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ABSTRACT
Pocket proteins (pRb, p107 and p130) are well studied in the role of regulating cell proliferation

by controlling progression through the G1/S phase of the cell cycle. Increasing genetic and
anatomical evidence suggests that these proteins also control early differentiation and even later
stages of cell maturation including neural migration. However, the multifaceted functions of
pocket proteins in the regulation of cell proliferation and cell death has complicated our
interpretation of their role during development. As a result, the mechanisms through which
pocket proteins regulate neuronal migration and neural maturation remain unknown. Using a
pRb and p107 double knock out model, we show that a population of upper layer cortical
neurons fails to pass through the intermediate zone into the cortical plate. Importantly, these
neurons are born at the appropriate time and have exited the cell cycle. In addition, the role of
pocket proteins in radial migration is independent cell death, since this migration defect cannot
be rescued by eliminating ectopic cell death through Bax deletion. We also show a novel role of
pRb and p107 in development of the dorsal midline and guidance of callosal axons. In the
absence of pRb and p107, the structures of the commissural plate are highly disorganized and the
callosal axons fail to cross the midline. We identify primary defects in axon extension and
expression of multiple guidance cues, which can be observed prior to the disorganization of the
midline axon guidance structures. Through the use of in vitro cortical explants and in utero
electroporation, we identify defects in the rate of axon extension and directional guidance
independent from the midline. In addition, protein levels of Netrin and Neuropilin-1 are
decreased in the absence of pRb and p107, which could mediate the function of pocket proteins
in guiding callosal axons. Indeed, we identify a previously undescribed population of Netrin
expressing cells in the cingulate cortex of control embryos which is lost in the pRb/p107
deficient littermates. We propose that these cells play a significant role in callosal axon guidance



during normal development. The results presented in this dissertation define multiple novel roles
of pRb and p107 in the regulation of radial migration and axon guidance, independent from the

role of these pocket proteins in cell death and proliferation.
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CHAPTER 1

GENERAL INTRODUCTION



1. Preface: The overall aim of this dissertation is to determine whether the Retinoblastoma
protein (pRB), and is close family member p107, are involved in the regulation of multiple
aspects of cortical development. Studies aimed at understanding the basic mechanisms of
cortical development are highly relevant to Canadian Health Research as many
neurodevelopmental disorders, including autism spectrum disorder (ASD), Tourette’s syndrome
and schizophrenia exhibit defects in neural number (Carper, et al. 2002; Carper and Courchesne.
2005; Hazlett, et al. 2005), migration (Arnold, et al. 1991; Beckmann and Jakob. 1994; Akil and
Lewis. 1997; Arnold, et al. 1997; Deutsch, et al. 2010) and errors in axon connectivity (Isler, et
al. 2010; Yao, et al. 2010; Anderson, et al. 2011; Catarino, et al. 2013; Kern, et al. 2015;
Hahamy, et al. 2015). In order to treat these disorders, it is crucial that scientists first understand
the basic mechanisms which drive normal cortical development. In this dissertation | will
examine the role of pocket proteins pRb and p107 in two aspects of neuronal maturation, radial
migration and axon guidance. As the contents of this thesis will show, pocket proteins are
required or the correct regulation of both cell cycle exit and neuronal maturation, such that they
can be considered as prime candidates to be major regulators of cortical development, both in
health and disease.

Pocket proteins are well known to regulate cell cycle exit and to control the transition
from proliferating neural precursor cell (NPC) to differentiating neuroblast. Here, we
specifically examine whether pRb and p107 are involved in regulating radial migration and axon
guidance. We then ask whether pRb and p107 are required for neuronal maturation as a
downstream consequence of their regulation of cell cycle exit and differentiation, or whether
they regulate these processes through novel, cell cycle independent mechanisms. Because

precise timing and coordination of different events is crucial during brain development, we



suspected that the defects in proliferation and cell cycle exit known to occur in the developing
telencephalon following deletion of pRb or p107 could have severe downstream effects on the
development of post-mitotic neurons. However, as the results presented in the following
chapters will show, pRb and p107 seem to play a much larger, more direct role in both neuron
migration and the growth and guidance of callosal axons than previously suspected.
Furthermore, these pocket proteins seem to control migration and axon guidance through novel
cell cycle independent mechanisms. In this introductory chapter, 1 will first describe the
developmental processes of neurogenesis, radial migration and corpus callosum formation. | will
then provide an overview of the molecular mechanisms of pRb/p107 function in cell cycle
regulation and illustrate the role of pRb during development, through both cell cycle dependent
and independent mechanisms. Although it is known that deletion of pRb can cause severe
developmental defects in a variety of tissues, the mechanisms through which pocket proteins
control development are essentially unknown. The possibility of cell cycle independent
functions of pRb in controlling the development of post-mitotic cells is a relatively new and
unexplored area of research. In this review, | will provide justification for the hypothesis that the
pRb/p107 pathway has an extended role during neuronal development though cell cycle

independent mechanisms.

2. Cortical Plate Development and Radial Migration

2.1 Overview of Neurogenesis: In order to appreciate the role of pRb and p107 in radial
migration, it is first necessary to understand the processes by which the cortical plate is formed.
This section will provide of an overview of these processes with special attention to neurogenesis

and cell cycle regulation. As one of the main conclusions of this dissertation is that pRb and



p107 regulate cortical development through cell cycle independent mechanisms, it is crucial to
discuss the importance of proper cell cycle regulation on normal cortical development.

The mammalian cortex consists of six layers of glutamatergic pyramidal neurons
interspersed with a multitude of GABAergic interneurons. These two classes of neurons are
derived from distinct populations of neural precursor cells (NPCs) (McConnell. 1995; Ferguson
and Slack. 2001; Nadarajah and Parnavelas. 2002; Marin and Rubenstein. 2003; McClellan and
Slack. 2006; Dehay and Kennedy. 2007; Stancik, et al. 2010a; Evsyukova, et al. 2013) (Figure 1-
1A). Pyramidal neurons develop from proliferating NPCs in the ventricular and subventricular
zones of the dorsal telencephalon, while the interneurons are derived from NPCs in the
ganglionic eminences (GE) (Tarabykin, et al. 2001; Hevner, et al. 2001; Nadarajah and
Parnavelas. 2002; Marin and Rubenstein. 2003; Gotz and Huttner. 2005; McClellan and Slack.
2006; Stancik, et al. 2010b). The GEs are ventrally located transient developmental structures
that later give rise to the striatum (O'Rourke, et al. 1992; Tamamaki, et al. 1997; Nadarajah and
Parnavelas. 2002). These interneurons reach the cortex though tangential migration around
E15.5 in the mouse (O'Rourke, et al. 1992; Anderson, et al. 1997; Tamamaki, et al. 1997;
Nadarajah and Parnavelas. 2002). The following overview of cortical development describes
neurogenesis and focuses on radial migration of the glutamatergic pyramidal neurons in the
dorsal telencephalon.

The cortex develops from a single layer of cells called the neuroepithelium of the neural
tube (Figure 1-1B). Prior to the onset of neurogenesis, neuroepithelial (NE) cells undergo
numerous rounds of self-renewing divisions to increase their numbers and build a thick
pseudostratified neuroepithelium (Caviness, et al. 1995; Kriegstein and Gotz. 2003; Gotz and

Huttner. 2005; Kriegstein, et al. 2006; Laguesse, et al. 2015). NEs are the first class of apical



neural progenitors and are characterized as having to two processes, a basal process attached to
the basement membrane of the neuroepithelium and an apical process attached to the apical
membrane (Miyata, et al. 2001; Noctor, et al. 2004; Gotz and Huttner. 2005; Laguesse, et al.
2015). As they progress through the cell cycle, the NE cell nucleus moves back and forth
between the basal and apical membranes, which gives the neuroepithelium its pseudostratified
appearance (Misson, et al. 1988; Gotz and Huttner. 2005; Spear and Erickson. 2012; Laguesse, et
al. 2015).

Neurogenesis begins around E11-12 in the mouse telencephalon. At this point, NE cells
transition into radial glial cells (RGs) and short neural precursors (SNPs), two other classes of
apical progenitors, and adopt several astroglial characteristics (Caviness, et al. 1995; Noctor, et
al. 2002; Kriegstein and Gotz. 2003; Laguesse, et al. 2015). Like NE cells, RGs have two long
processes attached to the two membranes and undergo interkinetic nuclear migration within the
ventricular zone (VZ) (Misson, et al. 1988; Miyata, et al. 2001; Kriegstein and Gotz. 2003;
Laguesse, et al. 2015), which is the region of tightly packed cells adjacent to the ventricle
(Figure 1B). RGs can undergo symmetric self-renewing divisions to generate two more RGs, or
asymmetric neurogenic divisions to generate one RG and one intermediate precursor (IP) or a
neuroblast (Malatesta, et al. 2000; Miyata, et al. 2001; Gotz, et al. 2002; Noctor, et al. 2004;
Miyata, et al. 2004; Gotz and Huttner. 2005; Laguesse, et al. 2015). SNPs resemble RGs except
that their shorter basal process doesn’t reach the basement membrane and they often undergo
asymmetric divisions to generate two neuroblasts (Haubensak, et al. 2004; Stancik, et al. 2010a).
The type of division and origin of the neuroblasts is very important as neurons located in
different cortical layers are derived from different categories of neural precursor cell, as will be

discussed below.
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Figure 1-1: Neural Precursor Division and Corticogenesis. A) This coronal view of the
mouse brain shows that the cortex is composed of two neural subtypes, pyramidal neurons which
travel into the cortex from the ventricular zone (VZ) of the dorsal telencephalon via radial
migration, and interneurons which reach the cortex of the ganglionic eminence of the ventral
telencephalon via tangential migration. B) In the mouse brain, neural progenitor cells can be
classified as apical progenitors (APs — light blue) and basal progenitors (BPs - green). Apical
progenitors define neuroepithelial cells (NEs), short neural precursors (SNPs) and radial glial
cells (RGs). NEs form the neural tube epithelium up to age E11 and undergo self-renewing
divisions, generating two new daughter NEs. NEs transition into SNPs and RGs around E12,
which undergo self-renewing symmetric divisions and neurogenic asymmetric divisions. SNPs
primarily give rise directly to neurons, while RGs give rise to neurons and intermediate
progenitors (IPs), which are the primary kind of BP in the developing mouse brain. IPs are
located in the subventricular zone (SVZ) and undergo a few round of proliferative divisions, then
give rise to neurons (orange). C) The earliest born neurons form the preplate (PP), which is later
split into the more superficial marginal zone (MZ) and the deeply located subplate (SP). Later
born neurons migrate past the subplate and previously deposited neurons to the top of the cortical
plate (CP). This generates a multilayered neocortex in which the oldest neurons are in the
deepest layers and the youngest neurons are in the uppermost layers. The birthdate of a neuron
determines its cortical layer and functional classification, such that neurons born at a common
age project axons to a common target. CH, cortical hem; E, embryonic day; Ncx, neocortex; 1Z,
intermediate zone; LGE, lateral ganglionic eminence; MGE, medial ganglionic eminence; WM,
white matter.

Top: Modified from Laguesse et al., 2015. Cell Tissue Res.

Bottom: Modified from Molyneaux et al., 2007. Nat Rev Neurosci.



In asymmetric division of the RGs, the IP detaches from the apical membrane and
migrates dorsally to the outer edge of the VZ (Tarabykin, et al. 2001; Noctor, et al. 2004;
Laguesse, et al. 2015). This begins the formation of the subventricular zone (SVZ). The SVZ
continues to expand during neurogenesis as the population of IPs grows until it peaks at E15.5,
and then slowly shrinks towards the end of neurogenesis at E18.0, and is present only as a thin
layer of cells in the adult brain (Caviness, et al. 1995; McConnell. 1995; Kriegstein, et al. 2006).
IPsundergo one or two rapid symmetric proliferations to generate more IPs, and then complete
one final division to yield two post-mitotic neuroblasts (Tarabykin, et al. 2001; Martinez-
Cerdeno, et al. 2006; Kriegstein, et al. 2006). This point represents the “birthdate” of the
neuroblast and the embryonic age at which the neuroblast is born is very important for defining
the developmental trajectory and functional specificity of the mature neuron within the neocortex
(Angevine and Sidman. 1961; Berry and Rogers. 1965; McConnell. 1988a; McConnell and

Kaznowski. 1991; Frantz and McConnell. 1996).

2.2 Cortical Plate Development: Formation of the cortical plate begins with formation of the
preplate, located along the top of the SVZ (Figure 1-1B) (Stewart and Pearlman. 1987;
McConnell. 1988b). The first cohort of neurons are derived directly from neurogenic division of
the SNPs or RGs (Noctor, et al. 2004) and reach the top of the SVZ through somal translocation
(Nadarajah, et al. 2001; Nadarajah and Parnavelas. 2002), in which the basal process shortens to
pull the soma vertically. These neurons form a structure known as the preplate (Stewart and
Pearlman. 1987; Hevner, et al. 2001; Garcia-Moreno, et al. 2007). The next set of neuroblasts
migrates to the middle of the preplate and thus splits the preplate into two parts (Stewart and

Pearlman. 1987; Hevner, et al. 2001; Jimenez, et al. 2003; Garcia-Moreno, et al. 2007). The



bottom half becomes the subplate and can be identified throughout development as a loosely
packed layer of neurons residing below the cortical plate (Hevner, et al. 2001; Jimenez, et al.
2003; Garcia-Moreno, et al. 2007). The upper half of the subplate becomes layer | of the cortex,
also known as the marginal zone (Hevner, et al. 2001; Garcia-Moreno, et al. 2007). Of the
multiple cell types found in layer I (Jimenez, et al. 2003), Cajal-Retzius (CR) cells are the most
well described and serve a crucial function in radial migration through the secretion of Reelin
(see section 2.4) (Tissir and Goffinet. 2003; Garcia-Moreno, et al. 2007; Frotscher, et al. 2009;
Honda, et al. 2011; Hippenmeyer. 2014). Cell tracing studies have shown that CR cells are
generated in the cortical hem at E10 and then migrate tangentially through the marginal zone to
populate layer | throughout the cortical plate (Garcia-Moreno, et al. 2007). As neuroblasts are
born, they migrate dorsally into the cortical plate by attaching to the basal processes of RGs and
traveling along this scaffold, a process known as radial migration (Rakic. 1971; Rakic. 1972;
Nadarajah and Parnavelas. 2002; Marin and Rubenstein. 2003; Ferguson, et al. 2005;
Hippenmeyer. 2014; Wu, et al. 2014).

The six-layered cortical plate develops in an inside-out manner such that each successive
population of migrating neurons travels past the previously deposited neurons to the outside of
the cortex, just under the CR cells. Neuron birthdating experiments used BrdU incorporation to
mark neurons born on different developmental days. These studies showed that neurons born
early in neurogenesis, between E12.5 and E13.5, migrate to layer VV/VI, while the neurons born
later in neurogenesis, around E16.5 to E18.5, populate layers 1I/111 (Figure 1-1C) (Angevine and
Sidman. 1961; Berry and Rogers. 1965; Polleux, et al. 1997a; Shen, et al. 2006; Frotscher, et al.
2009; Honda, et al. 2011; Hippenmeyer. 2014). Neurons in the lower layers have been shown to

have different cellular origins than upper layer neurons, with most lower layer neurons being



derived from direct neurogenic divisions of SNPs and RGs, while upper layer neurons are
generated from divisions of IPs (Tarabykin, et al. 2001; Noctor, et al. 2004; Haubensak, et al.
2004; Martinez-Cerdeno, et al. 2006; Stancik, et al. 2010b). In utero electroporation of plasmids
containing GFP controlled by cell-type specific promoters showed that SNP progeny were most
likely to be deep layer neurons, while most RG progeny were shown to be a combination of IPs,

and the upper layer neurons which are generated from IPs (Stancik, et al. 2010b).

2.3 Cell Cycle Regulation and Cortical Lamination: Regulation of the cell cycle is crucial for
proper cortical development. The rate of proliferation regulates both the number of neurons
produced and the intrinsic fate of daughter cells (Caviness, et al. 1995; Qian, et al. 2000; Shen, et
al. 2006; Dehay and Kennedy. 2007). As pRb and p107 are canonical cell cycle regulators, and
the purpose of this dissertation is to improve our understanding of the role of pRb and p107 in
cortical development, this section will discuss the consequence of cell cycle deregulation on
neural identity and cortical lamination.

The rate of cell cycle progression is determined by two factors, (1) the duration of one
complete passage through the cell cycle, and (2) the decision to either remain in the cell cycle for
another passage, or temporarily exit and adopt a state known as quiescence (Caviness. 1982;
Misson, et al. 1988; Caviness, et al. 1995; Nowakowski, et al. 2002; Dehay and Kennedy. 2007).
Because the rate of cell cycle progression controls the number of neurons produced at a given
time, changes in the rate of cell division at different stages of neurogenesis can have direct
impacts on the relative numbers of neurons within individual cortical layers. Studies have shown
that differences in the rate of cell cycle progression correlate with differences in the relative

thickness of the cortical layers between separate regions of the frontoparietal cortex (Polleux, et
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al. 1997a; Polleux, et al. 1997b). For example, a decrease in cell cycle length at E14.5 correlates
with an increase in neuron production and a wider layer IV. This can in turn alter cortical
lamination and circuit formation (Polleux, et al. 1997a; Polleux, et al. 1997b). Similarly,
deletion of core cell cycle regulator p57 (see section 4.1) was found to shorten the cell cycle by
decreasing G1 length in both RGs and IPs early in neurogenesis at E14.5, while deletion of the
very similar protein p27 was found to decrease G1 length specifically in IPs at E16.5 (Mairet-
Coello, et al. 2012). The effect was that p57 deletion caused an increase in the production of
layer V/VI neurons, while deletion of p27 caused an increase in the production of layer 11-V
neurons (Mairet-Coello, et al. 2012). This suggests regulation of cell cycle dynamics in all
categories of NPCs can have profound effects on cortical development and lamination.

Cell cycle dynamics can also influence cell fate by regulating the type of division within
a given developmental age. The length of the G1 phase of the cell cycle has been closely tied to
daughter cell fate. Treatment of NPCs with bFGF, a mitogenic signal, was shown to promote
proliferation through a decrease in G1 length, while treatment with NT3, which promotes
differentiation, had the opposite effect in promoting neurogenic divisions through an increase in
G1 length (Lukaszewicz, et al. 2002). Similarly, in proliferating NPCs in the VZ, G1 length was
found to correlate with the type of division, with NPCs undergoing neurogenic divisions taking
20% longer to complete G1 than NPCs undergoing proliferative divisions (Calegari, et al. 2005).
Forced expression of cyclinD/CDK4 led to a shortening of G1 in cycling NPCs, which resulted
in increased proportion of proliferative division and caused an increase in the production of IPs
at the expense of neurons and an expansion of the SVZ (Lange, et al. 2009). Together, these

studies suggest that increasing G1 length leads to an increase in the proportion of differentiating

11



divisions at the expense of self-renewing divisions in NPCs, while decreasing G1 length
promotes an increase in self-renewing divisions.

The length of the cell cycle is well known to progressively increase as neurogenesis
proceeds (Caviness, et al. 1995; Takahashi, et al. 1996; Lukaszewicz, et al. 2002; Calegari, et al.
2005). Average NPC cell cycle length has been shown to increase from 8 hours at Ell to 20
hours at E17; this was shown to be due to a steady increase in the G1 length with no change in
G2/M phase duration (Caviness, et al. 1995; Takahashi, et al. 1996). Furthermore, the G1 length
has been shown to increase in vivo by 47% from E10.5 to E14.5 specifically in the NPCs
undergoing neurogenic divisions (Calegari, et al. 2005). This suggests that the general increase
in G1 length throughout neurogenesis is due to both an increase in the proportion of neurogenic
divisions over self-renewing divisions, and an increase in G1 length during the neurogenic
divisions (Caviness, et al. 1995; Takahashi, et al. 1996; Calegari, et al. 2005). This could
indicate that G1 length controls not only the decision between neurogenic and self-renewing
divisions, but also the identity of the subtype of neurons generated, with longer G1 promoting
neuroblasts to adopt upper layer neuron identity (Calegari, et al. 2005). Modification of G1
length could therefore have profound effects on cortical structure and lamination, both through
controlling the number of neurons generated and the laminar identity of the individual neurons.
These observations greatly contributed to the early hypothesis of this thesis; that core cell cycle
regulating proteins could affect neuronal maturation and brain development through regulation
of cell cycle dynamics and the timing of generation of different neuron subtypes. Although we
know that cell cycle regulation has far reaching downstream consequences on neuronal
development, it is unknown whether this is the only, or even the primary, mechanism through

which classical cell cycle regulators control cortical development and neuronal maturation.
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2.4 Radial Migration: Radial migration and proper formation of the cortical layers, or cortical
lamination, are highly important to normal neuronal development and brain function, as many
neurodevelopmental and psychological disorders are characterized by abnormalities in cortical
layer formation (Jakob and Beckmann. 1986; Arnold, et al. 1991; Beckmann and Jakob. 1994;
Uribe and Wix. 2012; Catts, et al. 2013; Olson. 2014). In order for neuroblasts to travel from the
SVZ to the top of the cortical plate, several barriers must be overcome. A list of the factors
influencing radial migration are summarized in Table 1-1. First, the neuroblast must undergo
complex cytoskeletal rearrangements to change from the multipolar morphology of an SVZ IP to
the bipolar morphology a migrating neuroblast (Nadarajah and Parnavelas. 2002; Sato and
Nagano. 2005; Pacary, et al. 2011; Boitard, et al. 2015). This process has been shown to be
dependent on multiple factors, including Wnt signaling (Boitard, et al. 2015). Electroporation of
a constitutively active form of Wnt3A caused neuroblasts to remain in a multipolar shape with an
average of six highly branched processes randomly oriented around the soma, while control
electroporated neuroblasts had two unbranched processes oriented parallel to the radial glial
scaffold (Boitard, et al. 2015). The bipolar neuroblast then extends a leading process up the
radial glial scaffold, forms an adhesive contact, and translocates the nucleus dorsally, a process
calls nucleokinesis (Zheng, et al. 1996; Nadarajah, et al. 2001; Gongidi, et al. 2004; Nguyen, et
al. 2006). Migration must occur at the correct speed, as delays in the rate of migration can affect
the organization of the cortical layers (Kawauchi, et al. 2003; Konno, et al. 2005; Pacary, et al.
2011). Finally, the neuroblast must travel past the existing layers and detach from the scaffold at
the correct location (Nadarajah, et al. 2001; Nadarajah and Parnavelas. 2002; Gongidi, et al.

2004; Frotscher, et al. 2009; Honda, et al. 2011). There seems to exist an additional barrier to
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Table 1-1: Cell Autonomous and Non-Cell Autonomous Factors Regulating Radial Migration.

