al., 2004). In Paper I we present results that may indi-
cate a Notch dependent induction of endoreplication. Lim1+ HPCs that un-
derwent endoreplication (cells with behavior “two”) expressed neither 
p27Kip1 nor Cdc25, indicating a repressed expression. Furthermore, Foxn4 is 
able to induce asymmetric activation of Notch by activating the Notch-
ligand: Delta like ligand 4 (Luo et al., 2012, Misra et al., 2014). This is of 
interest since both FoxN4 (Paper IV) and Notch are highly expressed during 
the period of HC development in the chicken retina (Austin et al., 1995). In 
addition, we show that FoxN4 is specifically involved in HC genesis.  

High expression of Notch in cells expressing differentiation markers, such 
as Lim1, could result in endoreplication. We have performed a preliminary 
experiment where the activation of Notch was blocked with the inhibitor 
DAPT, however, the experiment produced inconclusive results (data not 
shown). A reduction in Lim1+ cells entering S-phase was not observed and 
further investigation is needed in order to clarify the possible role of Notch 
induced endoreplication during the development of chicken retinal HCs.  

All HPCs do not undergo endoreplication; from st26 some HPCs have a 
terminal basal mitosis (Paper I). The reason for some HPCs being able to 
complete the cell cycle, while others are not, is unclear. However, one hy-
pothesis is that multiple signals are involved in regulating the final cell cycle 
of Lim1+ HPCs. Notch signaling, in the retina, has been shown to be func-
tionally linked to SHH signaling and chicken retinal ganglion cells express 
SHH just prior to the first basal mitoses by Lim1+ HPCs (Zhang and Yang, 
2001). High expression of SHH on the basal side of the retina might promote 
mitosis of Lim1+ HPCs. In fact, SHH expression in the Xenopus retina is 
able to promote cell cycle progression through activation of cyclin B1 and 
Cdc25C (Locker et al., 2006). A SHH dependent regulation of the basal mi-
toses could also explain why the first basal mitoses are observed in the cen-
tral part of the retina and continue in a wavelike fashion to the periphery 
(Boije et al., 2009), in a similar way as SHH induces the neurogenic wave 
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front (Prada et al., 1991). However, in a pilot experiment where SHH signal-
ing was blocked with the inhibitor cyclopamine, there was no reduction in 
the number of basal mitosis (data not shown). Blocking SHH signaling may 
not completely inhibit progression into M-phase, but rather increase the du-
ration of the cell cycle (Locker et al., 2006). Therefore, further investigation 
is needed to clarify if SHH may be involved in regulating M-phase progres-
sion of Lim1+ HPCs.  

Possible mechanism of resistance to apoptosis 
The most common fate for aneuploid cells, during development of the 

CNS, is caspase-mediated apoptosis (Voullaire et al., 2000, Rehen et al., 
2001, Kingsbury et al., 2005, Rajendran et al., 2008, Zupanc et al., 2009, 
Peterson et al., 2012). However the reason heteroploid HCs do not undergo 
developmental apoptosis is unclear. The HPCs did not activate caspase-3 
during their heterogenic final cell cycle (Paper I), indicating that heteroploid 
HCs do not undergo apoptosis. The resistance of HCs to undergo apoptosis 
was also shown in Paper IV, in which increased expression of FoxN4 
caused massive apoptosis of most retinal cell types except for the HCs, 
thereby, resulting in an overproduction. Even though the HCs appeared re-
sistant to apoptosis they are able to respond with activation of caspase-3 
upon double-stranded DNA breaks (Paper II), indicating that they have a 
functional caspase-3.  