Feature Intrinsic/Extrinsic Function Citation
Developmental age of | Intrinsic e Neuroblasts born early (E12.5-E13.5) adopt identity of (McConnell. 1988b;
cell cycle exit layer V/V1 neurons; neuroblasts born late in neurogenesis | McConnell and

(E15.5-E18.5) adopt identity of layer 11/111 neurons. Kaznowski. 1991; Gotz
e Failure to exit the cell cycle completely could impair and Huttner. 2005;
differentiation and migration Laguesse, et al. 2015)
Differentiation Both e Failure to differentiate properly impairs neuroblasts’ (Tarabykin, et al. 2001;
ability to initiate migration and respond to migration Ghanem, et al. 20123;
signals. Boitard, et al. 2015)
e Could be due to an intrinsic deregulation of neurogenic
factors or an extrinsic signal which prevents
differentiation.
Cytoskeletal Intrinsic « Remodeling of the cytoskeleton required for transition to | (Nguyen, et al. 2006;
Dynamics bipolar morphology. Boitard, et al. 2015;
« Required for extension of leading process and Azzarelli, et al. 2015)
nucleokinesis along radial glial scaffold.
e Imbalance in polymerization and depolymerization could
prevent movement of neuroblasts or change rate of
translocation.
Radial Glial Scaffold | Extrinsic e Neuroblasts follow RG basal processes to the top of the | (Hunter-Schaedle.
cortical plate. 1997; Kriegstein and
e Disorganization or decreased numbers of the RG basal Gotz. 2003)
processes impairs radial migration.
Expression of Extrinsic e Many signals are expressed in the surrounding
Guidance Cues environment with permissive and directional roles in
guiding migrating neuroblasts (see Table 2)
Expression of Intrinsic » Neuroblasts must express appropriate transmembrane

Receptors for
Guidance Cues

receptors and components of the cytoplasmic signal
transduction pathways in order to respond to external
signals (see Table 2).
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neuroblasts moving past the upper cortical layers. Time lapse imaging has shown that wild type
neurons pause in layer IV entering the cell dense layer I1I/111 and some radial migration
phenotypes exhibit upper layer neurons able to enter the cortex, but being unable to enter these
upper layers (Sekine, et al. 2011; Zhang, et al. 2015). Dab1, which mediates Reelin signaling
(see below), has been shown to regulate migration through layer 11/111, as deletion of Dabl
through in utero electroporation allows neurons to migrate to layer IV, but renders them unable
to pass through these upper layers, which is sufficient to generate the inverted layer phenotype
(Sekine, et al. 2011). Once neuroblasts have reached their appropriate location within the cortex,
they continue to mature into functional neurons through axon extension and synaptogenesis.
Two well-known signals controlling migration are Reelin and Sema3a. Reelin is secreted
by the CR cells located in layer I of the cortex and acts to allow immature neurons to pass
through the intermediate zone and enter the correct cortical layer (Frotscher, et al. 2009; Honda,
et al. 2011). Reelin binds the Apolipoprotein E (ApoE) or very low density lipoprotein receptor
(VLDLR) on the neuroblast membrane (Hiesberger, et al. 1999; Jossin, et al. 2003; Bock, et al.
2004; Hippenmeyer. 2014). The importance of Reelin was discovered by examination of the
reeler mouse, which is deficient in Reelin expression (Caviness. 1982). In this mouse,
proliferation and preplate formation occur normally, but neuroblasts fail to migrate radially after
cell cycle exit and accumulate under the subplate, where they displace previously born neurons
dorsally (Caviness. 1982; Nadarajah and Parnavelas. 2002; Tissir and Goffinet. 2003;
Hashimoto-Torii, et al. 2008a; Frotscher, et al. 2009; Honda, et al. 2011). This results in
inverted cortical layers, with the oldest neurons at the top and the youngest neurons at the
bottom. Many of the aspects of the Reelin-null phenotype, including failure to split the preplate

and cortical layer disorganization, can be observed in slice cultures assays; growing these slice
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cultures in the presence of Reelin was able to rescue these defects and restore normal
development (Jossin, et al. 2004; Bock, et al. 2004). This shows that Reelin is a permissive cue
rather than a directional cue, as Reelin protein was applied uniformly to the culture media and
could not form a concentration gradient (Jossin, et al. 2004; Bock, et al. 2004). In addition,
ectopic expression of Reelin in the VZ of the Reeler mice was able to partially rescue preplate
splitting and cortical layer formation, even though neuroblasts were now moving away from the
source of Reelin (Magdaleno, et al. 2002). Reelin has been shown to regulate radial migration
through at least two mechanisms. First, Reelin-dependent phosphorylation and subsequent
degradation of Dabl is required for radial migration through cell intrinsic mechanisms. Knock-
down of Dabl though in utero electroporation of Dab1-RNAI caused GFP+ cells to be scattered
throughout the cortical layers, rather than concentrated in layer 11/111, as was seen in neurons
electroporated with a control scramble RNAI (Sanada, et al. 2004; Olson, et al. 2006). In
addition, Reelin is required for development of the radial glial processes, as Reelin-null mice
exhibit a disorganized radial glial scaffold (Hunter-Schaedle. 1997).

While Reelin acts as a permissive cue (Polleux, et al. 1998; Chen, et al. 2008; Zhao, et al.
2011), Sema3a has been shown to act as a chemoattractant to guide neuroblasts up a
concentration gradient toward the top of the cortex (Polleux, et al. 1998; Chen, et al. 2008; Zhao,
etal. 2011). Sema 3a is expressed at highest levels in the marginal zone above the cortical plate
and binds the Neuropilinl (Npnl) receptor on the surface of the migrating neuroblasts (Polleux,
et al. 1998; Zhao, et al. 2011). Sema3A was shown to attract migrating neuroblasts within
organotypic slices, even when the source of the Sema 3A was placed in the “wrong” location,
such as adjacent to the VZ (Polleux, et al. 1998; Zhao, et al. 2011). Furthermore, antibodies

against Sema3A or Npnl prevented migration in slice cultures (Chen, et al. 2008), and cell
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autonomous knock-down of Npnl or various members of Plexin family, which act as co-
receptors (see section 3.2.3), caused GFP+ cells to be scattered throughout the cortex rather than
located in layer 1I/111 (Chen, et al. 2008). Sema3A-Npnl signaling has been shown to be
involved in orienting migrating neurons within the cortex, as deletion of Sema3A prevents
neuroblasts from orienting their leading and trailing processes perpendicular to the cortical layers
(Polleux, et al. 1998). Additional secreted cues involved in radial migration are listed in Table 1-
2.

The many factors which influence radial migration can be categorized into cell
autonomous factors, which are intrinsic to the migrating neuroblast, and non-cell autonomous
factors, which originate in the surrounding environment, extrinsic to the neuroblast. Examples of
cell autonomous factors include cell cycle exit (Tury, et al. 2011; Mairet-Coello, et al. 2012),
neural differentiation (Methot, et al. 2013; Toyo-oka, et al. 2014), altered expression of
transcription factor profiles and associated changes in gene regulation (Hevner, et al. 2001;
Chen, et al. 2005; Alcamo, et al. 2008; Britanova, et al. 2008), regulation of cytoskeletal
dynamics (Kawauchi, et al. 2003; Konno, et al. 2005; Pacary, et al. 2011; Hippenmeyer. 2014),
and expression of transmembrane receptors to guidance cues (Hiesberger, et al. 1999; Bock, et
al. 2004; Chen, et al. 2008; Senturk, et al. 2011; Zheng, et al. 2012; Zhang, et al. 2015; Jiang, et
al. 2015). Non-cell autonomous factors include integrity of the radial glial scaffold (Hunter-
Schaedle. 1997) and expression of secreted chemical signals (Jossin, et al. 2004; Chen, et al.
2008; Honda, et al. 2011; Hippenmeyer. 2014; Boitard, et al. 2015). Specific examples are
summarized in Table 1-1. Failure of any of this multitude of requirements could result in
migration defects, ranging from a complete failure of neurons to split the preplate and enter the

cortical plate, resulting in inverted cortical layers as seen in the reeler mouse
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Table 1-2: Selected Extrinsic Signaling Pathways Regulating Radial Migration.

Ligand/Receptor
Reelin/ApoE/VLDLR/
Dabl

Expression Pattern
Reelin secreted by CR
cells
ApoE and VLDLR on
migrating neuroblasts.

Function
e Reelin is an essential permissive cue which instructs
neuroblasts to split the preplate and migrate to the
top of the cortex.
e Dab1 necessary for passing through layer II/111.

Citation
(Hiesberger, et al.
1999; Bock, et al.
2004; Jossin, et al.
2004; Sekine, et al.
2011)

Sema3a/Npnl

Sema3a in marginal zone
Npnl on migrating
neuroblasts

e Sema3a attracts migrating neuroblasts up a
concentration gradient to the top of the cortical plate.

e Orienting neuroblasts parallel to the radial glial
scaffold by repelling the trailing process.

(Polleux, et al. 1998;
Chen, et al. 2008)

Whnt — canonical
pathway

Wnt5A — non-
canonical pathway

Neuroblasts responsive to
canonical Wnt in
VZISVZ, responsive to
WNnt5A in 1Z

e Decrease in canonical Wnt signaling necessary for
multipolar to bipolar transition at the initiation of
radial migration. This decrease in canonical Wnt
mediated by an increase in Wnt5A signaling.

(Boitard, et al. 2015)

DSCAM

Throughout cortex

e Adhesion molecule hypothesized to function through
isoform specific homophillic interactions, necessary
for migration of upper layer neurons.

(Zhang, et al. 2015)

Robo1/2 and attenuating the repulsive effect of Slits.

SPARC-like 1 Top of RG fibers e Anti-adhesion function causes neuroblasts to detach | (Gongidi, et al.
from RG processes at the top of the cortical plate, 2004)
terminating migration

Robo4 Migrating neuroblasts e Enhances motility by forming heterodimers with (Zheng, et al. 2012)

Interleukin 1B/IL-1

IL-1R1 found throughout

e |L-1 attracts migrating neuroblasts in vitro shown

(Ma, et al. 2014)

expressed only during embryonic development.
Knockdown of GIuN2B causes cortical migration
defects through unknown mechanisms.

Receptor 1 developing cortex through cell motility assay and in vivo through
transfection of IL-1R1 siRNA.
GIluN2B Migrating neuroblasts e GIUN2B is a subunit of the NMDA receptor (Jiang, et al. 2015)
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(Caviness. 1982; Tissir and Goffinet. 2003; Honda, et al. 2011), to overlap and disorganization
between the normally distinct cortical layers (Ferguson, et al. 2005; McClellan, et al. 2007). One
of the primary goals of this thesis is to examine whether pocket proteins pRb and p107 regulate

radial migration through cell autonomous or non-cell autonomous mechanisms (Chapter 2).

3 Axon Guidance Molecules and Mechanisms

3.1 Overview: The tremendous networks of neural connections present in the adult brain are
initially formed through the mechanisms of axon guidance and axon extension during embryonic
development. The importance of these processes is emphasized by the fact that many
neurodevelopmental disorders including autism spectrum disorders, schizophrenia and cerebral
palsy are characterized by developmental defects in white matter tract formation and axon
connectivity (Paul, et al. 2007; He, et al. 2008; Isler, et al. 2010; Lo, et al. 2010; Anderson, et al.
2011; Catarino, et al. 2013; Paul, et al. 2014; Hahamy, et al. 2015). However, before it is
possible to treat these disorders, it is necessary to develop a complete understanding of these
mechanisms during normal development. While the signaling pathways and molecular
mechanisms employed by many of the major axon guidance proteins have been analyzed, our
understanding of the major regulators organizing the complex interplay of these proteins within
the context of the developing brain remains incomplete. Indeed, the factors which control
expression of these axon guidance proteins is essentially unknown. This section will provide a
description of the relevant information necessary to appreciate the basic mechanisms of axon
guidance and the challenges associated with creating the extensive neural networks present in the

adult brain.
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The process of wiring the brain and guiding axons toward their appropriate targets
generates several unique challenges. First, the axons must often cover extremely long distances,
often with complex trajectories including many turns and decision points. This is solved by
dividing these long journeys into a series of small steps between intermediate targets (Shu and
Richards. 2001; Rash and Richards. 2001a; Richards. 2002; Shu, et al. 2003c; Keeble, et al.
2006; Hatanaka, et al. 2009; Zhao, et al. 2011; Fothergill, et al. 2013). However, this strategy
creates another dilemma; once an axon follows an attractive cue to an intermediate target, what
can induce that axon to continue past that attractive cue and move on the next intermediate?
This situation is especially relevant for commissural axons, such as callosal projection neurons
(CPNs) of the CC, which must cross the midline of the central nervous system (CNS). The
midline is an important intermediate target which expresses multiple attractive cues, yet axons
must extend past these cues in order to reach their final target in the contralateral side of the
nervous system. To solve this, the nervous system employs a large number of integrated
attractive and repellant molecular signals (Shu, et al. 2000; Shu, et al. 2003a; Shu, et al. 2003c;
Keeble, et al. 2006; Niquille, et al. 2009; Islam, et al. 2009; Piper, et al. 2009b; Unni, et al. 2012;
Fothergill, et al. 2013). When used in combination, as is seen at the CC midline, these signals
can enhance or attenuate each other to generate a complex language to guide axon tips.
Furthermore, the expression of these axon guidance molecules on the growth cones changes as
the axons cross the midline so that a signal which was attractive to a pre-crossing growth cone
can become repulsive to a post-crossing growth cone (Fothergill, et al. 2013). This draws the
pre-crossing axons into the midline, then pushes the post-crossing axons out the other side. The

general principles of using 1) a series of intermediate targets and 2) combinations of interacting

20



molecular signals with temporally regulated patterns of expression can be used to understand the

guidance of specific axon populations within an anatomical structure.

3.2 Guidance Molecules: Neurite tips express transmembrane receptors which bind to
chemoattractant and chemorepulsive cues, which induce growth cone extension or collapse,
respectively (Lowery and Van Vactor. 2009; O'Donnell, et al. 2009), and guide them through
their complex environment to the appropriate destination (Figure 1-2). These receptors can bind
diffusible cues which are secreted from a distant location, or bound cues which are attached to
the extra cellular matrix or adjacent cells. The classic chemoattractant family in the CNS is the
Netrins, which binds to DCC and Unc5 (Serafini, et al. 1996; O'Donnell, et al. 2009; Lowery and
Van Vactor. 2009; Edwards, et al. 2014), while the classic chemorepellant families are the
semaphorins (which bind the plexins and neuropilin 1) (Shimizu, et al. 2000; Kawasaki, et al.
2002; Gu, et al. 2003; de Wit and Verhaagen. 2003; Huber, et al. 2005; Piper, et al. 2009b; Zhao,
et al. 2011), the ephrins (which bind Eph receptors) (Drescher. 2000; Hu, et al. 2003; Noren and
Pasquale. 2004; Kadison, et al. 2006; Egea and Klein. 2007; Himanen, et al. 2007; Himanen, et
al. 2010) and the Slits (which bind the Robos) (Shu, et al. 2003a; Shu, et al. 2003c; Lowery and
Van Vactor. 2009; O'Donnell, et al. 2009; Unni, et al. 2012; Zheng, et al. 2012; Zelina, et al.
2014). In addition, several molecules previously identified as being involved in tissue patterning
have recently been shown to also have important axon guidance function. These include Sonic
Hedgehog (Shh) (which binds Boc and Patched), Wnt (which binds Frizzled) and Bone
Morphogenic Protein (BMP) (which binds BMPR) (Yam and Charron. 2013; Sloan, et al. 2015).
Cues from these receptors are transmitted to the cytoplasm through phosphorylation or

conformational changes of the receptor, where they influence cytoskeletal dynamics
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(Geraldo and Gordon-Weeks. 2009; Kaplan, et al. 2014). The major signaling pathways
involved in axon guidance of callosal axons are summarized in Figure 1-2, and the secreted and
adhesive axon guidance molecules involved in CC development are described in Tables 1-3 and
1-4, respectively. The current understanding of these molecules in commissural axon guidance
is based predominantly on studies performed in vitro and in the spinal cord, so it remains largely
unknown whether they function through the same mechanisms during CC development. The
known roles of several key pathways in CC development in vivo are discussed in the following
sections.

3.2.1 Netrin/DCC: Netrin is a diffusible molecule which binds dimers of the transmembrane
receptors Deleted in Colorectal Cancer (DCC) and Uncoordinated 5 (Unc5) (Kennedy, et al.
1994; Serafini, et al. 1996; Kennedy, et al. 2006; O'Donnell, et al. 2009; Lowery and Van
Vactor. 2009; Edwards, et al. 2014). When Netrin binds a DCC homodimer, it leads to
stabilization and extension of the actin cytoskeleton and causes the growth cone to turn toward
the source of Netrin secretion (Kennedy, et al. 1994; Shu, et al. 2000; Kennedy, et al. 2006).
Conversely, when Netrin binds the DCC/Unc5 heterodimer, this activates different downstream
signaling pathways and the growth cone collapses and retracts (Picard, et al. 2009; Antoine-
Bertrand, et al. 2011; Purohit, et al. 2012; DeGeer, et al. 2013). The function of Netrin/DCC
signaling is best understood in the developing spinal cord, where Netrin is secreted from the
floorplate and attracts commissural axons (whose cell bodies are located in the dorsal half of the
neural tube) to turn medially and cross the midline as part of the ventral commissure (Serafini, et
al. 1996; Fazeli, et al. 1997; Sloan, et al. 2015). In the absence of Netrin, commissural axons
have been shown to turn laterally as they descend and fail to cross the midline at the floorplate,

which prevents formation of the ventral commissure (Serafini, et al. 1996; Fazeli, et al. 1997).
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Table 1-3: Select Axon Guidance Molecule Families Important in CC development — Secreted Signals

Netrin

Receptor

Repulsion/

Attraction

Attraction

Receptor

Expression

CPN axons

Ligand
Expression

Septum, IG

Function
e Attracts pioneering axons at midline.

Sources

(Fothergill, et

and 1G glia « Silences Slit2/Robol mediated repulsion in al. 2013)
neurons post-crossing CPN axons.

Slit2 Robol Repulsion | CPN axons GW, Ig glia e Turns pre-crossing axons medially across (Shu, et al.
and IG corticoseptal boundary and pushes post- 2003c)
neurons crossing axons out the midline.

Sema3a | Npnl Repulsion | CPN axons, Marginal e Orients migrating neuroblasts within the cortex | (Polleux, et al.
esp. zone, lateral | e Induces extension of the trailing process away | 1998;
pioneering cortex from the cortex. Hatanaka, et al.
axons, 12 e Instructs axons to turn medially at the 1Z 2009; Zhao, et

al. 2011)

Sema3c | Npnl Attraction | CPN axons, Sling neurons, | e Attracts axons towards the midline (Niquille, et al.
esp. CR+ neurons | e Segregates axons from pioneering and 2009)
pioneering within the CC cingulate cortexes.
axons, 1Z

Wnt5a | Ryk Repulsion | CPN axons GW, IG glia | e Turns post-crossing axons dorsally and pushes | (Keeble, et al.

them away from the midline 2006)

Draxin | Lrp6 Repulsion | CPN axons CPN axons, ¢ Repels neurite outgrowth. (Islam, et al.

GW IG glia | e Draxin knockout mouse is acallosal due to 2009)
incomplete septal fusion

Shh Patched, | Receptor Commissural | Floorplate, e Shh attracts spinal commissural axons to the (Okada, et al.

Boc Specific spinal axons, | optic chiasm floor plate, then repels axons from floor plate | 2006; Yam and
RG axons post-crossing following Boc downregulation. Charron. 2013;
« Not investigated in CC. Sloan, et al.
2015)

BMP7 | BMPRI1B | Repulsion | Commissural | Roofplate e BMP7 repels spinal commissural axons from (Sanchez-

spinal axons the roofplate in the spinal cord. Not Camacho, et al.

investigated in CC.

2011)
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Table 1-4: Select Axon Guidance Molecule Families Important in CC development — Adhesive Signals

Repulsion/

Function

Attraction

Expression

Sources

Npnl Attraction | CPN axons, 1Z e Promotes CPN axon fasciculation and prevents | (Hatanaka, et al.
re-entry into ipsilateral cortex 2009)

PSA-NCAM Attraction | Cortical axons e Promotes fasciculation in vitro, specifically (Wakade, et al.
expressed on axon in vivo 2013)

L1 Attraction | Cortical axons e Promotes fasciculation in vitro, specifically (Wolman, et al.
expressed on CPN axon in vivo 2007)

DSCAM Attraction | Cortical axons e Promotes growth of CPN axons, as DSCAM (Zhang, et al.
knockdown cell autonomously impaired axon | 2015)
extension through the 1Z

EphB2/ephrinB1 | Repulsion | EphB2: GW, Ig glia e Turns pre-crossing axons medially across (Palmer, et al.

ephrinB2: CPN axons cortiqoseptal boundary ar_1d pushes post- 2002; Zimmer, et

crossing axons out the midline al. 2003)

EphA5/ephrinA5 | Attraction | EphA5: CPN axons e EphAS deletion leads to CPN axon crossing (Hu, et al. 2003)
defect

e ephrinAb attracts neurites in vitro
EphAd4/ephrinB | Repulsion | EphA4: Regions e EphA4 deletion leads to guidance defects in (Ho, et al. 2009)

surrounding commissures
ephrinB: Commissural

axons

forebrain commissures, primarily the anterior
commissure
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3.2.1.1 Netrin in the CC: In the CC, Netrin plays a similar, although more complex and less
well characterized role. Netrin is expressed by indusium griseum (1G) glial cells (see section
3.3.3.2) at the junction between the cingulate cortex and the septum (called the corticoseptal
boundary) (Serafini, et al. 1996; Fothergill, et al. 2013) and is required for callosal axon crossing.
Deletion of Netrin (Serafini, et al. 1996; Fothergill, et al. 2013) or DCC (Fazeli, et al. 1997; Shu,
et al. 2000) in the brain prevents CC formation. However, pioneering axons from the cingulate
cortex, which cross the midline first (see section 3.4.2), and neocortical axons from the lateral
cortex, which cross the midline later, have been shown to process the Netrin signal differently.
In vitro, Netrin has been shown to elicit an attractive response to neurites from cingulate cortex
explants but not from lateral cortex explants (Fothergill, et al. 2013), which implies that
Netrin/DCC signaling is attractive only to pioneering axons. However, Netrin-deficient neurites
from the lateral cortex exhibit a much greater sensitivity to Slit2/Robo mediated repulsion due to
an interaction between the DCC and Robo receptors which attenuates the Slit2/Robo signal
(Fothergill, et al. 2013). This was interpreted as a mechanism to allow these lateral pre-crossing
axons to overcome the repulsion of Slit2 (see following section) and approach the midline. DCC
was shown to be downregulated once the axons reached the contralateral side, which seems to
unmask the Slit2/Robo signal and encourage callosal axons to leave the midline and continue
toward their final target (Fothergill, et al. 2013). Indeed, Netrin has been shown to have similar
interactions with Slit and other signaling pathways in other systems (Kim, et al. 2014a; Sloan, et
al. 2015). Thus far, differential regulation of DCC is the only mechanism described in the CC
for changing cue sensitivity in pre-crossing and post-crossing axons at the midline (Fothergill, et
al. 2013). The dual function of Netrin in pioneering axons and lateral axons illustrates that

Netrin is crucial attractive and permissive signal in CC formation.
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3.2.2 Slit/Robo: The Slit family of diffusible molecules contains three members, Slit1-3, while
the Robo family has four members, Robol-4 (Shu, et al. 2003a; Shu, et al. 2003c; Lowery and
Van Vactor. 2009; O'Donnell, et al. 2009; Unni, et al. 2012; Zheng, et al. 2012; Zelina, et al.
2014). Robol and Robo?2 are functionally similar in cortical neurons while Robo3 has very
different function in axon guidance and has been shown to bind Netrin (Zelina, et al. 2014).
Slit/Robo interactions are repulsive and lead to destabilization of the actin cytoskeleton. In the
CC, Slit2 is expressed by the glial wedge (GW) and IG (Shu and Richards. 2001; Unni, et al.
2012), two support structures which form the outer boundaries of the corridor through which
callosal axons traverse the midline (see section 3.3.3 for greater detail). Slitl is expressed by the
IG and the sling neurons located below the CC and the Robo1/2 receptors are expressed on
growth cones (Shu and Richards. 2001; Unni, et al. 2012). Slit mediated repulsion is required to
guide axons across the corticoseptal boundary as the Slit1/2 and Slit 1/3 double knock out mice
fail to form a CC (Unni, et al. 2012). Furthermore, after dissecting out the GW from slice
cultures and returning it in the opposite medial-lateral orientation, axons were induced to turn
laterally, away from the midline, rather than medially, toward the midline (Shu and Richards.
2001), which further shows that Slit/Robo signaling is crucial to guiding callosal axons across
the corticoseptal boundary.

3.2.3 Sema3/Npnl/PlexinA: Semaphorins (Semas) constitute a huge class of diffusible
molecules which bind to the Plexin receptors (Shimizu, et al. 2000; Kawasaki, et al. 2002; Gu, et
al. 2003; de Wit and Verhaagen. 2003; Huber, et al. 2005; Piper, et al. 2009b; Zhao, et al. 2011).
Semas are subcategorized as Sema3 to Sema7, and each subcategory has multiple members.
Likewise, the Plexins are divided into PlexinA and PlexinB subfamilies. Each Sema protein

interacts with a specific subset of Plexin proteins, meaning that this huge group of proteins can
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generate a vast number of specific interactions which are used by different cell types at different
developmental stages (de Wit and Verhaagen. 2003). The Sema3 subfamily in particular is
highly relevant to cortical development (Polleux, et al. 1998; Wolman, et al. 2007; Chen, et al.
2008; Piper, et al. 2009b; Zhao, et al. 2011) and the role of Sema3 as an attractive cue in radial
migration was discussed in section 2.4 and Table 1-2. Sema3 proteins bind a receptor
heterodimer composed of PlexinAl and Neuropilinl (Npnl) on axon growth cones (Polleux, et
al. 1998; de Wit and Verhaagen. 2003; Hatanaka, et al. 2009; Piper, et al. 2009b; Zhao, et al.
2011). In CC formation, Sema3a functions as a repulsive signal through Npn1 to induce axons
to leave the cortex and turn toward the midline (Piper, et al. 2009b; Zhao, et al. 2011). Sema3a
is expressed at very high levels in the lateral portion of the cortex, and in the absence of Sema3a
axons turn medially or laterally randomly upon reaching the 1Z, such that descending axons are
equally likely to turn away from the midline as toward it (Zhao, et al. 2011). Sema3a is also
important at the midline as Sema3a knockout mice exhibit a thinning of the dorsal portion of the
CC, which is composed of the axons from the cingulate cortex which express the highest levels
of Npn1 (Piper, et al. 2009b).

Sema3c functions as an attractive signal, also through the Npn1 receptor, and is
expressed by the subcallosal sling neurons at the midline (Niquille, et al. 2009; Piper, et al.
2009b). The importance of Sema3c in drawing axons toward the midline is illustrated by the
observation that deletion of Sema3c prevents axons crossing (Niquille, et al. 2009).
Furthermore, explants of Sema3c expressing HEK cells placed at ectopic locations within slice
cultures has been shown to attract callosal axons into the septum, which they would not normally
enter (Niquille, et al. 2009). Together with Netrin, Sema3C functions as an attractive signal to

callosal axons and is necessary to CC development.
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3.3 Corpus Callosum Development I - Establishing the Anatomy: The CC is the largest axon
tract in both the murine and human brains. It connects the right and left hemispheres of the
neocortex and allows more advanced information processing by enabling communication
between the two sides of the brain (Demopoulos, et al. 2014; Kim, et al. 2014b). 1 in 4000
children are born with agenesis of the corpus callosum (ACC), and most neurodevelopmental
disorders include callosal defects (Paul, et al. 2007; Collinson, et al. 2014; Demopoulos, et al.
2014; Kim, et al. 2014b). Children with ACC experience a wide range of symptoms, including
mild to severe developmental delays, ASD and ADHD-like syndromes, defects in sensory
processing, and cerebral palsy (Paul, et al. 2003; Paul, et al. 2004; Brown, et al. 2005; Paul, et al.
2007; Szabo, et al. 2011; Fairchild, et al. 2011; Paul, et al. 2014; Edwards, et al. 2014; Bridgman,
et al. 2014; Demopoulos, et al. 2014). However, the causes of ACC are unknown. In order to
understand the causes of ACC, it is crucial to understand the fundamental mechanisms that
control the growth and guidance of callosal axons during normal development. This section will
examine the early phases of CC development including formation of the support structures which
express critical axon guidance cues, as well as mechanisms used by the pioneering axons.

3.3.1 Hemisphere Fusion: Formation of the CC begins with fusion of the two hemispheres and
establishment of the callosal plate (Figure 1-3A). As the general patterning of the telencephalon
proceeds (reviewed in (Borello and Pierani. 2010)), dorsal and ventral brain structures emerge.

In particular, the establishment of the dorsally defined cingulate cortex and ventrally defined
septum are crucial to commissural plate formation. Dorso-ventral patterning is controlled by a

complex interplay of signaling pathways downstream of the morphogens Shh in the pre-optic
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Figure 1-3: Development of the commissural plate and corpus callosum in the embryonic
mouse brain. (A) Commissural plate formation begins with septal fusion from E13-E15.
Complete septal fusion up to the corticoseptal boundary is necessary to provide a substrate for
axons. Pioneering axons from the cingulate cortex and lateral axons from the neocortex initiate
growth toward the midline around E14.5, while fusion is being completed. The glial wedge
(GW) also starts to form at this stage. (B) The first pioneering axons from the cingulate cortex
reach the midline at E15.5 and initiate crossing under the guidance of the GW, indusium griseum
(IG) neurons (shown in yellow) and GABAergic interneurons (not shown). Axons from the
lateral neocortex reach the corticoseptal boundary after the pioneer axons have already crossed.
At this age, axons have already made the decision to extend out of the cortex, turn toward the
midline and extend tangentially through the intermediate zone, under the guidance of
Sema3a/Npn1l signaling. (C) Starting at E16.5, neocortical axons follow the scaffold established
by the pioneering axons across the midline. They are guided by the GW, IG glia (shown in
green), IG neurons, subcallosal sling neurons and GABAergic interneurons. Subcallosal sling
neurons are in the process of migrating medially from the adjacent ventricle zones and will
continue to form a complete sling under the axons, as well as within the CC between the
cingulate and neocortical axonal compartments, until birth. Axons from the cingulate cortex
have reached the contralateral hemisphere and are starting to find their targets. (D) Between
E17.5 and PO, the majority of neocortical axons cross the midline and form the ventral
compartment of the CC. During this stage, axons travel through the contralateral 1Z to find their
targets in the homotopic region of the cortex, where they undergo extensive axonal sprouting and
pruning and eventually establish synaptic connections and functional circuits.

Modified from Gobius and Richards, Colloquium Series in the Developing Brain, 2011.
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area (which confers ventral identity) (Chiang, et al. 1996; Yu, et al. 2009), Fgf8 in the anterior
neural ridge (which becomes the commissural plate) (Crossley, et al. 2001; Fukuchi-Shimogori
and Grove. 2001; Shimogori, et al. 2004; Okada, et al. 2008; Moldrich, et al. 2010) and
Wnt/BMP in the cortical hem (which confers dorsal identity) (Shimogori, et al. 2004). Fgf8 is
specifically expressed at the isthmus, which becomes the substrate on which the callosal axons
eventually cross (Okada, et al. 2008; Moldrich, et al. 2010), and Fgf8 deletion leads to callosal
agenesis in mice, as well as defects in dorsal/ventral patterning (Okada, et al. 2008; Moldrich, et
al. 2010). Conversely, ectopic expression of Fgf8 has been shown to induce formation of an
ectopic isthmus in the developing chick telencephalon (Crossley, et al. 2001), which illustrates
that Fgf8 is crucial to establishing midline identity.

At E13.5 in the mouse, the two telencephalic vesicles are aligned along their medial
edges and covered in a layer of meningeal fibroblasts known as the leptomeninges (McLone and
Bondareff. 1975; Couly and Le Douarin. 1987; Siegenthaler and Pleasure. 2011). At E14.5, the
two halves of the septum fuse into a single structure, starting at the ventro-caudal aspect and
proceeding dorso-rostrally (Silver, et al. 1993). Although factors controlling this process are not
well known, fusion is thought to be dependent on the midline zipper glia located between the
septal halves, as well as on the glia of 1G, located at the junction between the cingulate cortex
and septum (Silver, et al. 1993). The requirement of complete midline fusion is exemplified by
mice mutant for Nfia (Shu, et al. 2003a), Nfib (Piper, et al. 2009a), DCC (Fazeli, et al. 1997;
Shu, et al. 2000), or Draxin (Islam, et al. 2009), which lack the midline glia and exhibit a small
cleft between the dorsal portion of the two halves of the septum. When these glial population are
absent, callosal axons fail to cross but instead swirl in complex Probst bundles adjacent to the

midline. Fusion is also known to be dependent on expression of BMP7 by the meningeal
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fibroblasts, as loss of BMP7 leads to loss of the midline glial cells and increased BMP7 induces
premature differentiation of glial cells; both situations prevent proper midline fusion and lead to
callosal agenesis (Sanchez-Camacho, et al. 2011).

3.3.2 Callosal Projection Neuron Specification: As described above, the cortex develops in an
inside-out manner with early born neurons forming the deep cortical layers and later born
neurons migrating through these layers to form the upper cortical layers. Neurons within a layer
have a molecular identity shared with other neurons born at the same developmental age (Figure
1-1, bottom), and although there is still a large and often underestimated amount of diversity
within pyramidal neuron populations, neurons within a given layer share the most molecular,
anatomical and functional similarity, with greater differences being seen in comparisons between
layers (Mitchell and Macklis. 2005; Molyneaux, et al. 2009; Fame, et al. 2011). These
similarities are visible in terms of layer specific molecular markers as well as in examining the
targets of the axonal projections, with neurons within a layer having a tendency to project to very
similar targets (Mitchell and Macklis. 2005; Britanova, et al. 2008; Alcamo, et al. 2008;
Molyneaux, et al. 2009; Fame, et al. 2011).

Cortical neurons are categorized by the target to which they project. Corticofugal
neurons (CFNSs) project to the striatum, basal ganglia, thalamus or spinal cord, callosal projection
neurons (CPNs) project to the cortex of the opposite hemisphere, and ipsilateral circuit projection
neurons project to distant regions of the cortex within their own hemisphere (Mitchell and
Macklis. 2005; Chen, et al. 2005; Alcamo, et al. 2008; Britanova, et al. 2008; Fame, et al. 2011).
A subpopulation of CPNs are born early and reside in layer V, while the majority of the CPNs
are late born neurons located in layer 11/111 (Angevine and Sidman. 1961; Ozaki and Wabhlsten.

1998; Rash and Richards. 2001b; Mitchell and Macklis. 2005; Alcamo, et al. 2008; Britanova, et

33



al. 2008). These two groups of CPNs have distinct functions and targets (Ozaki and Wahlsten.
1998; Rash and Richards. 2001b; Mitchell and Macklis. 2005; Petreanu, et al. 2007) and respond
differently to axon guidance molecules in the IZ and at the midline (see example of Netrin
responsiveness in section 3.2.1 (Fothergill, et al. 2013)). A primary difference is that the layer V
CPNs of the cingulate cortex act as pioneering axons which are the first to cross the midline at
the corticoseptal boundary and act as a scaffold for axons from the later born layer 11/111 CPN
axons (Koester and O'Leary. 1994; Ozaki and Wahlsten. 1998; Rash and Richards. 2001b;
Mitchell and Macklis. 2005).

Establishment of the CPN identity is thought to begin soon after exiting the cell cycle and
to depend on the expression of a combination of crucial transcription factors including Cux1/2
(Nieto, et al. 2004) and Satb2 (Alcamo, et al. 2008; Britanova, et al. 2008). As was discussed
during section 2.1 on neurogenesis, neurons in different layers express a unique combination of
transcription factors, which instruct their identity and influence their mature function (Hevner, et
al. 2001; Chen, et al. 2005; Alcamo, et al. 2008; Britanova, et al. 2008). Satb2 especially has
been found to have a direct importance on CPN development and axon pathfinding. Satb2 is
expressed specifically in CPN neurons and in Satb2 knockout embryos, upper layer neurons
incorrectly adopt the identity of CFN neurons and express Ctip2 and Fez2 and extend axons
toward the internal capsule (Alcamo, et al. 2008). In addition, Satb2 regulates expression of a
broad range of transcription factors and axon guidance proteins involved in development and
function of CPNs (Alcamo, et al. 2008; Britanova, et al. 2008). This establishment of the CPN
molecular identity is a crucial first step which enables these neurons to send out axons which can
navigate the complex system of guidance cues at the commissural plate and find their targets in

the contralateral hemisphere.
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3.3.3 Midline Guidance Structures: At the same time that early CPNs are being generated,
several transient developmental structures are formed at the corticoseptal boundary (Figure 1-3).
These structures include the glial wedge (GW), the indusium griseum (IG), the guidepost/sling
neurons and GABAergic interneurons. Together, these structures will guide the CPN axons
across the midline to the contralateral hemisphere. In order to appreciate the role of these
structures in CC development, it is necessary to understand the development of each individual
structure in turn.

3.3.3.1 The Glial Wedge: The radial glia of the GW are the first RGs in the developing brain to
express detectable levels of GFAP as early as E13.5-E14.5 (Shu and Richards. 2001; Shu, et al.
2003c). The GW develops from the RGs located at the portion of the ventricle closest to the
corticoseptal boundary. The medial endfoot of these cells detaches from the pial surface as the
cortical plate thickens and the cells extend toward the midline along the lamina terminalis in a
distinctive triangle shape (Figure 1-3 panels C and D) (Shu and Richards. 2001; Shu, et al.
2003c; Smith, et al. 2006). The first GW cells are born at E13.5 with the majority becoming
post-mitotic at E14.5-E16.5, and these cells maintain their RG identity as they continue to
express Nestin and RC2 as well as GFAP and BLBP (Shu, et al. 2003c). The GW functions by
expressing repulsive cues which turn the descending callosal axons towards the midline and thus
prevent them from extending straight downward and entering the septum (See Figure 1-3, panel
B’ at E15.5). The turn is completely dependent on the GW, since removal of the GW in slice
cultures causes axons to continue straight past the corticoseptal boundary into the septum; if the
GW is replaced in the opposite medial-lateral orientation, descending axons incorrectly turn
laterally, away from the midline (Shu and Richards. 2001). The most well-known of these

repulsive signals is the secreted molecule Slit2, which binds the Robo1/2 receptors on the axon
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growth cones (Shu and Richards. 2001; Edwards, et al. 2014). GW cells also express Wntb5a
which bind to the Ryk receptor on post-crossing axons leaving the corticoseptal boundary and
causes them to turn dorsally and proceed through the 1Z (Keeble and Cooper. 2006; Keeble, et al.
2006). In the absence of Wnt5a, axons are able to cross the midline normally, but rather than
turning dorsally when they reach the contralateral GW, the axons stall and are unable to continue
(Keeble, et al. 2006).

The size of the GW is important to CC formation as both an increase and decrease in the
size of the GW can interfere with axon crossing. Deletion of Nf2 (Lavado, et al. 2014) and
supplementation with BMP7 (Sanchez-Camacho, et al. 2011) have both been shown to increase
the length and number of glial processes, so that GW processes maintain their connection with
the pial surface and upregulate Slit2 expression. These effects combine to make an
insurmountable barrier for the descending axons and prevent midline crossing. On the contrary,
deletion of Slit2 (Shu and Richards. 2001; Unni, et al. 2012), Draxin (Islam, et al. 2009), Nfia
(Shu, et al. 2003a; Piper, et al. 2009a), or Lhx2 (Chinn, et al. 2014) result in a decrease in GW
cell number and process length, which removes the signal to turn and allows axons to continue
into the septum. Mutation of Lhx2 is especially informative as this disrupts the GW but not the
IG (see below), which confirms the specific requirement of the GW for axon turning (Chinn, et
al. 2014). Proper location of the GW is also necessary as defects in Gli3 dependent midline
patterning lead to disorganization of the glial populations and callosal agenesis (Magnani, et al.
2012a).
3.3.3.2 The Indusium Griseum: The indusium griseum (IG) is located at the corticoseptal
boundary just underneath the pial membrane of the dorsomedial pallium, directly above the CC

(Figure 1-3 panels B-D) (Shu and Richards. 2001; Shu, et al. 2003a; Shu, et al. 2003c). The IG
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contains both neurons and glial cells (Di leva, et al. 2015), which can be marked with Calbindin
(CB) or GFAP, respectively. Although much less is known about the development and function
of the IG compared to the GW, the IG glia are known to be crucial to CC formation since loss of
these cells in multiple knockout mouse models (Nfia/b, DCC, Draxin) causes an accollosal
phenotype (Shu, et al. 2000; Shu, et al. 2003a; Islam, et al. 2009; Piper, et al. 2009a).
Unfortunately, because most of the genetic deletions which lead to defects in the IG glia also
lead to defects in the GW, the specific function of these cells is not known. Even more
enigmatic, the 1G neurons have a presumed axon guidance function due to their location and
expression of multiple axon guidance cues including DCC and Robo1l (Shu, et al. 2000), yet the
true importance and function of these cells in CC formation remains unknown.

The IG glia are derived from the RGs of the GW (Figure 1-3 panels C and D) (Shu, et al.
2003c). Between E14.5 and E15.5, these cells exit the cell cycle and translocate to the medial
pallium by detaching their ventricular endfoot and shortening the processes between the cell
body and pial surface (Shu, et al. 2003c; Smith, et al. 2006). 1G glial cells differ from GW glial
cells in that they adopt a more astroglial identity and upregulate GFAP much later, starting at
E16.5-E17 (Shu, et al. 2003c). 1G glial precursor translocation is dependent on Fgf8/FgfR1
signaling and is reminiscent of the RG translocation and astrogliosis that occurs throughout the
cortex at the end of neurogenesis (Smith, et al. 2006). Once at the pial surface, the 1G cells
express multiple axon guidance cues including Netrin and Slit2 (Shu and Richards. 2001,
Fothergill, et al. 2013), where they form the dorsal boundary of the CC. These cells are therefore
necessary to the crucial balance between Netrin-mediated attraction and Slit2-mediated repulsion

which allows CPN axons to cross the corticoseptal boundary (see section 3.2.1).
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3.3.3.3 Guidepost/Sling Neurons: Sling neurons, also known as guidepost cells, are a thin band
of glutamatergic neurons located just below the CC. These neurons were originally misidentified
as glial cells and are referred to as the glial sling in older publications (Figure 1-3 panels C and
D) (Shu, et al. 2003b). Sling neurons originate in the SVZ in the region of the GW, at the level
of the corticoseptal boundary (Shu, et al. 2003b). Birthdating experiments show that the first of
these neurons become post-mitotic at E15.5 and migrate tangentially towards the midline where
they form a continuous band of cells underneath the immature CC (Shu, et al. 2003b). A second,
smaller band of sling neurons is found in the middle of the CC and separates the dorsal axons of
the cingulate cortex from the ventral axons of the lateral cortex (Shu, et al. 2003b; Niquille, et al.
2009). Similar to I1G neurons, sling neurons express multiple axon guidance receptors, including
DCC and Robo1/2 (Shu, et al. 2003Db), as well as secreting Sema 3c (section 3.2.3 (Niquille, et al.
2009)). Sema3c has been shown to be an important attractive cue to callosal axons from the
cingulate cortex (Fothergill, et al. 2013), which express the receptor Npn1, and ablation of
Sema3c from sling neurons prevents axon crossing (Niquille, et al. 2009). Sema3c is one of only
two attractive cues yet identified at the corticoseptal boundary (Niquille, et al. 2009; Fothergill,
et al. 2013).

3.3.3.4 GABAergic Interneurons: A fourth population of CC support cells are the GABAergic
interneurons dispersed throughout the CC (not shown in Figure 1-3) (Niquille, et al. 2009;
Niquille, et al. 2013). These cells migrate tangentially from the medial (MGE) and caudal
ganglionic eminences into the CC starting at E14.5 and reach maximal population density within
the CC at E18.5 (Niquille, et al. 2013). After this, they decrease in number and are no longer
present by P14 (Niquille, et al. 2013). These cells are attractive to callosal axons, as explants

from the MGE are able to attract axons within slice cultures (Niquille, et al. 2013). This function
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was suggested to be due to the expression of multiple axon guidance molecules, including Sema
3A, Npn2 and number ephrins and Eph receptors, as well as adhesion molecules such as L1 and

N-cadherin (Niquille, et al. 2013).

3.4 Corpus Callosum Development Il - From One Hemisphere to the Other: Once the
morphology of the cortical plate and the support structures around the corticoseptal boundary are
established, CPN growth cones must undertake a long and complex journey in order to reach the
contralateral hemisphere. Due to the curvature of the mammalian cortex, axons must make
several distinct turns before and after they cross the commissural plate (Figure 1-3). In this
section, each stage of the journey will be examined in normal development. It should be noted
that although the physical path of these axons has been described, the molecular mechanisms and
interactions between competing signals remain incompletely understood. Furthermore, the
mechanisms controlling the expression and establishment of these signals are completely
unknown. As one of the primary goals of this dissertation is to examine how these processes are
disrupted in the absence of pocket proteins (Chapter 4), this review is designed to provide a
framework to appreciate these defects.

3.4.1 Importance of the Cingulate Cortex: The first axons to cross the corticoseptal boundary
are the pioneering axons from layer V CPNs of the cingulate cortex (Figure 1-3) (Koester and
O'Leary. 1994; Ozaki and Wahlsten. 1998; Rash and Richards. 2001b; Piper, et al. 2009b). The
cingulate cortex is a specialized region of the cortex which contributes to the limbic system,
similar to the entorhinal cortex and hippocampus (Koester and O'Leary. 1994; Ozaki and
Wahlsten. 1998; Rash and Richards. 2001b; Piper, et al. 2009b). Also similar to the entorhinal

cortex, the cingulate cortex has 3-5 layers, classifying it as an allocortex, rather than the full 6
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layers seen in the more lateral neocortex (Koester and O'Leary. 1994). The junction between the
cingulate and lateral cortexes occurs at the dorsal flexion, where the cingulate cortex invaginates
inward (Yoshida, et al. 1997; Piper, et al. 2009b). Development of the cingulate cortex is
dependent on expression of Emx2, which is expressed specifically in the medial portion of the
developing neural tube (E9.5) and early telencephalon (E12.5) (Yoshida, et al. 1997). In the
absence of Emx2, the roof plate is expanded and the cingulate cortex is greatly reduced
(Yoshida, et al. 1997). In Emx2 deficient embryos, pioneering axons are absent and axons from
the neocortex form Probst bundles rather than cross in the midline in the rostral portion of the
corpus callosum (Piper, et al. 2009b). These results emphasize the crucial importance of
pioneering axons from the cingulate cortex in the formation of the CC.

3.4.2 Pioneering Axons: Growth cones of pioneering axons from the cingulate cortex rely on
several identified signaling pathways to traverse the corticoseptal boundary, the most important
of which have already been discussed in detail in section 3.2 and will only be alluded to here.
The path of a pioneering axon can be described as a series of steps:

1) The axon must leave the cingulate cortex and enter the 1Z. The molecular signals
behind this have only been studied in the lateral cortex and will be discussed in detail in section
3.4.3.1.

2) The axon must turn either dorsally or ventrally. The majority of pioneering axons turn
ventrally toward the commissural plate (Figure 1-3 panel A), although a subset in fact turn
laterally and travel through the 1Z all the way to the lateral cortex (Ozaki and Wahlsten. 1998;
Rash and Richards. 2001b). These axons are thought to function as an adhesive scaffold to guide

axons from the lateral cortex (Rash and Richards. 2001b).
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3) Pioneering axons then reach the corticoseptal boundary, where they encounter a
complex interplay of repulsive and attractive signals, the receptors of which are expressed on the
axon growth cones (Shu, et al. 2000; Shu and Richards. 2001; O'Donnell, et al. 2009; Piper, et al.
2009b; Unni, et al. 2012; Fothergill, et al. 2013). This review will focus on the molecules which
will be tested in Chapter 4. Robo1l receptors bind to Slit2 secreted from the GW and IG glia
(Shu and Richards. 2001) and DCC binds Netrin from 1G glia (Fothergill, et al. 2013). As the
axons extend down the I1Z toward the midline, repulsion from the Slit2 causes them to turn
medially and prevents them from entering the septum (Shu and Richards. 2001). After they have
crossed, the Slit2 and Wnt5a from the contralateral GW similarly causes the growth cones to turn
dorsally and continue to follow the 1Z toward their destination (Shu and Richards. 2001; Keeble,
et al. 2006). Although Netrinl has been shown to be specifically attractive to pioneering axons
from the cingulate cortex, and loss of Netrin prevents axon crossing (Shu, et al. 2000; Fothergill,
et al. 2013), the exact role of Netrin in guiding pioneer axons across the midline has not been
investigated. Finally, Sema3c expressed by the Calretinin+ neurons found within the medial 1Z
and in sling neurons attracts pioneering growth cones through interaction with the receptor Npnl
(Niquille, et al. 2009). All three of these pathways are necessary for pioneer axon crossing as
disruption of any one of them prevents CC formation (Shu and Richards. 2001; Niquille, et al.
2009; Fothergill, et al. 2013). These and other signaling molecules important in CC formation
are summarized in Figure 1-2 and Tables 1-3 and 1-4.

4) Once pioneering axons have crossed the midline, they continue through the 1Z and
reach their final targets in the contralateral cingulate cortex (Koester and O'Leary. 1994; Ozaki
and Wahlsten. 1998; Rash and Richards. 2001b; Piper, et al. 2009b). These axons now serve as a

scaffold for later crossing axons (Koester and O'Leary. 1994; Ozaki and Wahlsten. 1998; Rash
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and Richards. 2001b; Piper, et al. 2009b). Axons from the lateral cortex are thought to bind
them through adhesion molecules (Table 1-4) and the first axons have been shown to cross
within the tract of pioneering axons already established (Koester and O'Leary. 1994; Rash and
Richards. 2001b).