The HCs not only displayed higher resistance to apoptosis, they were also 
able to enter mitosis in the presence of DNA damage (Paper III). The abil-
ity of HCs to enter mitosis in the presence of DNA damage seems to be 
regulated upstream of p53, since direct activation of p53, with an increase in 
p21CIP1/waf1, resulted in HC cell cycle arrest (Paper III). It is suggested that 
overriding cell cycle checkpoints in combination with inhibition of apoptosis 
can be mediated by the kinase Akt (Protein Kinase B). Akt can be activated 
by DNA damage in an ATM/ATR- or DNA-PK-dependent manner, and 
suppresses Chk1 signaling, thereby overcoming cell cycle checkpoints in-
duced by DNA damage (Kandel et al., 2002, Xu et al., 2012). Furthermore, 
Akt is also able to phosphorylate and enhance Mdm2 and Mdm4/X stability, 
thereby, inhibiting p53 activation and promoting cell cycle progression and 
survival (Xu et al., 2012). We labeled retinas treated with DNA damaging 
agents, with antibodies against Lim1 and phosphorylated Akt. Activation of 
Akt was not detected in Lim1+ cells (data not shown), indicating that active-
Akt is not directly involved in the progression of M-phase in the presence of 
DNA damage.  

In conclusion, pediatric tumors, such as retinoblastoma, have an early onset 
and are highly proliferative (Dyer and Bremner, 2005). It is therefore be-
lieved that the tumor arises from cells that have features that make them 
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more prone to tumor development. In this thesis, a novel cell cycle behavior 
by retinal cells is described. The retinal HCs seem to have an endogenous 
plasticity or instability in cell cycle regulation and an intrinsic resistance 
against apoptosis, since their cell cycle behaviors includes endoreplication 
not caused by DNA damage, and a basal mitosis that can proceed in the 
presence of DNA damage. These cell cycle and survival processes are con-
sidered important for understanding retinal neurogenesis and tumor devel-
opment. 
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Material and methods 

Animals  
The studies were performed in accordance with recommendations in the 
“Guide for the Care and Use of Laboratory Animals of the Association for 
research in vision and ophthalmology”.  

Fertilized White Leghorn eggs (Gallus gallus) were obtained from Ova 
Production AB and incubated at 38°C in a humidified incubator. Embryos 
were classified into stages (st) or the corresponding embryonic age in days 
(E), according to Hamburger and Hamilton (Hamburger and Hamilton, 
1951).   

Immunohistochemistry 
Dissected eyes were fixed in 4% paraformaldehyde in PBS for 15 min to 6 h 
depending on the primary antibody, followed by 10 min wash with PBS and 
cryoprotection in 30% sucrose for 3 h to overnight before being embedded in 
OCT (Sakura) or Neg50 (Thermo scientific). Tissues were cryosectioned and 
collected on Superfrost Plus glasses, followed by incubation in blocking 
solution (PBS containing 1% FBS, 0.02% Thimerosal, and 0.1% Triton X-
100) for 30 min. Primary antibodies were allowed to react overnight at 4°C, 
and secondary antibodies for 2 h at room temperature. Primary and secon-
dary antibodies were diluted in blocking solution. The slides were cover-
slipped with ProLonged Gold with DAPI to visualize nuclei. 
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Table 1. The primary antibodies used in the studies 

Antigen Dilution 1: Host Source Prod.No. 

Ap2a 200 Mouse DSHB1 3B5
BrdU 100 Rat AbDserotec OBT0030F 
Brn3a 200 Mouse Chemicon MAB1585 
Caspase-3, 
cleaved 4000 Rabbit Cell signaling 9661
Cdc25C 1000 Rabbit Abcam ab47329
FoxN4 2000 Rabbit Agrisera Custom made 
γ-H2AX 4000 Rabbit Abcam ab11174
Isl1 2000 Rabbit Chemicon AB5754
Isl1/2 200 Mouse DSHB 40.2D6
Isl2 200 Mouse DSHB 51.4H9
Lim1/2 20 Mouse DSHB 4F2s
Lim3 200 Mouse DSHB 67.4E12
p27Kip1 200 Mouse BD Transduction 610241
Pax2 1000 Rabbit Biosite PRB-276P 
Pax6 200 Mouse DSHB Pax6
PH3 400 Goat Santa Cruz Sc12927
PH3 4000 Rabbit Millipore 06-570
Phos-p38MAPK 500 Rabbit Cell Signaling 4511
pRb1-s608 4000 Rabbit Abcam ab60025
Prox1 200 Mouse Chemicon MAB5652 
Prox1 4000 Rabbit Chemicon AB5475
Rad51 4000 Rabbit Abcam ab63801
Sox2 400 Goat Santa Cruz Sc17320
1Developmental Studies Hybridoma Band 