3.4.3 The Path of CPN axons: CPN axons follow a path that is very similar to that travelled by
pioneering axons, except that these axons must travel a much greater distance. This journey can
be summarized in a series of steps starting with 1) radial axon extension out of the cortex, 2) a
medial turn to follow the 1Z toward the midline, 3) fasciculation with other axons within the 1Z,
4) another medial turn to cross the midline, 5) a dorsal turn to leave the midline, 6) and entering
the contralateral cortex at the final destination. These stages are depicted in Figure 1-3.
3.4.3.1 Radial Axon Extension: Axon extension begins during radial migration, before the
neuron has reached its final cortical layer (Polleux, et al. 1998; Zhao, et al. 2011). The bipolar
neuroblast sends out a leading process extending in the direction the soma is traveling, and
leaves behind a trailing process showing where the soma has been. This trailing process is
converted into the rudimentary axon and extends back down towards the 1Z (Polleux, et al.
1998). The orientation of the trailing process and the radial extension downward have been
shown to be dependent on repulsion from Sema3a expressed in the marginal zone (Polleux, et al.
1998). Sema3a activity is mediated by binding the Npn1 receptor on the trailing process,
although contradictory evidence has shown that expression of dominant negative form of Npnl
does not interfere with orientation or radial extension of the trailing process (Hatanaka, et al.
2009), implying that members of the Plexin receptor family, which are also known to bind

Sema3, may be involved as well.
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3.4.3.2 Turning Toward the Midline: Once the axon has reached the 1Z, the tip must turn
medially (Figure 1-3 panel A). Again, this decision is dependent primarily on repulsion from
Sema3a (Zhao, et al. 2011). In addition to being found in the marginal zone, Sema3a is expressed
in an increasing concentration gradient from medial to lateral within the cortex (Zhao, et al.
2011). The axons thus turn down the concentration gradient as they enter the 1Z (Zhao, et al.
2011). Deletion of Sema3a or Npnl randomizes the decision to turn medially or laterally in the
both knockout mouse models (Zhao, et al. 2011). It is important to note that, although both
pioneering and lateral CPN axons must make the decision to turn medially, neocortical CPN
axons are much farther away from the midline, which means that the factors influencing this
decision are very different. Pioneering axons could be close enough to the midline to respond
directly to attractive cues, while axons from the lateral cortex are probably too distant from the
midline to detect attractive cues such as Sema3c and Netrin. This may necessitate the existence
of the additional repulsive signal of Sema3a pushing the axons to turn medially. Thus, while the
medial turn is known to be governed by Sema3a in axons from the neocortex, it is unknown
whether this turn is controlled via attraction towards to the midline or repulsion away from the
lateral cortex in pioneering axons.

3.4.3.3 Axon Fasciculation in the 1Z: The axons within the 1Z represent a cohesive, tightly
fasciculated tract throughout its length (Figure 1-3 panel B). This axon packing is achieved
through the interaction of different adhesion molecules expressed on the surface of axons
(Wolman, et al. 2007; Barry, et al. 2010). In fact, many of the molecules used to label axons,
such as L1 and PSA-NCAM, are adhesion molecules specific to different axon tracts (Wolman,
et al. 2007; Barry, et al. 2010; Niquille, et al. 2013). Molecular interactions can be either

homophilic, such as L1-L1 interactions (Barry, et al. 2010), or heterophilic, such as between

43



different cadherin and protocadherin (Obst-Pernberg, et al. 2001; Treubert-Zimmermann, et al.
2002; Halbleib and Nelson. 2006; Ounkomol, et al. 2010; Hayano, et al. 2014) molecules. Npnl
in particular has been shown to be important in the fasciculation of CPN axons in the 1Z
(Hatanaka, et al. 2009). Axon defasciculation has been observed in both the Npnl and Sema3a
knockout mice (Gu, et al. 2003; Hatanaka, et al. 2009; Zhao, et al. 2011), and introduction of a
dominant negative form of Npnl causes axon defasciculation and re-entry into the ipsilateral
cortex before reaching the midline (Hatanaka, et al. 2009). In addition to the classic Sema3
mediated signaling, Npn1 has been shown to homophillic adhesive activity (Shimizu, et al.
2000), and a mouse expressing a mutant form of Npnl1 which is unable to bind Sema shows a
milder phenotype than a full Npn-1 knock out (Gu, et al. 2003). It is therefore likely that some
of the importance of Npn1l in axon fasciculation and guidance through the 1Z is due to
homophillic adhesive interactions between adjacent axons.

3.4.3.4 Crossing the Midline: Once the axons reach the midline, they must turn medially to
cross the corticoseptal boundary (Figure 1-3 panel C). Similar to pioneering axons, lateral CPN
axons also express Robo1/2 and are repelled by Slit2 from the GW (Shu and Richards. 2001).
However, this Slit2 mediated repulsion is attenuated by Netrin/DCC signaling (Fothergill, et al.
2013), as was discussed in section 3.2.1, to allow precrossing axons to approach the midline
despite this repulsive signal. Furthermore, Sema3c has been shown to be attractive to neurites
from the lateral cortex as well as the medial cortex, even though Npnl levels in neocortical
axons are much lower (Niquille, et al. 2009; Piper, et al. 2009b). Numerous members of the
ephrin and Eph classes are also expressed in the axons and at the midline, although the specific
mechanisms controlling axon crossing have not been defined. EphrinB1 is present in the axons

themselves, as well as the GW and IG, and deletion of ephrinB1 leads to an acallosal phenotype

44



(Mendes, et al. 2006; Bush and Soriano. 2009). Axonal ephrinB1 is thought to interact with
EphB2, which is present on the GW and IG, to repel the axons and prevent them from entering
the septum. Likewise, CC guidance errors have been detected in EphB4 and EphA5 mutant mice
(Hu, et al. 2003; Ho, et al. 2009). Draxin, a newly discovered axon guidance molecule, has
recently been shown to be expressed in the GW and IG and to cause neurite repulsion, possible
through the Lrp6 receptor (Islam, et al. 2009). Draxin deletion leads to callosal agenesis in about
50% of mice due to incomplete septal fusion (Islam, et al. 2009). Finally, several morphogenic
proteins, including Shh, Wnt and BMP, have also been shown to be important in crossing of
commissural axons in the spinal cord (Okada, et al. 2006; Yam and Charron. 2013; Sloan, et al.
2015), although it has not yet been determined if they function in a similar way in the CC or
other brain commissures.

3.4.3.5 Reaching the Target: After crossing the midline, the CPN axons must turn dorsally to
follow the contralateral 1Z (Figure 1-3 panel D). This is mediated through several repulsive
signals from the contralateral GW. In addition to the unmasking of the Slit2 meditated repulsion
following DCC downregulation (Fothergill, et al. 2013), Wnt5a from the GW repels axons
through interaction with the Ryk receptor on the growth cone (Keeble, et al. 2006). The axons
then continue along the 1Z until reaching the homotopic region of the cortex. CPNs project to
cortical targets in homotopic region of the contralateral hemisphere, meaning that their own
location within the cortex defines the location of their axonal target (Fame, et al. 2011; Zhou, et
al. 2013). This targeting is partially controlled by the location of an axon within the CC, such
that axons arising from and projecting to the medial cortex are more dorsal within the CC than
axons from the lateral cortex, and experimental disorganization of the axons within the CC lead

to long lasting targeting defects in the contralateral hemisphere (Zhou, et al. 2013). Other
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mechanisms, such as matching common patterns of electrical activity in homotopic regions in
both hemispheres has also been suggested to be involved in CPN axon targeting as suppression
of neuronal excitability has been shown to impair axon targeting in the primary somatosensory
and visual cortexes (Wang, et al. 2007a; Mizuno, et al. 2010). However, the mechanisms
through which growth cones detect this synaptic activity are completely unknown and an area of

active research.

4. Mechanisms of Pocket Protein Dependent Gene Regulation
4.1 Overview of pocket protein function: Retinoblastoma protein (pRb) is well known for its
role in regulating cell proliferation by controlling progression through the cell cycle. pRb plays a
fundamental role both in regulating stem cell division during development and tissue repair
(Jacks, et al. 1992; Lee, et al. 1994; Yoshikawa. 2000; Ferguson and Slack. 2001; Giacinti and
Giordano. 2006; Khidr and Chen. 2006; Maddika, et al. 2007; McClellan and Slack. 2007; Sun,
et al. 2007a; Gordon and Du. 2011), and in tumor suppression and the prevention of ectopic cell
proliferation (Weinberg. 1991; Dannenberg and te Riele. 2006; Manning and Dyson. 2012).
However, the role of pRb within cortical development remain largely uninvestigated, especially
regarding mechanisms beyond neurogenesis and cell cycle regulation. This section will review
the mechanisms of pRb function and the current evidence suggesting that this pathway has
crucial cell cycle independent roles in neuron development and differentiation.

pRb is a member of the pocket protein family, together with the closely related proteins
p107 and p130, which are named after the distinctive “pocket” domain required for the protein
interactions through which all three pocket proteins function (Ewen, et al. 1991; Hannon, et al.

1993; Classon and Dyson. 2001; Burke, et al. 2010; Burke, et al. 2012; Dick and Rubin. 2013).
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Figure 1-4: Mechanisms of pocket protein dependent regulation of transcription. pRb,
p107 and p130 regulate transcription through two main mechanisms (top). The classical
mechanism is through direct control over the activity of the E2F family of transcription factors.
Additional levels of control are achieved by the recruitment of coregulators through interaction
with the LXCXE binding domain. These co-regulators are often chromatin remodeling proteins
which regulate transcriptional activity through modification of histones or DNA. These
mechanisms are thought to be important in GO for the long term silencing of pro-proliferation
genes and the regulation of novel pRb targets involved in cell cycle independent functions such
as differentiation, migration and other forms of cell maturation and specialization.

Traditional regulation of the G1/S checkpoint: During G1 phase, pocket proteins (PP) are
hypophosphorylated and bind E2F factors on the DNA. As G1 progresses, CyclinD/CDK4/6 and
CyclinE/CDK2 complexes progressively phosphorylate the pocket protein until it reaches a
hyperphosphorylated state. At this point, the pocket protein releases E2F and allows it to
activate transcription of pro-proliferation genes, which drives the cell through the checkpoint,
into S phase. CDK activity is negatively regulated by CDK inhibitors Ink4 and Cip/Kip.

From McClellan and Slack, 2007, Cell Cycle
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The classical function of pRb is to regulate the checkpoint between the growth phase 1 (G1) and
synthesis (S) phases of the cell cycle (Figure 1-4). In this role, pRb acts to hold the cell in G1
until it reaches the appropriate developmental stage or receives a mitotic signal instructing it to
divide (Giacinti and Giordano. 2006; Sun, et al. 2007a). In the canonical pathway, pRb achieves
this by binding to E2F transcription factors and preventing their activation or repression

of gene transcription (Bandara, et al. 1991; Chellappan, et al. 1991a; Frolov and Dyson. 2004;
Korenjak and Brehm. 2005). The E2F family has nine members which can be categorized as
transcriptional activators or transcriptional repressors (Kusek, et al. 2001; Frolov and Dyson.
2004; DeGregori and Johnson. 2006; Lammens, et al. 2009). pRb functions during G1 by
inhibiting activating E2Fs and preventing them from promoting transcription of pro-proliferation
genes, as well as by binding repressor E2Fs and enabling them to repress transcription at E2F
target promoters (Figure 1-4).

Throughout G1, pRb becomes increasingly phosphorylated by the activity of cyclin
dependent kinases (CDKSs) (Santamaria and Ortega. 2006). CDKs are activated by binding to
cyclins to make active cyclin/CDK complexes (reviewed in (Santamaria and Ortega. 2006)). As
G1 progresses, mitogenic signals stimulate expression of D type cyclins, which bind CDK4/6
early in G1, and followed by increased levels of CyclinE and CyclinA which bind CDK2 late in
G1 (Hinds, et al. 1992; Knudsen and Wang. 1997; Lundberg and Weinberg. 1998). This
progressive phosphorylation of pRb culminates in late G1, when pRb achieves a
hyperphosphorylated state and undergoes conformational changes resulting in detachment from
E2F transcription factors (Dick. 2007; Burke, et al. 2010; Burke, et al. 2012). This frees
activating E2F proteins to promote transcription of E2F target genes, while it simultaneously

causes repressing E2Fs to detach from the chromatin and thus relieves their transcriptional
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repression (Knudsen and Wang. 1997; Frolov and Dyson. 2004; Korenjak and Brehm. 2005;
Chong, et al. 2009). The result is initiation of transcription at pro-proliferation genes and
progression through the cell cycle. Through the subsequent growth 2 (G2) and mitosis (M)
phases of the cell cycle, pRb is de-phosphorylated by multiple protein phosphatases including
protein phosphatase 1 (PP1) and returned to its original hypophosphorylated state by the
beginning of the subsequent G1 phase (Tamrakar, et al. 2000; Vietri, et al. 2006), thus
completing an entire round of the cell cycle.

During early G1 and interphase (GO0), pRb is maintained in a hypophosphorylated state by
the activity of cyclin dependent kinase inhibitors (CDKIs) p16-INK4A, p21-CIP1, p27-KIP1 and
p57-KIP2 (Serrano, et al. 1993; Kamb, et al. 1994; Cheng, et al. 1999; Blomen and Boonstra.
2007; Knudsen and Knudsen. 2008). Activity of these proteins serves to negatively regulate
proliferation by either increasing the length of the G1 phase or promoting cell cycle exit and
transitioning into a post-mitotic state.

The model presented in this overview represents the classically identified pathway of pRb
function (Figure 1-4). Not surprisingly, the mechanisms of action are much more complex and
show distinct specializations within different cell types and at different stages of development.
Although most of these complications are beyond the scope of this thesis, the following sections
will describe various aspects of the pRb pathway relevant to appreciating its role in neuronal

development.

4.2 Comparisons between the three pocket proteins, pRb, p107 and p130: The three pocket
proteins share a large degree of structural similarity and functional redundancy. All three

proteins share the pocket domain crucial for interaction with E2Fs (Ewen, et al. 1991; Cao, et al.
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1992; Hannon, et al. 1993; Mayol, et al. 1993; Litovchick, et al. 2007; Sun, et al. 2007b; Wirt, et
al. 2010; Wirt and Sage. 2010; Dick and Rubin. 2013). Structurally, p107 and p130 share the
most similarity, with 54% sequence identity, while pRb shows a greater degree of divergence
and shares only 25% sequence identity with p107/p130, with the majority of this similarity being
in the pocket domain (Ewen, et al. 1991; Hannon, et al. 1993; Mayol, et al. 1993; Pertile, et al.
1995; Huppi, et al. 1996; Chen, et al. 1996; Mulligan and Jacks. 1998). Together, all three
pocket proteins function to regulate proliferation through similar mechanisms, and p107 or p130
can be substituted for pRb in the simplified canonical pathway outlined above (Chellappan, et al.
1991b; Cao, et al. 1992; Fattaey, et al. 1993a; Fattaey, et al. 1993b; Dagnino, et al. 1995; Classon
and Dyson. 2001; Dick and Rubin. 2013). However, distinct functional differences arise in terms
of binding partner specificity and activity in different cell types, which suggest that these
proteins have non-redundant functions. For example, expression patterns within different
proliferative cell types differ between pocket proteins, with pRb expressed in both proliferating
and quiescent cells, p107 highest in proliferating cells and p130 highest in quiescent cells
(Mayol, et al. 1993; Beijersbergen, et al. 1995; Kiess, et al. 1995; Hurford, et al. 1997; Garriga,
et al. 1998; Callaghan, et al. 1999; Litovchick, et al. 2007; Burkhart, et al. 2008; Burkhart, et al.
2010; Litovchick, et al. 2011). This supports the idea that p107 functions primarily in regulating
cell cycle progression while p130 is involved in long term repression of E2F targets in post-
mitotic cells, and pRb has broader functions in both proliferation and differentiation. Another
important distinction between pocket proteins is their preference for different E2F binding
partners; pRb tends to interact most often with activating E2F1-3, as well as with repressing
E2F4 (Moberg, et al. 1996; Thomas, et al. 1998; Trimarchi and Lees. 2002; Chong, et al. 2009;

Guiley, et al. 2015), while p107 and p130 prefer to interact with repressing E2F4/5.
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Despite these non-redundant functions, pocket proteins are able to compensate for
deficiency of other family members in transgenic knockout models. In particular, p107 is able to
compensate for loss of pRb during development (Callaghan, et al. 1999; Ferguson and Slack.
2001; McLear, et al. 2006). In the nervous system, there is a distinct upregulation of p107 in
pRb deficient tissue, suggesting that p107 may substitute for pRb function during neuronal
development (Callaghan, et al. 1999). Furthermore, pRb/p107 double knockout mice have
similar but more exaggerated phenotypes as seen in pRb single knockout mice, with a greater
degree of ectopic proliferation and cell death, as well as aggravated tissue specific defects
(Lipinski and Jacks. 1999; Sage, et al. 2000; Marino, et al. 2003; Chen, et al. 2004; Haigis, et al.
2006; Berman, et al. 2009). For this reason, a double knockout mouse model deficient for both
pRb and p107 can be used to examine to the full role of pRb in proliferation and development in

Vivo.

4.3 Mechanisms of pRb mediated transcriptional control: In addition to the classical pathway
presented above, pRb has been shown to regulate gene transcription through a variety of
mechanisms. Many pRb functions are achieved through binding and regulating the activity of
E2F transcription factors, as described above (Dannenberg and te Riele. 2006; Giacinti and
Giordano. 2006; Khidr and Chen. 2006; McClellan and Slack. 2007; Chen, et al. 2007a; Sun, et
al. 2007a; Chong, et al. 2009; Andrusiak, et al. 2011; Gordon and Du. 2011; Ghanem, et al.
2012b). However, E2Fs often work through more complex pathways through interactions with
co- activators or co-repressors as shown in Figure 1-5. Activating E2Fs have been shown to

function as repressors in some situations, while repressing E2Fs have been shown to act as
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GO0/G1 G1-S

Figure 1-5

Figure 1-5: E2F activators and repressors. In the classical signaling pathway for the
regulation of pro-proliferation genes, hypophosphorylated pocket proteins (PP) bind to
repressing E2F family members, usually E2F4 and E2F5, during GO/G1 phase (left) which
enables the PP/E2F complex to bind the E2F responsive element in the gene promotor (shown as
a black box) and repress transcription, often through the recruitment of a co-repressor. When the
pocket protein becomes hyperphosphorylated in late G1 (right), the PP/E2F complex
disassembles and lifts off the chromatin, which opens the E2F responsive element for activating
E2F family members, usually E2F 1-3. This allows the cell to pass through the G1/S
checkpoint.. From McClellan and Slack, 2007, Cell Cycle
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activators, implying that these proteins have context specific functions (Ziebold, et al. 2003;
Chong, et al. 2009; Trikha, et al. 2011). For example, deletion of E2F3 in a pRb+/- mouse has
been shown to have variable effects on proliferation and tumor formation in different tissues,
such that the prevalence of pituitary tumors was decreased, while the incidence of metastatic
thyroid carcinomas was dramatically increased (Ziebold, et al. 2003). This implies that E2F3 is
acting as an oncogene in some tissues and a tumor suppressor in others, possibly through
regulation of different genes in different cell types. In the small intestine, E2F1-3 have been
shown to function as activators in proliferating cells where they are necessary for cell survival,
but then function as transcriptional repressors in a complex with pRb in differentiating cells
(Chong, et al. 2009). This furthers the classical model of pRb/E2F function because it shows
that when activating E2Fs are bound to pRb on a gene promoter, they are capable of actively
repressing transcription, rather than behaving as an inactive complex as was previously thought.
In addition, this work shows that the E2F site is necessary both for the activation and the
repression of a gene, since when E2F1-3 are absent, transcription of a pro-proliferation gene
cannot be increased in proliferating cells, but neither can it be turned off in differentiating cells.
In a similar reversed situation, E2F1-3 were found to function as transcriptional repressors to
mediate cell survival in myeloid progenitors, but then switch to transcriptional activators to
regulate proliferation in macrophages (Trikha, et al. 2011). Furthermore, expression profiling
experiments in knockout models of a single E2F have shown that a similar number of genes are
upregulated as are down regulated, regardless whether the E2F in question is an activator or
repressor (Xu, et al. 2007; Asp, et al. 2009; Lee, et al. 2011; Julian, et al. 2015), further
suggesting that E2Fs can function as either repressors or activators at different promotors in a

context and tissue specific manner. These screens of E2F target genes have identified many
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potential targets with functions beyond the cell cycle, such as differentiation or apoptosis (Xu, et
al. 2007; Asp, et al. 2009; Lee, et al. 2011; Julian, et al. 2015), which first suggested the
possibility that the pRb-E2F pathway has cell cycle independent functions. These observations
show that the pocket protein and E2F proteins families regulate gene transcription through a

variety of cell type specific mechanisms which lead to numerous tissue specific functions.

In addition to E2F mediated gene regulation, pRb has been shown to have additional
protein interactions which mediate E2F-independent mechanisms of regulating expression.
Many of these additional pRb interactors contain an LXCXE binding motif which interacts with
the delta-L cleft on the pocket domain of all three pocket protein family members (Figure 1-4)
(Dahiya, et al. 2000; Sutcliffe, et al. 2000; Wirt and Sage. 2010). This cleft is structurally
separate from the E2F-pocket so that pRb can simultaneously bind E2F and additional co-
regulators (Lee, et al. 1998; Kim, et al. 2001; Singh, et al. 2005; Dick and Rubin. 2013). Many of
the LXCXE containing proteins are chromatin remodelers which are recruited to responsive
promoters when pRb binds E2F to modify chromatin structure and change gene expression, such
as to induce long term gene repression of pro-proliferative genes (Dahiya, et al. 2000; Sutcliffe,
et al. 2000; Wirt and Sage. 2010). Examples of pRb binding chromatin remodeling proteins
include histone deacetylases (such as HDACL), histone methyl-transferases (such as Suv39h1/2),
DNA methyl-transferases (such as DNMT1/2), and the ATP-dependent SWI/SNF modifiers
(Ferreira, et al. 1998; Robertson, et al. 2000; Dahiya, et al. 2000; Pradhan and Kim. 2002; Dick
and Rubin. 2013). Pocket proteins could therefore regulate gene expression in post-mitotic cells
by recruiting chromatin remodeling factors to the promoters, which could represent a mechanism

through which pRb can regulate neuronal maturation independent of the cell cycle.
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4.4 pRb in development: Deletion of pRb in transgenic mouse models has provided invaluable
evidence regarding the function of pRb during development. These studies have emphasized the
complexity of the pRb pathway and made it evident that this pathway has much farther reaching
tissue specific functions in development and cell survival. Knockout models of individual
members of the pocket protein and E2F families have produced a wide variety of phenotypes
which cannot be explained through regulation of cell cycle progression alone. These
experiments have led to the discoveries of novel roles of the pRb pathway in maintaining
chromosome stability (Ferreira, et al. 1998; Dahiya, et al. 2000; Sutcliffe, et al. 2000; Robertson,
et al. 2000), regulating apoptosis (Jacks, et al. 1992; Feddersen, et al. 1995; Macleod, et al. 1996;
Marino, et al. 2000; Chen, et al. 2004; Lazzerini Denchi and Helin. 2005; Ciavarra and
Zacksenhaus. 2010a; Andrusiak, et al. 2012a) and promoting progenitor cell differentiation (Lee,
et al. 1994; Korenjak and Brehm. 2005; Vanderluit, et al. 2007; McClellan and Slack. 2007;
Chen, et al. 2007a; Ghanem, et al. 2012b) in multiple cell types.

The first indication that the pRb pathway has complex in vivo functions beyond cell cycle
regulation came from the germline pRb knockout mice. pRb deletion results in embryonic
lethality before E15.5 and is associated with high levels of ectopic apoptosis and mitosis
throughout the body, with the greatest effect seen in the developing nervous system (Jacks, et al.
1992; Lee, et al. 1992; Clarke, et al. 1992; Morgenbesser, et al. 1994). Analysis of an embryo
specific Cre line which deleted pRb from all tissues of the embryo but spared the placenta
showed that the huge increase in cell death was due to oxygen deprivation caused by placental
defects (de Bruin, et al. 2003a; de Bruin, et al. 2003b; MacPherson, et al. 2004; Wenzel, et al.

2007) while the ectopic proliferation and developmental defects in the CNS and muscular
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systems were maintained. These finding led the way to a huge expansion of the pRb field into
the role of cell cycle regulators in embryonic development.

The role of p107 and p130 during development are much more subtle than that of pRb, as
single gene knockout animals are viable and fertile and exhibit no obvious tissue defects
(Cobrinik, et al. 1996; Cobrinik, et al. 1996; LeCouter, et al. 1998; Classon and Dyson. 2001;
Vanderluit, et al. 2004; Vanderluit, et al. 2007). However, a more detailed analysis of these
animals has shown that p107 regulates NPC self-renewal and neurogenesis in the developing
telencephalon. Deletion of p107 causes an increase in self-renewing divisions at the expense of
neurogenic divisions, which led to increased neurogenesis in the adult (Vanderluit, et al. 2004;
Vanderluit, et al. 2007). p107 was found to regulate neurogenesis through inhibition of
transcription of Hes1, which is known to regulate the stem cell maintenance (Vanderluit, et al.
2004; Vanderluit, et al. 2007).

The use of tissue specific Cre lines led to the discovery that different pocket protein and
E2F family members have tissue specific roles in differentiation. Results from in vivo
anatomical and cell biological analysis as well as from studies examining the gene deregulation
have revealed a huge degree of tissue specificity. In many tissues examined, including the CNS,
retina and muscle, there in an increase in ectopic proliferation and apoptosis in pRb deficient
cells (Lee, et al. 1992; Lee, et al. 1994; Feddersen, et al. 1995; Macleod, et al. 1996; LeCouter, et
al. 1998; Padmanabhan, et al. 1999; Marino, et al. 2003; Chen, et al. 2004; MacPherson, et al.
2004; Sage, et al. 2006; Ciavarra and Zacksenhaus. 2010a; Gordon and Du. 2011; Chen, et al.
2013). In addition to these expected results, however, tissue specific differentiation defects were
observed which have been shown to be mediated through a variety of mechanisms, giving rise to

the idea that pRb is crucial for coupling cell cycle exit to differentiation. For example, deletion
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of p107 or pRb has been shown to prevent the formation of white adipose tissue by preventing
adipocyte precursors from completing differentiation (Scime, et al. 2005). This was found to be
due to pRb repressing transcription of PGCla, a pro-differentiation factor in adipogenesis
(Scime, et al. 2005). Similarly, pRb was found to promote osteoblast differentiation by acting as
a transcriptional co-factor with the osteogenic master regulator RUNX2, and thus increasing
expression of pro-differentiation genes such as osteocalcin (Thomas, et al. 2001; Lee, et al.
2006). In the retina, deletion of pRb was shown to specifically prevent the differentiation and
maturation of starburst amacrine cells, a category of interneuron, through a cell cycle and cell
death independent mechanism (Chen, et al. 2007a). This was found to be mediated by increased
E2F3 activity in the absence of pRb, as the phenotype was rescued by E2F3 deletion (Chen, et al.
2007a). pRb is also important in muscle fiber formation, as it was found to promote myoblast
differentiation by interacting with MyoD, which in turn promotes MEF2 activity, which drives
differentiation (Novitch, et al. 1999; Ciavarra and Zacksenhaus. 2010b). pRb has been shown to
promote cardiomyocyte differentiation through increasing transcription of Nkx2.5 and MEF2c
(Papadimou, et al. 2005), which is especially interesting since cardiomyocyte differentiation
occurs prior to cell cycle exit. This implies that pRb involvement in differentiation must be truly
uncoupled from cell cycle exit in these cells (Papadimou, et al. 2005). In addition, genomics
studies have shown that many of the genes responsive to pRb and E2F family members have
non-cell cycle functions, such as tissue specific differentiation, chromatin remodeling and
apoptosis (Xu, et al. 2007; Asp, et al. 2009; Lee, et al. 2011; Julian, et al. 2015). Overall, studies
suggest that the pRb family has cell-cycle independent roles in cell differentiation and potentially
in later developmental stages of cell maturation. However, except for a few examples, the

mechanisms through which pocket proteins regulate expression of proteins in post-mitotic cells
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are unknown. Furthermore, the examples described above show that pRb employs highly tissue
specific mechanisms to control differentiation, so that results from one tissue can often not be
generally applied. In particular, the role of pRb in regulating neuronal maturation is essentially
unknown, and could be mediated by a variety of mechanisms such as E2F-dependent gene
activation following cell cycle withdrawal, chromatin remodeling, or interaction with yet
uncharacterized binding partners. One of the primary goals of this thesis is to investigate the
ability of pRb to control alternative aspects of neuronal maturation through cell cycle

independent mechanisms.

4.5 pRb in Cell Death: The role of pRb family members in cell survival has been extensively
studied both in the context of development and tumor suppression (Feddersen, et al. 1995;
Marino, et al. 2003; Chen, et al. 2004; MacPherson, et al. 2004; Sage, et al. 2006; Berman, et al.
2009; Ciavarra and Zacksenhaus. 2010a). In the adult brain, overexpression of pRb has been
shown to rescue the increase in cell death following infection with the oncogenic SV40 virus in
Purkinje neurons (Feddersen, et al. 1995). Likewise, pRb deletion in post-mitotic cortical
neurons in vitro has been shown lead to attempted cell cycle re-entry, DNA damage and
apoptosis (Andrusiak, et al. 2012a), and a decrease in pRb expression was shown to precede
apoptosis in cerebellar granular neurons undergoing KCI deprivation (Padmanabhan, et al. 1999),
which together suggest that pRb activity is necessary for neuron survival. Increased apoptosis
has been observed in many pRb deletion models during development, and this increase in cell
death is often thought to accentuate the observed cell differentiation phenotypes in a variety of
tissues (Lee, et al. 1994; Feddersen, et al. 1995; Chen, et al. 2004; MacPherson, et al. 2004;

Berman, et al. 2009; Wu, et al. 2009; Ciavarra and Zacksenhaus. 2010a). In the retina, deletion
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of pRb and p107 resulted in the absence of ganglion, bipolar a rod cells while cone, horizontal
and Muller cells were maintained (Chen, et al. 2004). Further investigation showed that
progenitors of all cell types were specified in pRb/p107 knockouts, but ganglion, bipolar and rod
precursors underwent apoptosis upon cell cycle exit, whereas the other cell types were able to
survive (Chen, et al. 2004). Similarly, pRb is known to cause severe defects in muscle
development and myotube formation in the developing embryo. In vitro, pRb deficiency
prevents myotube formation and causes an increase in myotube collapse and death (Novitch, et
al. 1999; Ciavarra and Zacksenhaus. 2010b). However, this differentiation defect could be
rescued by transfection with Bcl-2, an anti-apoptotic mitochondrial protein, which enabled the
formation of mature twitching myotubes in pRb-deficient cultures (Ciavarra and Zacksenhaus.
2010b). Again, the presence of high levels of ectopic cell death in the absence of pRb
significantly worsened the differentiation phenotype and complicated interpretation of the role of
pRb during development. In the developing cerebellum, pRb loss has been shown to lead to
defects in differentiation of granule neuron precursors (Marino, et al. 2003). However, because
there was also an increase in cell death in granule cell precursors, it is difficult to determine
whether pRb regulates differentiation of these cells directly, or is only important for their
survival (Marino, et al. 2003). This increased apoptosis is primarily mediated through E2F1
dependent activation of the p53 pathway (Macleod, et al. 1996; Lazzerini Denchi and Helin.
2005; Wu, et al. 2009), although other p53 and even E2F1 independent pathways have been
demonstrated in the retina (MacPherson, et al. 2004; Chen, et al. 2013) and cerebellum (Marino,
et al. 2003). Therefore, the presence of ectopic cell death complicates interpretation of
developmental phenotypes and makes it difficult to determine the true involvement of pRb in cell

differentiation and maturation. This means that, in many tissues, the direct role of pRb in
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differentiation independent of cell death is unknown. In this thesis, we attempt the answer this
question by examining the role of pRb and p107 in neuronal maturation independent of their

roles in survival.

4.6 pRb in CNS Development: The importance of pRb in nervous system development is
emphasized by the severe phenotypes exhibited by pRb mutant embryos. Germline deletion of
pRb has been shown to cause severe increases in cell death throughout the nervous system,
although this defect was largely rescued by using embryo specific Cre lines which spared the
placenta (Jacks, et al. 1992; Lee, et al. 1992; Clarke, et al. 1992; Morgenbesser, et al. 1994).
Telencephalon specific Cre lines have suggested a number of additional cell cycle dependent and
independent roles of pocket proteins in specific brain regions and cell types. Deletion of pRb has
been shown to lead to ectopic proliferation of developing neuroblasts in the SVZ and cortex
without significantly influencing cell division in the more immature NPCs in the VZ (Ferguson,
et al. 2002; MacPherson, et al. 2004), indicating that pRb is important in establishing cell cycle
exit prior to differentiation. In contrast, p107 is thought to regulate proliferation in NPCs within
the VZ, as described above (Vanderluit, et al. 2004; Vanderluit, et al. 2007). Surprisingly, the
increase in cell apoptosis observed in the telencephalon was much more modest than that seen in
other tissues (Ferguson, et al. 2002; Ferguson, et al. 2005; McClellan, et al. 2007) or even other
brain regions (Padmanabhan, et al. 1999; Marino, et al. 2000), suggesting that pRb does not
regulate neural survival in the telencephalon to the same degree as seen in other tissues. An
exception to this is the Cajal Retzius cells in layer | of the cortical plate, which were shown to be
lost on pRb mutant embryos (Ferguson, et al. 2005). Cortical neuron differentiation was also

found to be relatively normal in pRb-mutant embryos, as neurons are able to express cortical
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markers such as Thrl (Ferguson, et al. 2005; McClellan, et al. 2007). To the contrary,
expression of DIx2 was found to be decreased in the ventral telencephalon of pRb mutant brain,
which resulted in defects in interneuron differentiation (Ghanem, et al. 2012b). As pRb was
found to directly modulate DIx2 transcription (Ghanem, et al. 2012b), these results suggest that
pRb could control differentiation in a cell type specific manner. In the cerebellum, pRb has been
shown to be required for survival and differentiation of granule cells yet dispensable for Purkinje
cells differentiation (Marino, et al. 2003). In the retina, the role of pRb is more complex, with
ganglion and rod cells requiring pRb for survival and horizontal and cone cells showing the
ability to differentiate and survive in the absence of pRb (Chen, et al. 2004; MacPherson, et al.
2004). Deletion of pRb has been shown to lead to defects in differentiation of amacrine cells
(Chen, et al. 2007a) and rod cells (Zhang, et al. 2004) independent of cell cycle or cell death
associated mechanisms, showing that pRb does seem to regulate differentiation and neuronal
maturation directly in some cell types. The defect in amacrine cell differentiation was found to
be due to increased E2F3 activity, while the increase in ectopic proliferation was found to be
downstream of E2F1 (Chen, et al. 2007a), which supports the idea that the role of pRb in
differentiation is mechanistically separate from its role in cell cycle progression.

4.6.1 pRb in neuroblast migration: In addition to its role in differentiation, pRb has been
shown to have an important role in cortical lamination and radial migration. In pRb deficient
embryos, the clear delineation between the subplate and the 1Z is lost with ectopic Tbrl+ cells
remaining scattered below the cortex in the 1Z (Ferguson, et al. 2005; McClellan, et al. 2007).
Injection of BrdU at E13.5 and examination of the brains at E18.5 showed that all BrdU labelled
neurons reached the cortex in control brains, but some BrdU labelled cells were still present in

the 1Z in pRb-mutant brain, implying that pRb function is necessary for neuroblasts to migrate
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radially into the cortical plate (Ferguson, et al. 2005). However, it was never determined
whether this was a result of failure to exit the cell cycle properly or whether pRb regulated radial
migration directly. These defects in radial migration were correlated with a loss of CR cells in
the marginal zone of these brains, which led to the hypothesis that the defect in radial migration
is due to death of the CR cells and subsequent loss of Reelin (Ferguson, et al. 2005), although
this was never fully tested. This phenotype illustrates how the multifaceted functions of pocket
proteins in neural survival and differentiation complicate the interpretation of developmental
phenotypes. The full role and underlying mechanisms of pRb in radial migration, independent of
its roles in cell death and cell proliferation, therefore remain unknown.

In addition, pRb has been shown to be involved in tangential migration of immature
GABAEergic interneurons from the ventral telencephalon into the cortex (Ferguson, et al. 2005;
McClellan, et al. 2007; Andrusiak, et al. 2011) and into the olfactory bulb (Ghanem, et al.
2012b). pRb deletion led to a distinct decrease in the number of interneurons reaching the cortex
(Ferguson, et al. 2005). pRb was shown to have a cell autonomous role in tangential migration
using slice cultures, in which control or pRb-null explants from the ganglionic eminence were
placed on top of wild type slice cultures and the migration of cells from the explant to the slice
was measured. Immature neuroblasts from control explants were able to enter the marginal zone
of the surrounding slice, while pRb deficient interneurons remained stuck in the explant and
failed to migrate (McClellan, et al. 2007). pRb was found to regulate tangential migration
through regulation of Neogenin transcription; deletion of pRb led to increases in Neogenin
MRNA and protein levels, and ectopic expression of Neogenin was found to prevent interneuron
migration, which mimicked the phenotype in pRb deficient brains (Andrusiak, et al. 2011). In

the olfactory bulb, deletion of pRb impaired both tangential migration of neuroblasts along the
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rostral migratory stream, and radial migration of neurons once they reached the bulb (Ghanem, et
al. 2012b). Together these studies show that pRb has an important role in regulating multiple
forms of neuronal migration. However, many unanswered questions remain, as the mechanisms
through which pRb regulates various forms of migration are unknown. Further investigations are
necessary to determine the whether pRb regulates migration through truly novel mechanisms that
are independent of cell cycle dynamics, or whether these effects are downstream consequences
of delays in cell cycle exit. Furthermore, the role of pRb in migration opens up the possibility
that pRb is involved in many other aspects of brain development, such as axon extension and

circuit formation, which remain completely uninvestigated.

5. Statement of Objectives

The pRb/E2F pathway has been convincingly shown through accumulating evidence to have
multiple roles beyond its classically defined functions in controlling cell cycle progression and
apoptosis. This has led to the hypothesis that pocket proteins are involved in coordinating cell
cycle exit with later stages of differentiation and development. It has been suggested that this
pathway has numerous tissue specific roles in cell differentiation, often independent from
regulation of proliferation, and in the developing brain pRb has been shown to be involved in
neuronal migration and differentiation. However, the multifaceted functions of the pRb pathway
in cell proliferation and cell death have complicated interpretation of in vivo experiments and
thus obscured the true function of this pathway functions during differentiation and cell
maturation. As a result, the role of pocket proteins in later stages of neuraonal maturation and
brain development remain unknown. In particular, it is unknown whether the defects in brain

development observed following deletion of pRb are a direct consequence of the premature cell
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cycle exit and increased apoptosis, or whether pRb regulates neuronal migration through a cell-

cycle and cell-death independent mechanism. Understanding the functions of pocket proteins in

later stages of neuronal maturation, such as migration and axon extension, is essential for our

understanding of the functional mechanisms that regulate brain development. The research

objectives of my PhD studies were as follows:

1. To examine whether pRb and p107 regulate radial migration through a cell cycle and cell
death independent mechanism (Chapter 2);

2. To apply in utero electroporation to the pRb-flox model to study both migration and axon
guidance (Chapter 3);

3. To determine the role of pRb and p107 in corpus callosum development, including
development of the commissural plate and the growth and guidance of callosal axons (Chapter

4).

6. Hypotheses and Summary of Results

6.1 Chapter 2: pRb has been previously shown to regulate both radial and tangential migration.
Although, pRb was thought to regulate migration through promoting survival of the Cajal-
Retzius cells which secrete the migratory cue Reelin, this was never confirmed and the
underlying mechanism through which pRb regulated radial migration remained unknown. In
addition, it was unknown whether defects in radial migration were a direct results of failed cell

cycle exit.

Hypothesis #1: pRb and p107 regulate radial migration though a cell cycle and cell death

independent mechanism.
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In this study, we describe a novel phenotype specific to the pRb/p107 double knock out (DKO)
embryo in which a population of upper layer neurons are unable to migrate through the
intermediate zone and fail to enter the cortical plate. Using a combination of birthdating and
immunohistochemistry, we confirm that these delayed cells were born at the appropriate
developmental stage and have exited the cell cycle, implying that pRb/p107 regulate migration
though a cell cycle independent mechanism. By deleting Bax and generating a pRb/p107/Bax
triple knock out embryo, we show that eliminating ectopic cell death fails to rescue the migration
defect, implying that pRb/p107 regulate migration though a cell death independent mechanism,
contrary to previous results. In addition, we use in utero electroporation to show that pRb
regulates radial migration through a cell autonomous mechanism. These findings represent a
novel function of pRb in regulating radial migration through a cell autonomous mechanism

independent of its roles in regulating cell death and cell cycle exit.

6.2 Chapter 3: In order to study the cell autonomous role of pRb in neuraonal migration and
axon guidance, it was necessary to perform in utero electroporation (IUE) on pRb-flox mice.
Because none of the labs at the University of Ottawa used this technique, I visited the lab of Dr.
Freda Miller at the University of Toronto to learn IUE, and then brought the technique back to
Dr. Ruth Slack’s lab. Here, I adapted the technique to a Cre mediated excision model and
developed a system for confirming successful gene excision when an antibody or in situ
hybridization probe is not available. Furthermore, | used this technique to target different

regions of the developing telencephalon.
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Technical Advance: Adapting in utero electroporation to Cre mediated gene excision in

multiple regions of the developing telencephalon.

6.3 Chapter 4: The role of pocket proteins in radial migration suggested that pRb and p107
could have additional, unknown functions in neural maturation. In addition, a ChlP-on-chip
screen designed to obtain a comprehensive list of E2F3 and E24F gene targets identified a
surprising number of E2F3 targets involved in axon guidance, cytoskeletal dynamics and neurite
extension. Beyond these preliminary results, the role of pocket proteins in axon growth are

completely unknown.

Hypothesis #2: pRb and p107 regulate axon growth and guidance through a cell cycle and cell

death independent mechanism.

In this study, we describe a novel function of pRb and p107 in regulating corpus callosum (CC)
development. Pocket proteins were found to regulate both the development of the commissural
plate and the growth and guidance of callosal axons. As with radial migration, further genetic
deletion of Bax has no effect on the axon guidance defect, implying that pRb/p107 regulate CC
development though a cell death independent mechanism. Analysis of the developmental
progression of the CC defect in pRb/p107 brain shows that delays in axon growth rates and axon
disorganization occur prior to and independently of the defect in commissural plate formation,
suggesting that an initial defect in axon growth is the primary reason why the CC fails to form in
the absence of pRb and p107. In addition, the defects in axon growth are not specific to the

midline, but instead persist through the intermediate zone with callosal axons ectopically
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entering the ipsilateral cortex. Through the use of in vitro explant cultures and IUE, we confirm
that pRb and p107 regulate the rate of neurite extension. In order to identify the mechanism
through which pocket proteins regulate CC formation, expression patterns of numerous axon
guidance molecules were analyzed and we identified altered expression of Netrin and
Neuropilinl following deletion of pRb and p107. Indeed, we show that Netrin expression is
specifically lost from a previously undescribed population of cells in the cingulate cortex of
pRb/p107 deficient embryos. These cells could play a significant role in callosal axon guidance
during normal development and deserve further investigation. These findings represent a novel
function of pRb in regulating commissural plate development and the growth and guidance

of callosal axons.
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CHAPTER 2

Devon S Svoboda, Annie Paquin, David S Park, and Ruth S Slack. (2013). Pocket proteins pRb

and p107 are required for cortical lamination independent of apoptosis. Developmental Biology.
384(1):101-13.

All experiments were performed by DSS. Experiments were conceptualized by DSS, with
assistance from RSS. AP provided invaluable technical assistance with in utero electroporation.

RSS provided technical training and conceptual insight. The manuscript was written by DSS, in

collaboration with RSS.
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Abstract

Pocket proteins (pRb, p107 and p130) are well studied in the role of regulating cell cycle
progression. Increasing evidence suggests that these proteins also control early differentiation
and even later stages of cell maturation, such as migration. However, pocket proteins also
regulate apoptosis, and many of the developmental defects in knock out models have been
attributed to increased cell death. Here, we eliminate ectopic apoptosis in the developing brain
through the deletion of Bax, and show that pocket proteins are required for radial migration
independent of their role in cell death regulation. Following loss of pRb and p107, a population
of cortical neurons fails to pass through the intermediate zone into the cortical plate.
Importantly, these neurons are born at the appropriate time and this migration defect cannot be
rescued by eliminating ectopic cell death. In addition, we show that pRb and p107 regulate
radial migration through a cell autonomous mechanism since pRb/p107deficient neurons fail to
migrate to the correct cortical layer within a wild type brain. These results define a novel role of
pocket proteins in regulating cortical lamination through a cell autonomous mechanism

independent of their role in apoptosis.

Introduction

Activating neurogenesis is a promising strategy for rehabilitating damage following traumatic
injury or neurodegenerative disease. However, to use this therapeutic tool effectively it is crucial
to understand the mechanisms which regulate neuronal birth and maturation. The retinoblastoma
protein (pRb), together with its two family members p107 and p130, controls cell cycle

progression and terminal mitosis (Ferguson and Slack. 2001; Giacinti and Giordano. 2006).
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However, it remains unclear whether the pocket protein family plays additional roles in later
stages of neuron maturation, such as terminal differentiation and migration.

During normal brain development, the progeny of proliferating neural precursor cells in
the ventricular and subventricular zones exit the cell cycle and migrate dorsally through the
intermediate zone, into the cortical plate (Nowakowski, et al. 2002). The first neurons born are
the Cajal Retzuis cells of layer | (Garcia-Moreno, et al. 2007), which guide later born migrating
neurons through secretion of Reelin (Honda, et al. 2011). These later born neurons migrate
radially to the top of the cortical plate and reside in an “inside-out” pattern with the youngest
neurons in the uppermost layers.

It is now well established that pocket proteins regulate both proliferation and cell death.
In addition, increasing evidence suggests that cell cycle proteins also influence later stages of
brain development (Nguyen, et al. 2006; Tury, et al. 2011), such as cortical plate formation
(Ferguson, et al. 2005; McClellan, et al. 2007). Understanding developmental phenotypes in
knockout models is complicated by increased apoptosis following pRb deletion through the
E2F1/p53 pathway; thus it is often unknown whether a defect in cell maturation is due to a novel
function of pRb or is an indirect result of this ectopic cell death. For example, Ciavarra and
colleagues found a defect in pRb-null cardiomyocyte maturation, yet were able to completely
rescue the phenotype by preventing apoptosis through expression of the anti-apoptotic protein
Bcl2 (Ciavarra and Zacksenhaus. 2010a). In contrast, Chen et al. found that rescuing cell death
and through E2F1 deletion does not rescue maturation defects in amacrine cells in the developing
retina (Chen, et al. 2007b). Cell death has been shown to cause severe developmental defects in
pRb null animals in the retina (Chen, et al. 2004), cerebellum, (Feddersen, et al. 1995;

Padmanabhan, et al. 1999; Marino, et al. 2000), and the Organ of Corti (Sage, et al. 2006).
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Similarly, in cases where morphological or functional defects were reported in pRb-null cells
(Lee, et al. 1994; Sage, et al. 2006), it was often not possible to determine whether these
differentiation defects were a secondary result of the increased cell death or represented a
separate Rb function. Finally, we have previously shown that pRb deletion led to a defect in
cortical lamination, where the delineation between the cortical plate and the intermediate zone
was obscured; we were unable to determine whether this phenotype resulted from the established
role of pocket proteins in cell death (Ferguson, et al. 2005; McClellan, et al. 2007). As examples
of cell death dependent and independent developmental defects have been reported following
loss of pocket proteins, the role of pRb and p107 in neuron maturation independent of cell death
therefore remains an unanswered question in the field.

In the present study, we asked whether radial migration in the developing cortex is
modulated by pocket proteins, independently from their role in cell death regulation. The
pRb/p107 double mutants were used to avoid compensatory effects of p107 in pRb deficient
tissues (Marino, et al. 2003; Chen, et al. 2004; Berman, et al. 2009). The contribution of
apoptosis in the cortical migration phenotype observed in pRb/p107 double mutants, was
evaluated by crossing these mice with animals carrying a null allele for Bax, a key apoptotic
protein (Gavathiotis, et al. 2012). Here we show a defect in the migration of cortical neurons
lacking pocket proteins pRb and p107, which could not be attributed to failed cell cycle exit or
unchecked apoptosis. Notably, deletion of Bax did not rescue the defect in radial migration,
despite the fact that apoptosis was returned to wild type levels. Furthermore, we show that
pocket proteins regulate radial migration through cell autonomous mechanisms since in utero

electroporation of Cre leads to migration defects in p107/pRb deficient neurons in the context of
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an otherwise healthy brain. Overall, we show that pRb and p107 play an essential role in the

regulation of radial migration, independent of their role in apoptosis.