Secondary antibodies were obtained from Invitrogen. Samples were ana-
lyzed using a Zeiss Axioplan 2 microscope or a Zeiss LSM 510 confocal 
microscope, equipped with an AxioCam C camera and Axiovision software. 
Images were formatted, resized, enhanced, and arranged using Axiovision 
and Adobe Photoshop CS4. 

FoxN4 antiserum 
In Paper IV were FoxN4 antibodies raised against a peptide corresponding 
to amino acid 54 to 67 of the chicken FoxN4 sequence (NP_001076828). 
Peptide synthesis and the rabbit antiserum were manufactured by Agrisera 
AB (Agrisera, Vännäs, Sweden) according to standard immunization proto-
cols. The antiserum was purified by peptide specific affinity purification also 
provided by Agrisera AB.  

TdT-mediated-dUTP-nick-end-labeling (TUNEL) labeling 
DeadEnd Flourometric TUNEL (G3250, Promega, Fitchburg, WI, USA) was 
used in Paper II and IV to analyze cell death. Sections were blocked for 15 
min in Zenon block (0.2% Triton, 1% BSA in 1xPBS pH 7.5) followed by 
incubation with 50 µl equilibration buffer for 5 min. The sections were then 
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incubated with terminal transferase solution containing 45 µl equilibration 
buffer, 5 µl nucleotide mix and 1 µl terminal transferase enzyme at 37°C for 
60 min under a cover slip. Sections were washed with 2xSSC for 15 min, 
rewashed with 1xPBS for 3x5 min before being mounted. 

5-ethynyl-20-deoxyuridine (EdU) and 5-bromo-2'-deoxyuridine (BrdU) 
injections 
In Paper I and II were the thymidine analogue 5-ethynyl-20-deoxyuridine 
(EdU) (Click iT EdU imaging kit C10084, Invitrogen) and 5-bromo-2'-
deoxyuridine (BrdU) used to visualize cells in S-phase (Buck et al., 2008). 
Injections were in either the embryonic eye or yolk sac to produce a pulse of 
EdU or continuous exposure adequate for labeling proliferating cells thereaf-
ter. Single eyes from embryos at st24/25, st27, and st29 were injected with 
1.25 µg EdU dissolved in 1 µl PBS. The eyes were collected after 15 min, 1 
h, or 3 h. The time was selected to be sufficiently long to allow a substantial 
number of cells to be labeled and short enough not to label two subsequent 
S-phases by the same cell. Yolk sac injections of st26-31 embryos were per-
formed with 50 µg EdU. The eyes were collected after 6 h or at st33 or st42. 
The yolk sac approach can be compared with cumulative labeling by [3H]-dT 
of cells entering the cell cycle (Prada et al., 1991). All eyes were fixed, fro-
zen, sectioned, and stained with immunohistochemistry and the EdU labeling 
was performed according to the manufacturer’s protocol. The duration of 
EdU exposure after embryonic eye or yolk injections was analyzed. In st24 
embryos, 1.25 µg EdU was injected (T0) into the eyes and followed immedi-
ately by an injection of 5 µg BrdU (T0), or after 2 h (T2) or 4 h (T4). Sam-
ples were collected 6 h after the initial EdU injection, and the fraction of 
EdU, BrdU co-labeled cells was analyzed and calculated. For the yolk ex-
periment, one 50 µg EdU yolk injection in st26 embryos was compared to 
two repeated EdU injections 48 h in between (at st26 and st30). The samples 
were collected at st33, approximately 4 days after the initial EdU injection, 
and the total number of EdU labeled Lim1+ cells was analyzed in animals 
with a single compared with repeated injections.  