Materials and Methods

Mice: pRb/p107 DKO mice were generated by crossing floxed Rb-F19 (Vooijs, et al. 1998;
Marino, et al. 2000) with p107 germline knockout mice (LeCouter, et al. 1998). DKO mice were
then crossed with Emx1-cre mice (Jackson Laboratories) to delete pRb specifically in the dorsal
telencephalon. Mice were maintained on a mixed C57/BI6/FVBN/Sv129 background and
genotyped according to standard protocols with previously published primers for Rb (Jacks, et al.
1992) and p107 (LeCouter, et al. 1998). pRb f/f; p107 —/— females were crossed with pRb f/+;
p107 +/—; Emx1-Cre+ males to generate wild type pRb f/+; p107 +/—; Emx1-Cre+ (WT), pRb
f/f; p107 +/—; Emx1-Cre+ (RBKO), pRb f/+; p107 —/—; Emx1-Cre+ (p107KO) and double knock
out pRb f/f; p107 —/—; Emx1-Cre+ (DKO) littermates. For embryonic time points, the time of
plug identification was counted as embryonic day 0.5 (E0.5). Due to pRb autoregulation (Shan,
et al. 1994), pRb expression in heterozygous mice is similar to that of wild-type controls. DKO-
Bax—/— mice were bred by crossing pRb f/f; p107 —/— mice with Bax —/— mice (Jackson
Laboratories) to generate pRb {/f; p107 —/—; Bax —/— females. These females were crossed with
pRb f/+; p107 +/—; Bax +/—; Emx1-Cre+ males. These mice were also on a mixed
C57/BI6/FVBN/Sv129 background. All experiments were approved by the University of
Ottawa’s Animal Care ethics committee, adhering to the Guidelines of the Canadian Council on

Animal Care.
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Tissue fixation and Cryoprotection: Pregnant female mice were killed with a lethal injection of
sodium pentobarbitol. PO pups were killed by decapitation. Embryos were dissected and fixed
overnight in 4% PFA in PBS, pH 7.4, and cryoprotected using a sucrose gradient of 10%, 15%
and 20% in PBS. Brains were frozen, and 14-um coronal cryosections were collected on

Superfrost Plus slides (12-550-15; Fisher Scientific).

BrdU labelling and Immunohistochemistry: To mark neurons born at E13.5, a single
intraperitoneal injection of BrdU (dissolved in 0.007 N/NaOH in 0.9% NaCl; 50 mg/kg body
mass) was given to timed pregnant females at E13.5. Injected females were euthanized at E17.5
or pups were collected on the morning after birth (PO).

For all cell counts, images were taken from matching tissue sections, cut at equivalent
locations along the rostro-caudal axis of the brain on the first section where a complete anterior
commissure was visible crossing the midline. Images were taken from a portion of the cortex in
between the dorsomedial and ventrolateral cortex, just as the cortex begins to slope downwards.
For total cell counts, slides were treated with the Dako antigen retrieval protocol according to the
manufacturer's protocol for 30 min and treated with combinations of the following antibodies:
Cux1 (layers 11-1V (Nieto, et al. 2004); 1/100; Santa Cruz), FoxP1 (layers 111/1V (Ferland, et al.
2003); 1/750; Abcam), Ki67 (1/100; Cell Marque), Nestin (1/500; Abcam), SatB2 (layers 11-1V
(Britanova, et al. 2008); 1/500; Abcam), Tbrl (layer V/VI (Hevner, et al. 2001); 1/1000;
Abcam). Once equivalent sections of the cortex were identified and imaged, a 200 pm wide
column of cortical tissue (450 um for FoxP1 counts) was delineated within the image, extending
vertically from the top of the cortical plate down through the ventricular zone. All cells

expressing the marker of interest within this column were counted and binned according to their
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anatomical layer. Cortical layers were identified as follows: layer 11 was defined as being marked
by Cux1 and/or Satb2, but not by FoxP1. Layer 111/1V was identified as expressing FoxP1 but not
Thbrl. Layers V/VI were defined as expressing Thrl. For total cell counts, cells were counted as
being located either in the upper layers (11-1V) or lower layers (V/VI1). For BrdU counts, BrdU
detection was performed (Ferguson, et al. 2002), followed by Dako treatment for 15 min. Slides
were then treated with combinations of the same antibodies, colabeling with anti-BrdU (1/250;
Accurate Chemical and Scientific Corporation). All cells labeled with BrdU+, and with Foxp1l or
SatB2 for co-labeling studies, were counted in 150 um column of the cortex extending vertically
from the top of the cortical plate through the ventricular zone, as described above. One-way
ANOVA with Bonferroni was performed for all graphs in every figure. Significant differences
were assessed at values of p<0.05. Four or five animals were used for each genotype at each age.
For Cajal Retzius cell counts, equivalent rostro-caudal sections were stained with Reelin
(1/1000; Abcam) and Calretinin (1/500; Swant), two markers of Cajal Retzius cells. Six images
of layer | of the cortex were taken from three different brain sections at 40x, covering a total
distance of 1400 um for each embryo. Only cells positive for both Reelin and Calretinin were
counted. Cells from the six images were totaled for each animal, and totals for animals of the

same genotype were averaged. Four to six animals were used for each genotype.

TUNEL Staining: Apoptotic cells were detected in equivalent rostro-caudal brain sections at
E17.5 by Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) using the
Terminal Transferase Recombinant Kit (Roche Applied Science) together with dUTP-16-Biotin
(Roche Applied Science) according to the manufacturer’s protocol. In each brain, 6 fields of

view were counted at 20x and the total number of TUNEL positive cells was totaled for each
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animal. Fields of view were located in the same part of the cortex in each animal to ensure
consistency. One-way ANOVA with Bonferroni post-hoc comparison test was performed to
compare the mean numbers of TUNEL-positive cells and significant differences were assessed at

values of p<0.05.

Western Blots: Protein was isolated from the dorsal cortex or ganglionic eminence at E15.5 and
western blot analyses performed as previously described (Ferguson, et al. 2002) with antibodies
directed toward pRb (1/1000; PharMingen), p107 (1/1000; Santa Cruz), Bax (1/1000; Santa

Cruz) and g-actin (1/5000; Sigma).

In Utero Electroporation: Pups of pregnant DKO females were electroporated at E13.5 with a
plasmid containing Cre fused to GFP under control of the pCAAG promoter. The fused Cre was
used so that GFP would be localized to the nucleus to facilitate image analysis. Plasmids were
prepped using the Qiagen Megaprep Kit, diluted to 2 pg/pl in sterile HO and mixed with trace
amounts of Trypan Blue dye. The plasmid was injected into the lateral ventricle of the brain
using an Eppendorf Femtojet Microinjector and electroporated into the dorsolateral cortex using
a BTX ECM 830 Square Wave Electroporator. Animals were sacrificed 4 days later at E17.5.
For analysis, electroporated sections at equivalent rostro-caudal levels of the brain, relative to the
corpus callosum and anterior commissure, were selected. Tissue sections were treated with hot,
non-boiling citric acid for 15 min and then stained with antibodies against GFP (1/4000;
Abcam), FoxP1 (1/750) and Tbrl (1/500). Amplification was performed on the GFP signal using
the Avidin-Biotin Complex (ABC) kit according to the manufacturer’s protocol (Vector

Laboratories). Briefly, following binding of secondary IgG, slides were treated with 3% H2O, for
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30 min, followed by incubation with ABC complex for 1 hr. Finally slides were exposed to the
Fluorescein Tyramide Reagent (Perkin Elmer) for 10 min. For counts, all GFP+ neurons which
had reached the cortex were counted in two sections per brain. Neurons were binned according to
whether they were found in layers 11, (defined as being dorsal to FoxP1 staining), layer 111/1V
(within the Foxpl+ layer) or layer VV/VI (within the Tbrl+ layer). GFP+ cells below the cortex

were counted but not included in calculations since there was no difference between genotypes.

Results

pRb/p107 double knock out (DKO) embryos exhibit a defect in cortical lamination in vivo.
We have previously described minor defects in cortical lamination following loss of pRb in the
developing brain (Ferguson, et al. 2005; McClellan, et al. 2007). However, members of the
pocket protein family are known to compensate for each other in knock out models (Chen, et al.
2004; Haigis, et al. 2006; Berman, et al. 2009), so the full role of pocket proteins in radial
migration has never been defined. To characterize the role of pRb and p107 in establishment of
the cortical plate, we examined the cortical layers of pRb f/f; p107—/—; Emx1-Cre+ double
knockout (DKO), pRb /f; p107+/—; Emx1-Cre+ single knock out (RBKO), pRb f/+;p107—/—;
Emx1-Cre+ (p107KO) and pRb+/f; p107+/—; Emx1-Cre+ wild type (WT) brains at E17.5, with
the use of cortical layer-specific markers. Deletion of pRb and p107 was confirmed via Western
blot at E15.5 (Figure 2-1A, B). Cortical layers were defined according to the following method:
the delineation between the intermediate zone and the cortical plate was defined as the clear line
between high cell density and low density according to Dapi staining (Figure 2-1C, D white and
red lines), while the delineation between upper and lower layers was defined as the top of Thrl

staining. Where relevant, layer 11 was defined as expressing Cux1 but not FoxP1, while layer
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Figure 2-1: Cortical neurons are mislocalized in Rb/p107 double knock out (DKO) mice.
A-E) Expression of cortical layer markers was examined in Rb f/+; p107 +/- (WT), Rb f/f; p107
+/- (RBKO) and Rb f/f; p107 -/- (DKO) brains at E17.5. Brains were stained for Cux1 (blue;
marker of layer 1), FoxP1 (red; marker of layer 111/1V), Thrl (green; marker of layer V/VI) and
Dapi (gray; nuclear stain). We observed a population of cells expressing FoxP1 in the
intermediate zone of DKO embryos (arrow), but not WT or RBKO embryos, with a concurrent
decrease in the number of FoxP1+ neurons in layers I1-1V of the cortex in DKO brains relative to
both RBKO and WT brains (D) (layers 11-1V were defined as being above the Tbrl+ layers;
layers V/VI were defined as expressing Thrl). Cells were counted in a 450 um wide (FoxP1) or
450 pum wide (Cux1 and Thrl) column of cortex extending from the top of the cortical plate to
the ventricular zone. The delineation between the cortical plate and intermediate zone, defined
using Dapi staining, is shown with a white line (red line in the Dapi panel). An inset is provided
below the merged images to show nuclear staining in greater detail. There was a similar
decrease in the number of cells expressing Cux1 in DKO brains compared to both WT and
RBKO brains (C). Thrl cells were found to be disorganized and increased in the intermediate
zone but there was no change in the number of Tbrl cells in the cortical plate (E). Cortical plate
width was also found to be decreased in DKO brains compared to WT brains (F) as shown at a
lower magnification (10x) Dapi image (B). Deletion pRb and p107 expression in the E15.5
cortex was confirmed in the Emx1-cre model by Western blot (G). pRb deletion was specific to
the dorsal telencephalon as expected, since it was not deleted in tissue collected for the ventral
telencephalon (H). Three to five embryos were used for each phenotype. Error bars show
standard deviation. *** p<.001 **p<.01 *p<.05 Scale bars =100 pm.
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[11/1V was defined as expressing FoxP1 but not Thrl. In DKO animals, where low levels of Tbrl
staining sometimes extended into the upper cortical layers, or there was a scattering of Thrl+
cells in the upper layers, the delineation between layers was defined as the top of intense, high
cell density Tbrl staining. In WT, p107KO and RBKO brains, upper layer markers FoxP1
(layers 111/1V) and SatB2 (layers I1-1V) (data not shown) were confined to their expected
locations. In DKO brains, however, a population of cells expressing these upper layer markers
was found below the cortical plate in the intermediate zone, with a corresponding 34.4%
decrease in the average number of FoxP1+ neurons in the upper layers of the cortical plate
(Figure 2-1C, F). Note that FoxP1 is normally only expressed in mature neurons which have
reached their final location (Ferland, et al. 2003). Cortical lamination in p107KO brains was
indistinguishable from that in WT brains (data not shown). These observations suggest that pRb
and p107 play a necessary role in radial migration and cortical lamination.

As FoxP1 cell numbers were decreased in the DKO cortical plate, we further investigated
whether pocket proteins have a specific role in the development of the upper cortical layers. To
test this, we asked whether layer Il formed normally, using a more comprehensive upper layer
marker CuxI (layers 11-1V), which in our wild type mice is found above FoxP1 staining. Our
results revealed a 50% decrease in the number of Cux1 cells in layers 11-1V of DKO brains
compared to WT animals (Figure 2-1C, E). Cux1 counts could not be done in layers V/VI since
recently born neurons migrating through this area express Cux1 (Nieto, et al. 2004) and could
not be differentiated from misplaced neurons, which failed to migrate correctly.

Interestingly, there was no difference in the number of Tbrl+ neurons in layers V/VI
(defined by Dapi staining), although there was an increase in the number of Tbrl+ neurons in the

IZ and the Tbrl layer appeared disorganized in DKO brains (Figure 2-1C, G). Consistent with
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the layer specific changes in neuron number, the thickness of the upper layers is reduced in DKO
brains relative to WT brains, with no change in the thickness of the lower layers (Figure 2-1D,
H). The total thickness of the cortical plate was not different between WT and DKO brains since
there was a trend toward an increase in the thickness of the subventricular zone in the DKO to
compensate for the decrease in thickness of layers I1-1V (Figure 2-1D, H). As the upper layer
neurons are visibly split into two populations, with an associated drop in the number of layer Il
neurons reaching the cortical plate, the migration phenotype in these later born neurons in DKO
brains is much more striking and severe than in the early born neurons in the layer V/VI. For this
reason, we chose to focus our studies on the formation of layers II-1V. These findings suggest
that the pocket proteins pRb and p107 are required for the proper migration or specification of
upper cortical layer neurons.

One potential explanation for this defect in lamination is that radial migration is delayed
due to a delay in cell cycle exit. If neurons migrate normally following a delayed cell cycle exit,
the defect should be corrected with further development. To determine if these migrating neurons
reach their layer 11/1V destination at a later age, we examined cortical lamination two days later
at PO. At this later time point, misplaced FoxP1+ neurons were still found in the intermediate
zone of DKO, but not RBKO or WT brains (Figure 2-2A, D). Importantly, the numbers of
FoxP1+ cells in the intermediate zone at PO and at E17.5 were similar, with 256+40 FoxP1+
cells in DKO brains at E17.5, and 293+43 FoxP1+ cells in this same region at PO, indicating that
there is not even a small rescue of this phenotype. Furthermore, there was still a 33% decrease in
the number of FoxP1 neurons (Figure 2-2D) and a 41% decrease in the number of Cux1 neurons
(Figure 2-2C) in the upper layers of DKO brains relative to WT brains, as well as a 40%

decrease in thickness of the upper layers (Figure 2-2F). As seen at E17.5, there was an increase
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Figure 2-2: Cortical neuron mislocalization is not corrected. To determine whether the
migration defect was due to a delay in migration, expression of cortical layer markers was
examined at PO. Brains were stained for Cux1 (blue; marker of layer Il), FoxP1 (red; marker of
layer 111/1V), Tbrl (green; marker of layer V/VI) and Dapi (gray; nuclear stain) (A). The
population of FoxP1 cells in the intermediate zone of DKO embryos seen at E17.5 (Figure 1)
was still present at PO (D), and there was still a decrease in FoxP1 cells (D) and Cux 1 cells (C)
within the cortical plate. Cells were counted in a 450 um wide (FoxP1) or 450 um wide (Cux1
and Tbrl) column of cortex extending from the top of the cortical plate to the ventricular zone.

The delineation between the cortical plate and intermediate zone, defined using Dapi staining, is

shown with a white line (red line in the Dapi panel). An inset is provided below the merged
images to show nuclear staining. Cortical plate width was also found to be decreased in DKO
brains compared to WT brains (F) as shown at a lower magnification (10x) Dapi image (B).
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in the thickness of the subventricular zone in DKO brains to compensate for this decrease in the
thickness of the upper layers. Again, there was no detectable decrease in the number of Tbrl
neurons within layer V/VI, although there was an increase in Thrl+ neurons in the intermediate
zone (Figure 2-2E). Although it would have been useful to determine if cortical lamination was
corrected at P7, when migration is complete in the mouse, this was not possible due to neonatal
lethality of the DKO pups. Together, these findings show that the misplacement of the cortical
neurons in DKO brains is not due to a delay in migration. Again, since delayed migration due to
delayed cell cycle exit would have been corrected, this data also indicates that the errors in
migration in the DKO are unlikely to result simply from delayed cell cycle dynamics in affected

cells.

Pocket proteins are required for radial migration of upper layer neurons. To resolve
whether the Foxpl1+ cells in the DKO intermediate zone were fated for the cortical plate, we
performed a birthdating assay to determine if these neurons had exited the cell cycle at a time
appropriate for neurons of the upper cortical layers. Pregnant mothers were injected with BrdU at
E13.5 and embryos were collected at E17.5 or PO. BrdU injection was done at E13.5 because, on
our mouse background strain, this time point revealed the highest level of colocalization with
upper layer markers, while later injections at E15.5 targeted neurons still migrating through the
intermediate zone. We then analyzed the location of neurons born at E13.5 to determine whether
these neurons had migrated into the cortex or remained stalled in the intermediate zone. In WT
and RBKO brains, 78.6+8% and 83.9+11% of the BrdU+ cells were found in the cortical plate,
respectively, while only 43.7£5% of the BrdU+ cells reached the cortical plate in the DKO

brains (Figure 2-3A, B). Due to variation in BrdU labeling between litters, total BrdU+ cell
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Figure 2-3: Misplaced neurons exhibit a defect in radial migration. A,E) To determine if
cells born 4 days ago were located in the correct layer and expressed the correct cortical layer
markers, pregnant moms were injected with BrdU at E13.5 and pups collected at E17.5 (A) and
PO (E). The delineation between the cortical plate and intermediate zone, defined using Dapi
staining, is shown with a white line. Brains were stained for BrdU incorporation (green) and
SatB2 (red), a marker for layers 1I-1V. An inset is provided to show double labelling. Cells were
counted in a 150 um wide strip of cortex extending from the top of the cortical plate to the
ventricular zone. Approximately 50% of the BrdU+ neurons remain in the intermediate zone in
DKO brains at both ages, while only 5-20% of these BrdU+ cells stay in the intermediate zone in
RBKO and WT brains (see text for exact percentages) (B,F). Arrows (A,E) indicate the increase
in BrdU staining in the intermediate zone of DKO brains. Similar values were obtained at both
E17.5 and PO when the percentages of BrdU+/SatB2+ (C,G) or BrdU+/FoxP1+ cells (D,H) in
the intermediate zone and cortical plate were quantified. Three to five embryos were used for
each phenotype. Error bars show standard deviation. *** p <.001 ** p<.01 * p <.05 Scale
bars = 100 pm.
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counts for all layers ranged from 248+46 (average+£SD) cells in DKO brains, 186+74 in RBKO,
and 250+102 in WT. At PO, 97.6+2% of BrdU+ cells reached the cortical plate in WT brains, but
only 51.8+1% of BrdU+ cells reached the same destination in DKO brains (Figure 2-3E, F).
Total cell counts ranged between 208124 in DKO, 177+27 in RBKO and 149+40 in WT. Similar
results were found when the locations of double stained BrdU+/SatB2+ (Figure 2-3C, G) or
BrdU+/FoxP1+ (data not shown) cells were quantified, with 91+33 FoxP1+/BrdU+ and 133+43
SatB2+/BrdU+ total cells counted per brain regardless of genotype or age. There was no
difference in the percentage of BrdU+ cells which co-labeled with SatB2 at either E17.5 or PO,
indicating that the identity of the cells born at E13.5 is similar in WT and DKO brains (Figure 2-
3D, H). These results show that the misplaced Foxpl+ cells in the intermediate zone of DKO
brains were born at the correct time for upper layer cortical neurons, but were unable to migrate
to the correct location. This evidence supports the hypothesis that pocket proteins play a direct

role in regulating radial migration.

Misplaced neurons in the DKO intermediate zone have exited the cell cycle. Many of the
developmental phenotypes described in pRb mutants result from defects in cell cycle exit, even
in cells expressing markers normally associated with terminal differentiation (Chen, et al. 2004;
Haigis, et al. 2006; Berman, et al. 2009). To determine whether the migration defect in DKO
embryos results from misplaced neurons having failed to exit the cell cycle, we injected pregnant
mothers with BrdU at E13.5 and collected brains at E17.5, as described above, and examined
whether BrdU+ neurons expressed the cell cycle progression marker Ki67. We found that
98+0.4% of BrdU+ cells in DKO brains no longer expressed Ki67 (Figure 2-4), compared to

99.8+0.1% of BrdU+ cells in WT brains (203+55 cells counted per brain). Although there are
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Figure 2-4: Assessment of cell cycle exit in misplaced neurons of DKO brains. (A) To
determine if misplaced neurons in the intermediate zone inappropriately express the marker of
cell cycle progression Ki67, pregnant moms were injected at E13.5 and pups collected at E17.5.
Sections were stained for BrdU incorporation (green), Ki67 (blue) and SatB2 (red). The
percentage of BrdU+ cells, born 4 days prior to tissue collection, which do not stain for Ki67 was
quantified (B). Cells were counted in a 450 um wide strip of cortex extending from the top of
the cortical plate to just above the subventricular zone. In both WT and DKO brains, at least
97% of the BrdU+ neurons did not express Ki67, indicating that they have left the cell cycle.
High magnification insets (right side of A) show examples of a BrdU+/Ki67- neurons
(arrowheads) and BrdU-/Ki67+ neurons (arrows). Overlay is shown with SatB2 staining to show
the location of the layers. Three to five embryos were used for each phenotype. Error bars show
standard deviation.* p < .05 Scale bars = 100 pm.
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significantly more Ki67+/BrdU+ cells in DKO brains, these cells represent such a small
percentage of the total BrdU+ cells that they could not account for the observed migration
phenotype. Furthermore, the 2% of BrdU+ cells which do express Ki67 were evenly distributed
throughout the cortex and intermediate zone, rather than concentrated in the intermediate zone
like the misplaced FoxP1+ neurons. Together, the observations that radial migration does not
correct with time and that misplaced neurons have exited the cell cycle by E17.5, suggest that the
defect in migration in DKO brains is not due to ectopic proliferation or a failure to exit the cell

cycle.

Inhibition of cell death does not rescue the migration defect in DKO neurons. pRb loss has
been shown to lead to increased apoptosis which may cause or accentuate many of the
phenotypes described in RBKO mutants (Lee, et al. 1994; Feddersen, et al. 1995; Chen, et al.
2004; MacPherson, et al. 2004; Berman, et al. 2009; Wu, et al. 2009; Ciavarra and Zacksenhaus.
2010a), while in other cases maturation defects are cell death independent (Chen, et al. 2007b). It
remains an outstanding question whether pocket proteins regulate post-mitotic cell maturation
directly or if this role is attributable to the role of pRb in apoptosis. We have previously shown
that the defect in radial migration in the RBKO mutant coincides with a decrease in Cajal Retzius
cells (Ferguson, et al. 2005; McClellan, et al. 2007). However, it remains unknown whether the
defect in radial migration shown in Figure 2-1 and Figure 2-2 is a result of deregulated apoptosis
following loss of pRb and p107, or whether these pocket proteins regulate radial migration
directly. To determine whether migration is impaired in DKO brains due to increased apoptosis
and subsequent loss of a crucial migratory signal, we crossed the pRb/p107 DKO mice with Bax

—/— mice to generate DKO;Bax —/— mice and examined cortical lamination at E17.5. First, we
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Figure 2-5: The migration defect in DKO brains is not due to increased cell death. To
determine if the migration defect is due to increased apoptosis, cortical lamination was examined
DKO-Bax-/- brains at E17.5. (A,B) TUNEL staining was used to confirm that the increase in
cell death seen in DKO brains was returned to wild type level in DKO-Bax-/- brains. (C)
Deletion of Bax in cortical tissue was confirmed by Western blot at E17.5. (D) Cortical
lamination was examined by staining for Cux1 (blue; marker of layer Il), FoxP1 (red; marker of
layer 111/1V), Tbrl (green; marker of layer VV/VI1) and Dapi (gray; nuclear stain). The delineation
between the cortical plate and intermediate zone, defined using Dapi staining, is shown with a
white line (red line in the Dapi panel). The population of FoxP1+ cells in the intermediate zone
of DKO brains is maintained in DKO-Bax-/- brains (arrow). Quantification of FoxP1 cells (F),
Cux1 cells (E), and cortical width (G) showed no difference between DKO and DKO-Bax
brains, indicating that rescuing cell death failed to rescue these phenotypes. Quantifications
were done the same way as those described in Figure 1. Error bars show standard deviation. ***
p<.001 **p<.01 *p<.05 Scale bars =100 pm.