Intraocular injections 
In Paper II were st25 eyes injected with 20 ng neocarzinostatin (N9162, 
Sigma-Aldrich) followed by either a 30 min or a 2 h incubation prior to 
analysis (Banin et al., 1998). The retinas were treated according to the im-
munohistochemical protocol. First, they were incubated with anti-γ-H2AX 
antibody, as an indicator of double-strand DNA breaks, then with TUNEL to 
visualize DNA fragmentation, which indicated apoptotic cell death. The 
number of γ-H2AX+ and γ-H2AX, TUNEL double-positive cells were 
counted in the central part of the retina, and the cell density (cells/mm2) was 
calculated. 
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Cisplatin (2251, Tocris) induces blockage in DNA synthesis and activa-
tion of the DNA damage response pathway (Siddik, 2003). In Paper II were 
st25 eyes injected in ovo with 1.5 µg cisplatin simultaneously as 50 µg of 
EdU was injected into the yolk to visualize cells in S-phase. Three hours 
after the injections, the eyes were collected and analyzed using immunohis-
tochemistry. 

In Paper II, were eyes injected with 0.3 μg of NMDA (M3262, Sigma-
Aldrich) in sterile saline (0.15 M NaCl) and analyzed after 24 h. Activation 
of p38MAP kinase was investigated using immunohistochemistry. 

In Paper III, were st29 eyes injected with 1.5 µg cisplatin followed by 2 
h, 4 h, or 6 h incubation prior to analysis. Stage 29 retinas were treated si-
multaneously with 1.5 µg cisplatin and 17.5 ng, 35 ng, or 175 ng cyclic Pi-
fithrin-α (Komarov et al., 1999) for 6 h incubation prior to analysis. Stage 29 
eyes were injected with 175 ng Pifithrin-α followed by 2 h, 4 h, or 6 h incu-
bation prior to analysis. The retinas were treated according to the immuno-
histochemical protocol.  

Whole retinal explants 
In Paper II and III were eyes from st25, st27 and st29 embryos dissected in 
37°C PBS. The pigment epithelium was removed, leaving the lens and the 
entire neuronal retina attached to the vitreous body. The eyes were cultured 
at 37°C in 35 mm dishes on a rotator shaker, with a constant speed of 50 rpm 
inside an incubator with 5% CO2. The retinas were cultured 60 min before 
adding the inhibitors or vehicle. The medium was 1:1 DMEM:F12 Nutrient 
mix, 10% FCS, 10 U/ml penicillin streptomycin, 5 µg/ml Insulin, and 2 mM 
L-glutamine. The control eye and the treated eye were dissected from the 
same embryo. After treatment for 1–6 h (depending on the experiment) the 
eyes were analyzed by immunohistochemistry. 

Eight different chemicals were administered to the retinal explants (Table 
2). Chemicals were resuspended in either DMSO or EtOH. The concentra-
tion of DMSO and EtOH in the vehicle-treated controls was always identical 
to the experimental eye. 
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Table 2. Chemicals used and their modes of action 

Target Chemical Conc. Source Mode of action 

ATM KU55933 10 µM 3544, Tocris Small molecule inhibitor 
(Hickson et al., 2004). 

ATM/ATR CGK733 10 µM 2639, Tocris Kinase inhibitor (Won et 
al., 2006).

Chk1 SB 218078 1µM 2560, Tocris Kinase inhibitor. ATP-
competitive inhibitor of 
Chk1 (Jackson et al., 
2000).

Chk2 NSC 109555 
ditosylate 

500nM 3034,Tocris Selective, reversible, ATP-
competitive Chk2 inhibitor 
(Lountos et al., 2009).  

Cdk1/2 Cdk1/2 inhibitor 
III 

300nM 217714, Cal-
biochem 

Kinase inhibitor. ATP-
competitive inhibitor of 
Cdk1/CyclinB (Gavet and 
Pines, 2010).

DNA-PK NU7026 10µM 2828, Tocris Competitive selective 
inhibitor (Willmore et al., 
2004).

Mdm2/Mdm4-
p53 

Nutlin3a 10µM 18585, Cay-
man chemicals 

Inhibitors of non-enzyme 
protein-protein interactions 
(Vassilev et al., 2004). 

p38MAPK SB 239063 20µM 1962, Tocris Binds to p38MAPK block-
ing catalytic activity 
(Underwood et al., 2000). 

Cell counts  
At least four sections per eye, from two to four different embryos per treat-
ment and antibody-combination, were used for cell counting (cells/mm2). 
Only the central part of the retina was analyzed to avoid bias imposed by the 
temporal and centro-peripherial aspects of retinal development. When count-
ing ventricular (apical) and vitreal (basal) cells the retina was divided into 
three horizontal layers and the inner third was considered as basal. The mean 
number (+/- SD) for each combination of labeling and stage was calculated 
and the data were analyzed and presented in GraphPad Prism (v3.02, Graph-
Pad software Inc.). Statistical analysis; Analysis of variance was done with 
Student’s t test or one-way ANOVA, followed with Turkey’s multiple com-
parison post-hoc test. Significance was set to P < 0.05.  

Electroporation  
In Paper I a cyclin B1-GFP vector (G2M cell cycle phase marker 
pCORON4004-CCEGFP expression vector, NIF2034, Amersham Biosci-
ences) was used to visualize cyclin B1 in HCs. Cell cycle specific expression 
was driven by a human CCNB1 promoter. Intracellular localization and the 
cyclic degradation of cyclin B1 protein was checked and confirmed in vitro 
by Lipofectamine™ 2000 (11668-027, Invitrogen) treatment of chicken DF1 
fibroblasts, the construct was incubated for 48 h. Embryonic st22 eyes were 
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injected subretinally with the pCORON4004-CCEGFP cyclin B1-GFP vec-
tor (5 μg/µl) and electroporation was carried out using a BTX ECM830 elec-
troporator delivering five 50 ms pulses of 15V (Funahashi and Nakamura, 
2008, Islam et al., 2012). The eyes were collected at st25 and st27 and ana-
lyzed with immunohistochemistry.  

In Paper IV, pCIG vectors carrying FoxN4-IRES-nls-GFP or nls-GFP 
under a β-actin promoter were injected at a concentration of 4 µg/µl into 
either the lumen of the brain vesicles at st13 (E2), or subretinally at st20 
(E3). Transfected embryos were allowed to develop for 24 h, 48 h or until 
st35 (E9) before analysis. 

Fluorescence-activated cell sorting (FACS) analysis 
In Paper I were eyes collected from chicken embryos just before hatch (P0). 
The cornea, lens, and vitreous were removed, and the retina with pigment 
epithelium still attached to the sclera was incubated in PBS, 2 mM EDTA, 
5.5 mM glucose, and 10 mM Hepes for 15 min on ice to facilitate the re-
moval of the pigment epithelial cells. The central region of the neural retina 
was dissected from four retinas. The tissue was incubated in 0.5 mg/ml tryp-
sin in PBS for 7 min at 37°C. After removal of the trypsin solution, a single 
cell suspension was obtained by gentle trituration of the retina in 0.5 ml of 
FBS. The cell suspension was washed once in PBS and fixed with 70% 
ethanol for 10 min before being passed through a 40 µm cell strainer (Fal-
con, BD Biosciences, San Jose, CA, USA). Cells were again washed with 
PBS and incubated for 60 min at room temperature in 0.1% Triton X-100, 
0.02% Thimerosal, and 1% FBS in PBS. After blocking, cells were incu-
bated with Prox1 antibody and incubated overnight at 4°C with gentle agita-
tion. Cells were washed three times with PBS and incubated with an anti-
rabbit Alexa 488 (Invitrogen) diluted 1/1000 in 0.1% Triton X-100, 0.02% 
Thimerosal and 1% FBS in PBS. Finally, the cells were washed three times 
in PBS. Single cells suspensions were incubated 30 min with 25 μg/ml ribo-
nuclease A (Sigma, R4875), and followed by 25 μg/mL propidium iodide 
(PI, Sigma, P4864) for 30 min at room temperature. 