93



used TUNEL staining to confirm that the increased levels of cell death seen in DKO brains was
rescued to wild type levels following deletion of Bax (Figure 2-5A—C). We then asked if cortical
migration was rescued in DKO;Bax—/— brains by staining for layer specific markers. Deletion of
Bax did not rescue the migration defect, as no differences in cortical lamination or layer specific
cell counts could be found between DKO and DKO;Bax—/— embryos (Figure 2-5D-G) (counts
were performed as described for Figure 2-1). Specifically, DKO;Bax—/— brains have an average
of 302+36 FoxP1+ neurons stalled in the intermediate zone, with a corresponding 35% decrease
in the number of FoxP1+ neurons in layers I1-1V compared to WT. There is a 50% decrease in
the number of Cux1+ cells in the upper layers and a 30% decrease in cortical thickness compared
to WT, as seen in absence of pRb/p107 alone. Loss of Bax alone could therefore not account for
these phenotypes, as there was no difference in FoxP1 or Cux1 cell number or localization, or
cortical thickness between Bax+/+ and Bax—/— brains (these brains were wild type for pRb and
p107) (Figure 2-S1). This evidence indicates that apoptosis cannot account for the migration
defect in DKO embryos and that pocket proteins influence cortical lamination and neuron

migration through a mechanism that is independent from its role in regulating neuron survival.

Pocket proteins regulate cortical migration through a combination of cell autonomous and
environmental mechanisms. Given that the migration defect could not be rescued by inhibition
of apoptosis, we next asked whether pocket proteins regulate radial migration through a cell
autonomous mechanism, or whether the migration defect is the result of a failing environment.
We have previously shown a decrease in Cajal Retzius cells in pRb mutants (Ferguson, et al.

2005; McClellan, et al. 2007). As we had hypothesized that loss of the migratory signal Reelin
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Figure 2-S1: Cortical lamination is not effected by deletion of Bax. To determine whether
deletion of Bax led to a radial migration phenotype in brains wild type for pRb and p107, cortical
lamination was examined at E17.5 by staining for Cux1 (blue; marker of layer 11-1V), FoxP1
(red; marker of layer I11/1V), Thrl (green; marker of layer VV/V1) and Dapi (gray; nuclear stain)
(A). Quantification of FoxP1 cells (C), Cux1+ cells (B), and cortical thickness (D) showed no
difference between Bax+/+ and Bax—/— brains. Quantifications were done the same way as those
described in Figure 2-1. Error bars show standard deviation. ns = not significant, Scale

bars=100 pm.
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from these Cajal Retzius cells might account for the lamination defect in RBKO brains, we asked
whether there was a further decrease in Cajal Retzius cells in DKO and DKO-Bax—/— brains.
Surprisingly, Cajal Retzius cells were similarly decreased in both RBKO and DKO embryos, but
the migration defect is specific to DKO brains. Staining with two markers of Cajal Retzius cells,
Reelin and Calretinin, revealed a 65% and 58% decrease in DKO and RBKO, respectively,
which was not rescued by Bax deficiency (also a 65% decrease in DKO;Bax—/— brains) (Figure
2-6A, B). These results show that Cajal Retzius cell loss cannot explain the migration phenotype
and that pocket proteins regulate migration through an alternative mechanism.

The radial glial scaffold provides structural support for migrating neurons. To determine
whether defects in this scaffold are responsible for the migration phenotype in DKO brains, we
asked whether this scaffold is intact in DKO brains by staining for Nestin. We found that the
glial scaffold appeared normal in both DKO and WT brains (Figure 2-S2), indicating that these
cells are unlikely to be involved in the migration defect in DKO brains.

Cortical migration depends on a complex array of environmental factors, such as secreted
migratory cues (e.g. Reelin), intact radial glial scaffolding, as well as cell autonomous factors,
such as migratory cue receptors and regulation of cytoskeletal dynamics. To further pursue the
mechanism by which pocket proteins modulate cortical migration, we asked whether their role in
migration was cell autonomous. To address this question, we performed in utero electroporation
to track the migration of Rb/p107 deficient neuroblasts in the context of a healthy environment,
where migratory cues remain intact. Embryos (Rbf/f; p107—/— and Rbf/+; p107+/—) were
electroporated with Cre-GFP at E13.5, and brains were collected 4 days later at E17.5. The
efficiency of Cre mediated recombination was confirmed both in vivo and in vitro (Figure 3-3).

The location of GFP+ neurons relative to cortical layer markers FoxP1 and Tbrl was analyzed.
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Figure 2-6: Pocket proteins regulate radial migration through a cell autonomous
mechanism. A,B) To determine if the migration defect correlated with a decreased in Cajal
Retzius cells, WT, RBKO and DKO brains were stained for Reelin (green) and Calretinin (red)
at E17.5. All double labeled layer I cells were counted in a total of 1400um per brain (B). White
lines outline layer I to distinguish from background staining in meninges. Scale bars = 50 um.
C) To determine if pocket proteins regulate radial migration cell autonomously, pRb f/f;p107-/-
and pRb f/+;p107-/+ embryos were electroporated in utero at E13.5 and brains were collected at
E17.5. The location of GFP+ neurons was quantified according to cortical layer. Layer 11 was
defined as being above FoxP1 staining (red), layer 111/1V was defined as within FoxP1 staining,
above Thrl (blue) and layer V/VI was defined as within the Thrlpositive layer (D). We show
that a portion pRb and p107 deficient neurons fail to reach layer Il but instead remain in layer
II/IV. E) Cajal Retzius cells were normal in all electroporated brains, which emphasizes that
Reelin signaling is not involved in this migration defect. *** p <.001 **p<.01 *p<.05
Scale bars = 100 pum.
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RBKO DKO;Bax-/-

Figure 2-S2

Nestin

Figure 2-S2: The radial glial scaffold is intact in DKO and DKO;Bax—/— brains. To
determine if the migration defect in DKO brains is due to disorganization of the radial glia, WT,
RBKO, DKO and DKO;Bax—/— brains were stained for Nestin at E17.5. No difference in the
integrity of the scaffold could be seen between phenotypes. Top panels, scale bar=200 pm.

Lower panels, scale bar=100 pum.
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In WT brains, 65.8+8.7% GFP+ neurons migrated to layer Il, and 23.9+7.1% were found
in layer 111/1V (Figure 2-6C, D). In DKO brains, however, only 43.2+7.6% of GFP+ neurons
reached layer I1, with 40.4+4.9% of GFP+ neurons scattered throughout layers IHI/IV. A
minimum of 250 cells were counted for each brain. Layer 11 was defined as being above the
FoxP1+ layer, while layer 111/1V was defined as being within the FoxP1+ layer, above the Tbhrl+
layer. There was no difference in the number of GFP+ neurons in the intermediate zone between
the two phenotypes, and no defect was seen in electroporated RBKO brains (data not shown).
Unlike in conditional knockouts (Figure 2-6A), here there was no difference in the number of
Cajal Retzius cells between pRb f/f;p107—/— and wild type electroporated brains (Figure 2-6E).
Given that pRb/p107 deficient neurons failed to migrate correctly in a healthy environment, we
conclude that pocket proteins are essential to modulate radial migration through a cell

autonomous mechanism.

Discussion

In this study, we evaluated the role of pocket proteins pRb and p107 in the regulation of radial
migration in the developing cortex. Our results support a number of conclusions. First, we
present a novel defect in radial migration which is specific to the pRb/p107 DKO brains. We
then show that this defect is not due to unchecked cell death, despite the importance of pocket
proteins in regulating apoptosis. Finally, we show that pRb and p107 regulate radial migration
through a combination of cell autonomous and non-cell autonomous mechanisms. These results
are summarized in Table 2-1. Together, our results describe a novel function of pocket proteins

in regulating cortical plate formation in the developing brain.
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Table 2-1: Phenotype Summary

WT RBKO DKO DKO;Bax-/-
FoxP1+ neurons in 1Z - - ++ ++
Thinning of Cux+ layer - + ++ ++
BrdU+ cells in 1Z - - ++ ND
Loss of CR cells - + + +
GFP+ neurons in layer - - + ND
[11/1V following IUE

Negative sign indicates not observed, + indicates mild phenotype, and ++ indicates severe phenotype.
IZ = Intermediate Zone CR = Cajal Retzius ND = Not Done
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pRB and p107 are required for radial migration in the developing cortex. pRb is known to
play a variety of roles during brain development, namely control of cell cycle progression,
apoptosis and early fate specification (Jacks, et al. 1992; Ferguson and Slack. 2001; MacPherson,
et al. 2004; Vanderluit, et al. 2004; McClellan and Slack. 2006; Wu, et al. 2009; Ghanem, et al.
2012a). Indeed, we have shown that pRb regulates early differentiation factors and tangential
migration in ventrally derived neurons (Ferguson, et al. 2005; Andrusiak, et al. 2011; Ghanem, et
al. 2012a), independently of its role in proliferation. pRb was also shown to be involved in
cortical lamination as deletion of pRb caused the normally well-organized delineation between
cortical plate and intermediate zone to become indistinct (McClellan, et al. 2007). However,
p107 has been shown to compensate for loss of pRb in various models (Marino, et al. 2003;
Chen, et al. 2004; Haigis, et al. 2006; Berman, et al. 2009). Pocket proteins may therefore have
additional roles in neuron maturation which could not be detected in single knock-out models.
To address this issue, we used the pRb/p107 double knock out (DKO) mouse to test the
hypothesis that pocket proteins have more extensive roles in radial migration in the developing
brain.

Here we show a defect in radial migration in DKO brains with a concurrent decrease in
the number of upper layer neurons within the cortical plate. Our data implies that the phenotype
in DKO brains is due to a primary defect in migration rather than the result of a delay in cell
cycle exit for two reasons. First, if the misplaced neurons were migrating normally but were
delayed because they exited the cell cycle late, they would continue migration and approach their
destination at PO (Figure 2-2), which does not occur. Second, the misplaced neurons do not
express the cell cycle marker, Ki67 (Figure 2-4); at E17.5, only 2% of the migrating population

exhibited ectopic proliferation. Together, these findings suggest that the defect in radial
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migration does not result from failed cell cycle exit. Whether this migration defect results from
other cell cycle related mechanisms, such as delayed exit, disruption of polarity or impaired
precursor differentiation cannot be determined at this time and requires further investigation.

In this study we have focused on the migration defect in the upper layers neurons of DKO
brains. However, there is also a defect in lamination in the lower layers as seen by the increased
Tbrl+ neurons in the 1Z of RBKO and DKO at E17.5 (Figure 2-1). Interestingly, this defect
appears to be distinct from that seen in the upper layers, since there is no decrease in the number
of Tbrl+ neurons which reach the cortical plate in DKO brains, as is seen with FoxP1+ and
Cux1+ neurons. Likewise there is no difference in the thickness of the lower cortical layers
between DKO and WT brains. For these reasons, the defect in formation of layers VV/VI cannot
result solely from Thrl+ neurons failing to migrate through the intermediate zone. An alternate
possibility is that pocket proteins control the relative rates of proliferation during development
such that neurogenesis is increased early when layers VV/V1 are formed, but later slows when
layers 11-1V are formed. This increase in neurogenesis would then account for the increased
Tbrl+ neurons in the intermediate zone, rather than, or in addition to, a defect in migration of
these neurons. At this point it is only possible to conclude that pocket proteins regulate formation
of upper cortical layers differently than the formation of lower cortical layers and further analysis

is required to understand the responsible mechanisms.

Pocket protein regulation of radial migration does not depend on cell death. pRb was first
identified as a tumor suppressor and has been extensively studied in its role in regulation of cell
division and apoptosis (Chen, et al. 2004; Lazzerini Denchi and Helin. 2005; Giacinti and

Giordano. 2006; Ciavarra and Zacksenhaus. 2010a; Gordon and Du. 2011; Manning and Dyson.

104


http://www.sciencedirect.com/science/article/pii/S0012160613004892#f0005

2012). Ectopic cell death has been shown to contribute to many developmental phenotypes in
pRb knockout models (Feddersen, et al. 1995; Marino, et al. 2003; MacPherson, et al. 2004;
Chen, et al. 2004; Sage, et al. 2006; Berman, et al. 2009; Ciavarra and Zacksenhaus. 2010a).
Increased apoptosis found in pocket protein knock out models is primarily due to deregulated
E2F1 activity and subsequent activation of the p53 pathway (Macleod, et al. 1996; Lazzerini
Denchi and Helin. 2005; Wu, et al. 2009), although increased apoptosis has been found to
sometimes be p53 and even E2F1 independent in the retina (MacPherson, et al. 2004; Chen, et al.
2013). pRb has also been shown to be crucial for survival in post-mitotic neurons (Andrusiak, et
al. 2012a). This dual role of pRb in regulating both cell proliferation and death has obscured our
understanding of other important developmental roles of pocket proteins. It was therefore unclear
whether the migration phenotype in the DKO brains was due to death of cells providing
regulatory signals necessary for radial migration, or whether it represented a primary migratory
function of pocket proteins. To resolve this question, we eliminated this ectopic apoptosis
through deletion of the apoptotic regulator Bax (Gavathiotis, et al. 2012) in the DKO and
determine whether the defect radial migration persisted. Surprisingly, despite the fact that cell
death was successfully restored to wild type levels in the DKO;Bax—/— brains (Figure 2-5A),
none of the migratory phenotypes described in DKO brains were rescued by Bax deletion (Figure
2-5D-G; Table 2-1). The FoxP1+ cells are still present in the intermediate zone of these
DKO;Bax—/— brains and the upper cortical layers were still thinner, indicating that this migration
defect does not result from apoptosis. Furthermore, a migration defect was observed in GFP+
neurons following in utero electroporation of Cre (see below); because these neurons migrate in

a healthy environment, and have clearly survived, cell death does not seem to be involved. This
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shows that, in the developing brain, pocket proteins regulate migration and apoptosis through

separate, independent mechanisms.

Pocket proteins have a cell autonomous role in radial migration. We have previously shown
that Cajal Retzius cells are decreased in the RBKO mouse and hypothesized first, that these cells
were lost to apoptosis, and second that their loss was responsible for the minor defect in radial
migration. However, we show here that deletion of Bax fails to rescue these Cajal Retzius cells
(Figure 2-6A) and that there was no difference in the number Cajal Retzius cells between RBKO
and DKO mice (Figure 2-6B). There are two possible explanations for the absence of Cajal
Retzius cells in DKO brains; these cells could either be lost through an alternative apoptotic
pathway or there could be a defect in their differentiation following loss of pRb and p107.
Further experimentation is necessary in order to distinguish between these scenarios. More
importantly, the fact that both RBKO and DKO brains show the same decrease in Cajal Retzius
cell number while only DKO brains have a migration defect implies that the loss of Cajal Retzius
cells cannot explain why a subset of DKO neurons fails to pass through the intermediate zone.
Radial migration is dependent on numerous factors which can be categorized as being
either cell autonomous or non-cell autonomous. Here we show that pocket proteins control radial
migration through a cell autonomous mechanism independent of environmental factors through
the use of in utero electroporation, as the pRb and p107 deficient neurons failed to migrate
correctly through a healthy cortical plate. It should be noted that these animals are genome
knockouts for p107. However, since there is no migration phenotype following p107 deletion

(data not shown) and there is no apparent defect in cortical lamination in non-electroporated
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regions of the pRb flox/flox;p107—/— electroporated brains, we conclude that the defect requires
the loss of both pRb and p107 in GFP+ neurons.

Following pRb deletion in electroporated pRb flox/flox;p107—/— brains, GFP+ neurons
reach the cortical plate but are highly disorganized, while in DKO Emx1-Cre brains the
misplaced neurons fail to migrate past the intermediate zone. One possible explanation for this
difference is that pRb and p107 regulate migration through a combination of cell autonomous
and non-cell autonomous mechanisms. In electroporated brains, the pRb/p107 deficient neurons
may have been able to reach the cortex since environmental support was still intact, while in the
full cortex knockout both environmental and cell autonomous mechanisms were compromised.
For example, it is possible that, in the DKO;Emx1-Cre+ cortex, the cell autonomous defect
makes these neurons more sensitive to the drop in Reelin and this contributes to their failure to
migrate through the intermediate zone, while in the RBKO cortex the low levels of Reelin are
sufficient. Another possibility is that the time required for Cre to be expressed, excise pRb and
for pRb target genes to become deregulated, allows neurons electroporated at E13.5 to have time
to pass through the intermediate zone and into the cortical plate before migration is disrupted.
Further experimentation is required to fully understand the mechanism through which pocket
proteins regulate cortical migration.

These results represent the first description of a cell autonomous role of pRb in radial
migration in the developing cortex. We have shown in previous work that pRb is involved in
tangential migration of ventrally derived immature interneurons, also in a cell autonomous
manner through regulation of the Netrin receptor Neogenin (Ferguson, et al. 2005; McClellan, et
al. 2007; Andrusiak, et al. 2011). When considered together, these studies suggest that neither

phenotype is a single phenomenon but that pRb may regulate migration in a wide variety of cell
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types. It remains to be determined whether pocket proteins control migration in non-neural cells,
or whether migration is regulated through similar mechanisms in different cell types. Further
exploration into the mechanisms through which pocket proteins regulate cell migration in various
tissues will greatly increase our understanding of how this protein family influences both normal
development and tumor formation.

In conclusion, these results demonstrate that pocket proteins are required for radial
migration. This is achieved through a combination of cell autonomous and environmental factors
which are independent of cell death. These finding strongly support our hypothesis that pocket
proteins are important in later stages of neuron maturation through mechanisms independent of

their role in cell cycle progression or apoptosis.
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Abstract

Genetic deletion using the Cre-Lox system in transgenic mouse lines is a powerful tool used to
study protein function. However, except in very specific Cre models, deletion of a protein
throughout a tissue or cell population often leads to complex phenotypes resulting from multiple
interacting mechanisms. Determining whether a phenotype results from disruption of a cell
autonomous mechanism, which is intrinsic to the cell in question, or from a non-cell autonomous
mechanism, which would result from impairment of that cell’s environment, can be difficult to
discern. To gain insight into protein function in an in vivo context, in utero electroporation (IUE)
enables gene deletion in a small subset of cells within the developing cortex or some other
selected brain region. IUE can be used to target specific brain areas, including the dorsal
telencephalon, medial telencephalon, hippocampus, or ganglionic eminence. This facilitates
observation of the consequences of cell autonomous gene deletion in the context of a healthy
environment. The goal of this protocol is to show how IUE can be used to analyze a defect in
radial migration in a floxed transgenic mouse line, with an emphasis on distinguishing between
the cell autonomous and non-cell autonomous effects of protein deletion.

By comparing the phenotype resulting from gene deletion within the entire cortex versus IUE-
mediated gene deletion in a limited cell population, greater insight into protein function in brain

development can be obtained than by using either technique in isolation.

Video Link

The video component of this article can be found at http://www.jove.com/video/51983/
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Introduction

Radial migration is a central process to early cortical development. It depends on a variety of cell
autonomous factors, such as correct mitotic exit and neuronal differentiation, cell polarity,
regulation of cytoskeletal dynamics and expression of transmembrane receptors, as well as non-
cell autonomous factors, such as formation of the radial glial scaffold and secretion of migratory
guidance molecules (Evsyukova, et al. 2013; Hippenmeyer. 2014; Wu, et al. 2014). Since
disruption of any of these mechanisms can impair neuronal migration in a transgenic mouse
model (Nguyen, et al. 2006; McClellan, et al. 2007; Hashimoto-Torii, et al. 2008a; Ori-
McKenney and Vallee. 2011; Svoboda, et al. 2013), determining the underlying cause of a defect
in migration can be a complex and difficult process. In utero electroporation (IUE) can be used
to complement and simplify interpretation of the phenotype of a genetic knock-out model and
thereby elucidate important mechanisms required for radial migration (Wang, et al. 2007b; Heng,
et al. 2008; Hashimoto-Torii, et al. 2008a; Alfano, et al. 2011). In utero electroporation (IUE) is
the process by which a plasmid carrying both a gene of interest and a reporter is injected into the
ventricle in the brain of a mouse or rat embryo and then drawn into the cells lining the ventricle
through use of an electric current (Saito. 2006; De Vry, et al. 2010; Dixit, et al. 2011). This
allows the investigator to analyze the effect of up or down regulation of a gene of interest in
development or function of electroporated neurons. Following IUE, brains can be processed for
immunohistochemistry (Wang, et al. 2007b; Heng, et al. 2008; Hashimoto-Torii, et al. 2008a;
Alfano, et al. 2011), electrophysiology (Elias, et al. 2008) or cell culture (Rice, et al. 2010;
Bhuiyan, et al. 2013). The major advantage of IUE is that is allows for highly specific
manipulation of gene expression. Furthermore, IUE can be used to target a specific region of the

developing brain through a directed current (Figure 3-2). IUE can also be used to target a
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specific cell type through injection of plasmids carrying genes under control of various
promoters or plasmid activation systems (tetracycline induced gene expression is an example)
(Miyagi, et al. 2004; Wang, et al. 2007b; Heng, et al. 2008; LoTurco, et al. 2009; Yoshida, et al.
2010). IUE can be used in conjunction with the Cre-Lox mediated gene excision system
(Hashimoto-Torii, et al. 2008a; Ori-McKenney and Vallee. 2011; Alfano, et al. 2011; Wang, et
al. 2011; Bouabe and Okkenhaug. 2013). A plasmid containing a gene encoding the message for
the Cre protein can be electroporated into an embryo homozygous for the floxed allele (in which
the gene or specific DNA regions are flanked by two loxP sites for Cre mediated DNA
recombination). Cre will then induce recombination of the gene of interest specifically in
electroporated neural precursors, generating a knock-out of the floxed allele. The effect of
protein knockdown on neural migration and development within individual neurons can then be
studied. Electroporation of Cre induces recombination in only a small population of affected
cells, leaving the supporting environment intact. In contrast, tissue specific expression of Cre
under control of a cell type specific promoter, occurs throughout the entire tissue so that both
migrating neuroblasts and the surrounding environment could be affected. Thus, juxtaposition of
these two approaches can determine whether a given migration defect is due to cell autonomous
or cell non-autonomous mechanisms. Defective migration in both experimental systems suggests
that the observed phenotype results from a cell autonomous mechanism; normal migration
following electroporation of Cre with defective migration in a tissue specific Cre model indicates
that the gene of interest is acting through a non-cell autonomous mechanism.

IUE can also be used to perform rescue experiments by electroporating potential
interacting genes into knock out animals (Heng, et al. 2008; Hashimoto-Torii, et al. 2008a;

Wang, et al. 2011). For example, an investigator could attempt to rescue a migration phenotype
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in a transgenic model by electroporating a downstream target and determining if the migration
defect is corrected in the electroporated neurons. This has the additional benefit that a successful
rescue indicates that normal migration can be restored by manipulating protein expression in a
specific neuron, even though the surrounding environment is still deficient for the targeted gene.
Again, this approach is more time and cost effective than crossing or generating transgenic lines,
with the added benefit of determining whether the defective mechanism is cell autonomous.

IUE can be used to track migrating neurons through electroporation of a reporter plasmid
into knock out embryos (Figure 3-4C). As only the neurons lining the ventricle at the time of
surgery are electroporated (Rice, et al. 2010), IUE can be used to follow the neurons born at a
specific time with the advantage of visualization of their morphology in vivo.

Finally, it is possible to use IUE to target brain regions such as the medial or dorsal
telencephalon, hippocampus or ganglionic eminence (Figure 3-2). This gives researchers the
power to investigate gene function in a specific area independent of complications resulting from
protein knockdown in neighboring structures.

Retinoblastoma protein (pRb), p107 and p130 comprise the pocket protein family and are
well established regulators of cell cycle exit. However, there is increasing evidence that these
proteins also regulate cell cycle independent aspects of neural development. As we have
previously shown, pRb and p107 play a crucial role in both tangential (Ferguson, et al. 2005;
McClellan, et al. 2007) and radial migration (Svoboda, et al. 2013). Here, we demonstrate the
role of pocket protein family members pRb and p107 on neural migration (Svoboda, et al. 2013)
to exemplify the use of in utero electroporation of Cre in a transgenic model. In summary, IUE

provides a powerful way of analyzing cell autonomous effects of gene deletion (or
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overexpression). When combined with tissue specific knock out models, IUE can provide

additional information regarding the mechanisms controlling neural migration.