Negative, positive, and secondary antibody controls were performed. Cell 
analysis was with Guava EasyCyte 8 cell analyzer (Millipore, Billerica, MA, 
USA). Aggregates were excluded from the analysis, and as a threshold, val-
ues from primary antibody positive and primary antibody-negative cells 
were gated with the maximal intensity level of cells incubated with the sec-
ondary antibody alone. 

Measurement of Lim1+ nuclei volumes 
In Paper I was the nucleus volume of st42 Lim1+ HCs was determined us-
ing immunohistochemistry, confocal microscopy and 3D analysis. Z-stacks 
projections were used to generate 3D models of the HC layer. The Imaris 
software was used to generate an iso surface of the Lim1 staining. Vantage 
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module and the volume of the Lim1+ nuclei was calculated with default 
value settings. 

Fluorescence in situ hybridisation (FISH) on tissue cryosections 
Interphase nucleus FISH was performed in Paper I on cryosections with 
directly labeled bacterial artificial chromosome probes in combination with 
immunohistochemistry for Prox1 or Lim1. Immunohistochemistry on cryo-
sections in combination with FISH has been previously described (Solovei, 
2010). FISH was performed with a bacterial artificial chromosome probe for 
chromosome Z on sections of female chickens in order to have a single copy 
of the probed region. The Z probe produces a single spot in female and two 
spots in male cells. After the initial immunohistochemistry, the sections were 
fixed for 20 min in 2% paraformaldehyde prior to FISH. The Z BAC clone 
(B6A6) (Zoorob et al., 1996) covers approximately 25% of the distal part of 
Z chromosome and was labeled with Alexa Fluor 568-5-dUTP (Chro-
maTide, Molecular Probes) by random priming using the Bioprim Kit (Invi-
trogen). The probe was purified through a spin column G50 Illustra (Amer-
sham Biosciences), then ethanol precipitated and resuspended in 50% for-
mamide hybridization buffer. Slides were incubated for 5 min in 10 mM 
sodium citrate at room temperature, and 5 min in 10 mM sodium citrate at 
80°C, then cooled at room temperature, then incubated again for 5 min in 
2XSSC,and 1 h in 50% formamide in 2XSSC. The slides were then briefly 
rinsed with 2XSSC. The probe was loaded on the slide, cover-slipped and 
sealed with rubber cement. The slides with probe were pre-warmed at 45°C 
for 1 h, denaturated at 80°C for 5 min, and hybridized for three days at 37°C 
in a Hybridizer (Dako, Glostrup, Denmark). After hybridization, the slides 
were washed 3 x 15 min in 2XSSC at 37°C, 2 x 5 min in 0,1XSSC at 60°C 
and 2 min in 2XSSC at room temperature. Tissue sections were counter 
stained with DAPI and cover-slipped in Vectashield (Vector, Burlingame, 
CA, USA). The slides were analyzed by confocal microscopy using Z-stack 
scans. The pinhole was optimized for each laser wavelength (488 nm and 
568 nm) in order to obtain the same optical slice for each wavelength. The 
Z-stacks were projected as a 3D model in the Imaris software.  

Determination of the sex of the embryos 
In Paper I was the sex of the embryos determined by analyzing the expres-
sion of W-linked protein kinase C inhibitor-8 (WPKCI-8) mRNA, by using 
quantitative reverse transcriptase polymerase chain reaction (qRT-PCR); 
male tissue does not express the gene.  

Quantitative reverse transcription PCR analysis 
In Paper III were retinas from different embryonic stages stripped of pig-
mented epithelium before being collected for the qRT-PCR. For st29 and 
older embryos, the central part of the retina was collected to avoid bias im-
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posed by the centro-peripherial aspects of retinal development. For st34 and 
younger, a minimum of two animals per batch were collected, this was to 
ensure the amount of mRNA would be sufficient for the qRT-PCR.  For all 
stages, a minimum of two batches were used. The mRNA was extracted with 
Trizol reagent (Invitrogen). The mRNA batches were treated with DNase for 
30 min at 37°C before 1 µg of mRNA from each batch was used to prepare 
cDNA with the high capacity RNA-to-cDNA kit (Applied biosystem). For 
the qRT-PCR, each batch was run in duplicate with IQ SyBr Green Super-
mix (Bio-Rad laboratories AB). For the FoxN4 qRT-PCR, in Paper IV, was 
the electroporated regions dissected under a fluorescence microscope and 
total RNA was extracted with Trizol reagent.  

The primers (Table 3) were designed with either Primer Express v2.0 
(Applied biosystem) or Primer3 Input version 0.4.0. The initial mRNA levels 
were normalized to β-actin and TATA box binding protein (TBP). Control 
reactions containing primers but no cDNA were analyzed in parallel. The 
data was analyzed with one-way ANOVA followed by Turkey’s multiple 
comparison test.  

Table 3. Primers used for qRT-PCR 

Gene  Accession Nr.  Primer (F 5´ 3´) Primer (R 5´ 3´) 

Β-actin NM_205518 aggtcatcaccattggcaatg cccaagaaagatggctggaa 

TBP NM_2005103 tagcccgatgatgccgtat gttccctgtgtcgcttgc 

WPKCI-8 AB026677.1 agattgtggcgcacctcttc cacttctcgccaacaacaatcatca 

p53 NM_205264 ccgtggccgtctataagaaa acagcaccgtggtacagtca 

p63 NM_204351 tgttttgaagctcgcatttg tgcataggttccagggactc 

p73 XM_004947368 ttgcagctctgtgtgattcc gtggagctgggaatgtgttt 

p21CIP1/waf1 NM_204396 caatgccgagtctgtagttccc ttccagtcctcctcagtccctt 

Mdm2 NM_001199384 acttcccagccaacaacatc atcgctgctattgctcctgt 

Mdm4/X XM_004934926 agaacgcctgcagaatcact gtcatacagctgcctcacca 

FoxN4 NM_001083359   aaaaactccgtgcgccataa atcttggcaggattgagagcc 

Dll4 XM_004941616.1 gaggcacatgcttggaaaaaga tgcttgtgcacctgtccactt 

In situ hybridization 
In situ hybridization histochemistry was performed in Paper IV as described 
by (Pringle, 2006). In short, a cRNA probe was made with a DIG RNA la-
beling kit (Roche Diagnostic GmbH, Mannheim, Germany). The FoxN4 
probe corresponded to nucleotides 1406-1820 in the sequence with accession 
number EF141825. Probes were hybridized to sections overnight at 66°C 
under conditions containing 50% formamide and 5SSC in a humidified 
chamber. The DIG labeled nucleotides were detected by using an alkaline-
phosphatase coupled anti-DIG antibody (Roche Diagnostic) followed by 
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incubation with BCIP/NBT developing solution for 3 h at 37°C. Images 
were captured by a Zeiss Axioplan2 microscope equipped with Axiovision 
software.  
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