Procedure
NOTE: All experiments were approved by the University of Ottawa’s Animal Care ethics
committee, adhering to the Guidelines of the Canadian Council on Animal Care.
1. Pre-surgical Preparation and Materials
1.1. Plasmid Preparation:

1.1.1. Prepare plasmids using the Qiagen MegaPrep according to the
manufacturer’s protocol. Innoculate at least 400 ml of LB broth with
transformed bacteria to ensure a high DNA yield and incubate overnight.

1.1.2. Resuspend plasmid in 100-200 pul TE to a final concentration of at least 5
ug/ul. Aliquot DNA and store at -20 °C. If the concentration is too low, do not
precipitate and resuspend as this can add impurities. Start over with a new
preparation.

1.1.3. Before surgery, dilute a single plasmid (Cre-GFP for example) to 2 pg/ul in
sterile water with 1 pl of 0.1% (w/v) Fast Green dye per 10 or 20 pl of diluted
plasmid solution. If GFP and the gene of interest are to be co-electroporated on
separate plasmids, inject the GFP plasmid and the plasmid carrying the gene of
interest at a ratio of 1:4 to maximize the likelihood that all cells marked with
GFP are co-electroporated with both plasmids.

1.2. Pull glass microcapillary tubes (1 mm outer diameter - hereafter referred to as

needles) on a standard needle puller, using a single step pull at 62 °C.
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1.3. Autoclave a surgical pack containing the following: needle holders, wound retractor,
forceps, scissors for surgery, scissors for needles, stapler, staples, gauze, wound covers,
surgical drapes (Figure 3-1A, B; Materials Table 3-1).

1.4. Collect other required tools: Electroporator, Femtojet Microinjecter, Tweezertrodes
(5 or 7 mm), saline, suture, 5 ml syringe (Materials Table 3-1).

2. Prepare Mouse for Surgery

2.1. For pain management, inject a timed-pregnant mouse with Buprenorphine (0.05
mg/kg body weight) one hour before surgery. Apply this protocol to mice timed
anywhere from embryonic day 12.5 (E12.5) to E17.5.

2.2. Use microloader pipette tips to back-load pulled needles with the plasmid solution.
Do not fill all the way into the tip of needle yet as this will cause the needle to become
clogged.

2.3. Anaesthetize mouse using 2-5% isoflurane gas with 1 L/min O2. Once immobile,
place in face mask and apply ointment to eyes to prevent drying. Inject with 1 ml saline
(0.9% NaCl) subcutaneously in back.

NOTE: When working with isoflurane gas, use a gas scavenger to recapture excess gas
and prevent it from escaping into the room.

2.4. Shave abdomen. Wash abdomen with Chlorohexadine scrub, rinse with water, and
apply a final prep solution of chlorohexadine and 70% ethanol. Cover mouse with
sterile drape or gauze to cover fur but leave abdomen exposed (Figure 3-1C, D).

3. In utero Electroporation
3.1. Make an incision in the skin over the abdomen between the lower teats. Pull the skin

away from the underlying muscle layer by tearing the connective tissue, then cut
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Figure 3-1
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Figure 3-1: Performing In Utero Electroporation. A) Sterile surgical set up. B) Surgical tools
from left: fine scissors for cutting needle tips; stapler; forceps; wound retractor; surgical scissors;
needle holder. C) Prepped pregnant mouse with shaved and disinfected abdomen. D) Mouse
covered with sterile drape prior to incision. E) Uterus with E13.5 embryos removed from
abdominal cavity. F) Injecting pups in the ventricle. G) Close up of injected pup; note the blue
crescent on the embryo’s head indicating that the ventricle was successfully injected with the
plasmid solution (arrow). H) Paddles are placed to electroporate the lateral cortex. 1) Mouse
post-surgery. J) Preparing sharp needles is a crucial part of in utero electroporation. Examples
of uncut needles (i, iv), good needles (ii, v) and poor needles (iii, vi) are shown at low (i-iii) and
high (iv-vi) magnification.
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Table 3-1: Equipment and Materials

Product Name

Company

Catalog

Number

Description Autoclave

ECM 830 Square BTX Harvard 45-0052 Electroporator only — buy
Wave Apparatus cables separately (45-0204)
Electroporator
1250FS Footswitch | BTX Harvard 45-0211 Foot paddle is necessary for
for ECM 830 Apparatus hands-free electroporation
Tweezertrodes BTX Harvard 45-0489 Platinum forcep style
Apparatus (5mm) electrodes
45-0488
(7Tmm)

Femtojet Eppendorf 920010504 | Microinjector
Griphead 0 Eppendorf 920007414 | Holds the pulled needle
Universal Capillary | Eppendorf 920007392 | Connects griphead to tube
Holder
Injection Tube Eppendorf 920007431 | Connects capillary holder to

Femtojet
Foot Control Eppendorf 920005098 | Foot paddle for hands-free

injection
Microloader Tips Eppendorf 930001007 | Tips for loading the pulled

capillary tubes
Plasmid Mega Kit | Qiagen 12181 5 QIAGEN-tip 2500,

Reagents, Buffers
Fast Green FCF Sigma-Aldrich F7252-5G | Non-toxic dye
Extra Fine Bonn Fine Science Tools 14084-08 For trimming the needles X
Scissors
Bonn Strabismus Fine Science Tools 14084-09 X
Scissors
Graefe Forceps Fine Science Tools 11050-10 Straight X
Colibri Retractors Fine Science Tools 17000-03 X
Stapler Fine Science Tools 12031-07 For 7mm clips X
Castroviejo Needle | Medical Tools SNH-6737 | Straight, with lock X
Holder
Needle Puller Narishige PC-10 For pulling microcappillaries
Microcapillaries Drummond 1-000-800 | 0.4 mm inner diameter glass

capillary tubes
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through the peritoneum into the abdominal cavity along the linea alba. Insert the wound
retractor to pull the edges of the wound apart.
3.2. Remove the uterus from the abdominal cavity and lay it out as shown (Figure 3-1E).

3.2.1. If different pups are to be injected with different plasmids (such as GFP vs.
GFP with the gene of interest), count the pups on each side and decide which
ones and how many to inject with each plasmid. Replace one side of the uterus
back into the abdomen to keep the embryos warm and lubricated. Immediately
moisten the exposed uterus with saline (preferably warmed to body
temperature).

3.2.2. If injecting all pups with the same plasmid (such as when injecting Cre-
GFP into transgenic embryos) only remove one horn of the uterus at a time.

3.3. Put a loaded needle in the grip head of the injection wand and carefully cut the tip
with a pair of small surgical scissors or fine forceps. Cut the tip so the needle stays as
long as possible while still allowing fluid to pass through (Figure 3-1Ji-iv).

3.3.1. Adjust length of injection (in seconds) and injection pressure on the
microinjector so that a small yet easily visible droplet of 0.1-0.2 ul appears on
the tip of the needle when the foot paddle is pressed. Keep the volume of this
droplet as consistent as possible between different needles.

NOTE: this step is crucial for embryo survival (see discussion).

3.3.2. Use the following injection parameters for the Femtojet: injecting pressure
(pi) = 250-300 hPa; injection time (ti) = 0.8-1.2 sec; compensation pressure =
10-50 hPa. If required, adjust these parameters to accommodate variation

between needles.
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3.4. Select an embryo and gently position it on its back, head tilted upward (Figure 3-1F).
NOTE: This may require turning or shifting the embryo; be careful not to apply too
much pressure and avoid rupture of the amniotic sac while manipulating the embryo.

3.5. Once the embryo is in place, locate the ventricle, which presents as a crescent shaped
shadow parallel to the sagittal sinus. Touch the tip of the needle to the uterus above the
ventricle at a slight angle and guide the needle through the uterine wall. The amount of
pressure required depends on the sharpness of the needle. Push the needle through the
cortex into the ventricle.

NOTE: Although there is rarely any additional detectable resistance, the embryo’s
head is often pushed away slightly and then recoils as the needle passes through the
cortex into the ventricle.

3.6. Pump the foot paddle to inject the plasmid solution. Continue to pump until a green
area is visible and conforms to the arc shape of the ventricle (Figure 3-1G). In young
embryos (E12.5 to E14.5) the dye will often diffuse into the contralateral ventricle.
NOTE: The number of pumps depends on the diameter of the needle tip, the age of the
embryo (and resulting size of the ventricle) and the desired injection volume. Keep

volume injected as consistent as possible between embryos.

3.7. Inject three or four embryos. Keep all exposed embryos moist with saline throughout
procedure.

3.8. Go back to the first embryos injected and place the paddles such that the positive
electrode will draw the plasmid into the desired region of the brain (Figure 3-1H).
Angle the negative electrode so that the shortest path between the electrodes passes

directly through the structure targeted for electroporation (Figure 3-2).
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Image Credit to Bensun Fong

Figure 3-2

Figure 3-2: Targeting different brain regions. Diagrams A-D show paddle placement for
targeting different regions of the forebrains. The dark blue circle represents the paddle in front
of the embryo while the light blue circle represents the paddle behind the embryo. Positive and
negative electrodes are indicated with the appropriate sign. A) Electrodes angled to target the
lateral cortex. A’, A”) Example of electroporation of the lateral cortex, three days after surgery.
B) Electrodes angled to target the medial cortex. B, B”) Example of electroporation of the
medial cortex. C) Electrodes angled to target the hippocampus. C’, C’) Example of
electroporation of the hippocampus. D) Electrodes angled to target the ganglionic eminence
(GE). D’, D”) Example of electroporation of the GE.
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3.9. Once the paddles are in place, apply the shock. Depending on the age and size of the
embryos, use 5 pulses of 35-50 V (see Table 3-2). Use the following electroporation
parameters: pulse length of 5 msec with a pulse interval of 950 msec. Repeat with all
injected embryos.

3.10. Cut the tip of new pre-loaded needle as in step 3.3 as the last needle likely dried and
clogged during step 3.9. Inject the next set of three or four embryos with either the
same plasmid or a different plasmid and then apply the shock as in step 3.9. When all
the pups in one side of the uterus are injected, remove the second side of the uterus
from the female’s abdomen and then replace the completed side to keep it warm.

3.11. Return both sides of the uterus to the female being careful to keep the surface moist
with saline and not to apply too much pressure to prevent trauma to the amniotic sacs.
Suture the muscle layer closed using a simple continuous stitch. Staple the skin closed.
If staples are not available, suture the skin with a simple interrupted stitch. (Figure 3-11)

3.12. While suturing, progressively turn down the isoflurane to allow the pregnant
female’s anesthesia to lighten.

NOTE: This will expedite arousal of the dam after the surgery is complete; keeping the
female anesthetized for as short a time as possible will improve embryo survival. Total
surgery time, starting from when the female is first anaesthetized, should be
approximately 30 min.
4. Aftercare
4.1. Place the sutured female in an incubator or on a heating pad to recover from

anesthesia. Bed her on clean bedding and place a standard recovery gel in the cage
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Table 3-2: Electroporation voltage by embryo age

Embryo Age ‘ Voltage

E12.5-E13.5 35V

E14.5-E15.5 40V
E16.5 45V
E17.5 50V
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to maintain hydration. For pain management following surgery, give the female three
doses of Buprenorphine (0.05 mg/ kg body weight) at 8 hr intervals following surgery,
then four additional doses at 12 hr intervals.
5. Harvesting Brains
NOTE: Brains can be harvested at any age up to adulthood. The following applies for collecting
brains prior to birth. Note that once pups are born, the order within the uterus is lost, so either
every pup in the litter must be injected with the same plasmid, or another method of
differentiating between control and experimental animals must be devised.

5.1. Prepare cold (4 °C), filtered 4% paraformaldehyde (PFA) prior to euthanizing
female.

5.2. Euthanize the female using an intraperitoneal injection of a lethal dose of sodium
pentobarbital (100 mg/kg body weight) and cut open abdomen. Pull out both sides of
the uterus and lay out as when pups were initially injected.

5.2.1. In the case where all pups received the same plasmid, such as when
injecting Cre into a transgenic litter, embryo order is not important, therefore
cut the uterus out of the female and place in PBS.

5.2.2. If pups were injected with different plasmids, be sure to locate each pup,
noting any dead pups, and determine which ones were injected with control and
experimental plasmids before removing the uterus from the female. Be careful
to keep track of which pup belongs to which group after the uterus is in PBS.

5.3. Remove each pup individually, decapitate with sharp scissors or a razor blade and
place the head in PBS. In the case of transgenic mice, collect tissue samples for

genotyping and keep each head separate, such as in a 12-well plate.
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5.4. Under a dissecting scope, remove the brain from the skull, being careful not to nick
the cortex or tear the midline. Using a fluorescent microscope, check to see if brains
have a GFP+ patch, indicating that they were electroporated successfully.

5.5. Fix brains by immersion in PFA at 4 °C overnight.

NOTE: Check brains for expression of GFP prior to fixation since PFA often quenches
the signal.

5.6. Cryoprotect brains through immersion in 20% sucrose for at least three days prior to
freezing. Use a sucrose gradient of 10%, 15% and 20% (24 hr in each solution) to
prevent tissue damage due to osmotic pressure. Store frozen brains at -80 °C and cut on
a cryostat at 10-14 um thick sections.

6. Co-staining with anti-GFP

NOTE: If antigen retrieval is necessary in order to co-stain with anti-GFP, it is important to use
a gentle antigen retrieval protocol that does not compromise the GFP signal. Some antigen
retrieval protocols are too harsh to use in conjunction with GFP staining (even with an antibody
against GFP). A basic citric acid pre-treatment prior to application of the primary antibody is
successful for most epitopes (Lagace, et al. 2007).

6.1. Make a 0.01 M solution of citric acid in ddH20O. pH to 6 using a calibrated pH meter.

6.2. Heat citric acid in staining chamber in microwave or water bath until citric acids
reaches 75-80 °C. Put slides in staining chamber for 10-15 min. Maintain temperature
as stable as possible.

6.3. Wash slides in PBS 3x for 3 min at room temperature. Apply the primary antibody

and proceed with immunostaining according to a standard protocol.
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6.4. Validate Cre mediated excision by co-labelling for GFP and the gene of interest to

confirm knock down (Figure 3-3A).

Representative Results
Different regions of the brain can be targeted for electroporation by varying the orientation of the
paddle electrodes over the embryo’s head (Figure 3-2). For all parts of the forebrain, the plasmid
is injected into the lateral ventricle (the hind brain can be targeted by injecting into the fourth
ventricle). In general, place the electrodes so that the straight line between them passes through
the region of interest, with DNA being drawn toward the positive electrode. To target the lateral
cortex (Figure 3-2A), place the positive electrode on top of the green crescent, with a slight
rostral angle. For the medial cortex (Figure 3-2B), switch the orientation so that the positive
electrode is over the contralateral non-injected ventricle, this time with an even larger forward
angle. To target the hippocampus (Figure 3-2C), place the positive electrode over the
contralateral side, but instead angle the positive electrode caudally (electroporations must be
done at an age when the neural precursors are still part of the cortical hem, prior to migration to
the final location of the hippocampus). To target the ganglionic eminence (Figure 3-2D) place
the paddles on the embryo in line with the ears, with the positive electrode slightly lower than the
negative electrode. Representative images of these electroporated regions are shown in Figure 3-
2.

It is important to validate Cre-mediated excision in electroporated brains. The ideal
approach is to perform in situ hybridization or immunohistochemistry against the transcript or
protein in question. Unfortunately, as is the case for pRb, reliable probes or antibodies are not

always available against the deleted gene. In these cases, alternative approaches, such as staining
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Figure 3-3: Confirming Cre-mediated gene excision in electroporated neurons. A) Cre
mediated excision can be confirmed by co-staining for a downstream target of the deleted gene.
pRb f/f; p107 -/-; p130 f/f embryos were electroporated with either the empty pCig2 plasmid or
the pCig2-Cre plasmid and stained for GFP and Ki67, a marker of cell cycle entry. Double
stained cells were seen in neurons electroporated with Cre (arrows in inset) but not in neurons
electroporated with pCig2 alone (arrowheads). B) Excision of pRb was also confirmed by
performing PCR with genotyping primers on DNA extracted from the tissue sections removed
from the slides. Sections were divided down the midline and the electroporated side of the
section was pooled. The upper band represents the floxed allele and the lower band represents
the wild type allele. The arrow indicates the excised allele in the electroporated side of the brain
only. Because pRb f/+; p107 +/- heterozygotes were used as controls, an excised allele can be
seen in the electroporated side of the brain in both the control and knockout brains. C) Cre-
mediated excision can also be confirmed in vitro using plasmids with floxed stop codons
upstream of RFP, such as NL-dsRed. RFP is only expressed in HEK cells when co-transfected
with Cre-GFP in Hek293 cells (bottom row), indicating that excision was successful.
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for a downstream target regulated by the deleted gene (Figure 3-3A) or confirming excision of
the targeted allele in electroporated sections by PCR (Figure 3-3B), can be used. For example,
Figure 3-3A confirms Cre mediated excision by reproducing a well-documented effect of
pRb/p107/p130 gene deletion in electroporated neurons.

Following electroporation of pRb f/f; p107 -/-; p130 f/f neuronal precursors with the
pCig2-Cre plasmid, these triple knock out GFP+ cells continue to express the cell cycle
progression marker Ki67, which is a known effect following excision of pocket proteins
(Andrusiak, et al. 2012b). Control GFP+ neurons electroporated with the empty pCig2 plasmid
do not express Ki67. The Cre plasmid should also be tested in vitro through co-transfection with
a plasmid carrying a reporter gene behind a floxed stop codon, such as the NL-dsRed plasmid
(Figure 3-3C), but this should only be used in combination with other in vivo techniques.

Due to the variation between electroporated brains, analysis of electroporated neurons
requires calculating the percentage of total GFP+ transfected cells that portray a specific
characteristic, such as expression of a protein marker or location within a given cortical layer. It
is crucial to compare electroporated sections from similar anatomical locations within the brain
relative to known landmarks. For example, images for Figure 3-4 were taken at the level of the
anterior commissure. Furthermore, due to horizontal migration, images taken near the edge of the
electroporated regions have a higher proportion of mature neurons that have reached the cortex,
while images taken near the middle of the electroporated region have both mature and immature
GFP+ cells. To insure consistency, it is important to quantify images selected from similar places
within the electroporated patch.

Following Emx1-Cre mediated deletion of pRb and p107 in dorsal neural precursors in

the telencephalon, a population of neurons expressing the upper cortical layer marker FoxP1
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Figure 3-4: Using IUE to study migration in transgenic mouse models. A) Expression of
FoxP1, a marker for layer 111/1V cortical neurons, was examined in pRb f/+; p107 +/-; Emx1-Cre
+ (WT), and pRb f/f; p107 -/-; Emx1-Cre + (DKO) brains at E17.5. Overlay includes Cux1 (blue
- marker for layers I1-1V) and Tbrl (green - marker for layers V/VI). A population of cells
expressing FoxP1 was observed in the intermediate zone of DKO embryos (arrow), but not WT
embryos, with a concurrent decrease in the number of FoxP1+ neurons in layers I1-1V of the
cortex in DKO brains relative to WT brains (B). The white line indicates the delineation between
the cortical plate and intermediate zone, which was determined using DAPI staining (not shown).
C) To trace the migration of a discrete population of late born neurons, WT and DKO embryos
were electroporated with GFP at E14.5 and collected the brains at E18.5. Brains were co-stained
with FoxP1 (red) and Thbrl (blue) to show that GFP+ neurons are found almost exclusively in
layer 11 in the WT brain but are delayed in the intermediate zone (1Z) and lower cortical layers in
the DKO. D) To determine if pRb and p107 regulate radial migration cell autonomously, pRb
f/f; p107-/- and pRb f/+; p107-/+ embryos were electroporated with Cre-GFP at E13.5 and brains
were collected at E17.5. The location of GFP+ neurons was quantified according to cortical
layer. Layer Il was defined as being above FoxP1 staining (red), layer I11/IV was defined as
within FoxP1 staining, above Tbrl (blue) and layer V/VI was defined as within the Thrl positive
layer (E). We show that a portion pRb and p107 deficient neurons fail to reach layer Il but
instead remain in layer I11/1V. The figure has been modified from Svoboda et al., 2012.
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were mislocalized to the intermediate zone (1Z) (Figure 3-4A). There are significantly more
FoxP1+ cells in the 1Z of double knock out (DKO) brains compared to control brains with a
corresponding decrease in the number of FoxP1+ cells in the upper cortical layers (above layer
IV) of DKO brains than found in the upper layers of control brains (Figure 3-4B). There was no
corresponding defect in the radial glial scaffold (Figure 2-S2 of Chapter 2, (Svoboda, et al.
2013)). Here we compare expression of cortical layer markers Thrl, FoxP1 and Cux1 in pRb f/+;
p017 +/-; Emx1-Cre + (wild type (WT)) brains to expression of these same markers in pRb f/f;
p107 -/-; Emx1-Cre + (DKO) brains. Heterozygote embryos can be used as controls since pocket
proteins exhibit autoregulation at the protein level and heterozygote animals are aphenotypic
(Shan, et al. 1994).

It was unclear whether these FoxP1+ cells were found in the 1Z because these cells were
immature neurons inappropriately expressing FoxP1, or whether they were earlier born neurons
that had failed to migrate. To distinguish between these possibilities, we electroporated GFP into
the wild type (WT) and double knock out (DKO) embryos at E14.5 and tracked the progress of
these neurons over 4 days. Although this technique does not conclusively identify the final cell
division, as with BrdU birthdating, it does allow the tracking of newborn neurons since it marks
the discrete set of neurons derived from cells lining the ventricle at the time of electroporation
(Rice, et al. 2010). As shown in Figure 3-4C, all of the GFP+ neurons reach the uppermost
cortical layer in the WT brains, but only a subset of these neurons reach the top of the cortex in
DKO brains, indicating that there is in fact a defect in the migration of upper layer neurons,
rather than improper expression of neuronal markers (similar results were obtained through

traditional BrdU birthdating (Svoboda, et al. 2013)).
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Neuronal migration is a highly complex process that is regulated by a multitude of
interconnected mechanisms (Evsyukova, et al. 2013; Hippenmeyer. 2014; Wu, et al. 2014) As it
is very difficult to identify the mechanism underlying a migration defect in an uncharacterized
transgenic model, distinguishing cell autonomous versus non cell autonomous defects can
facilitate phenotype characterization. If following electroporation of Cre-GFP, GFP+ neurons fail
to migrate in an otherwise wild type brain, this indicates that the mechanism disrupted by gene
deletion is specific to the electroporated cell. Alternatively, if the electroporated neurons migrate
normally in the wild type brain, this suggests that the cause of aberrant migration in the
transgenic embryo is due to an environmental defect. Following electroporation of Cre-GFP in
control pRb f/+; p107 +/- and double knock out pRb f/f; p107 -/- embryos, GFP+ neurons were
found to migrate into the cortex in pRb f/f; p107 -/- brains, but many of these neurons failed
reach the upper cortical layers as they did in control brains (Figure 3-4D) (Svoboda, et al. 2013).
There were significantly lower percentage of GFP+ neurons within the layer I11/1V, marked by
expression of FoxP1 (Ferland, et al. 2003), in pRbf/f; p107 -/- electroporated brains than in
control brains (Figure 3-4E). A Cre-GFP fusion protein was used to limit GFP fluorescence to
the cell body and facilitate localization of the neuron to a specific cortical layer. Since the
phenotype following electroporation of Cre is less severe than the phenotype following gene
deletion throughout the cortex, this suggests that the original phenotype shown in Figure 3-4A is
a combination of multiple mechanisms, both cell autonomous and not cell autonomous.
Alternatively, it is possible that the time delay following electroporation, during which Cre is
expressed, DNA recombination is performed, pRb is downregulated and the effects are
manifested, is long enough to allow the electroporated neurons to reach the cortex before a

migration defect becomes apparent.
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It should be noted that the distinction between cell autonomous and non-cell autonomous
mechanisms should be interpreted with caution in brains with high electroporation efficiencies,
where 100-200 or more neurons are electroporated in a single 14 pm thick section. If a high
enough proportion of neurons are electroporated, GFP+ neurons may influence each other and
create a small microenvironment. To be truly cell autonomous, migration defects must be
detected even when electroporation efficiency is very low (10-30 GFP+ neurons per section). If
necessary, the number of transfected cells can be lowered by decreasing voltage, pulse number or
DNA concentration. All of these factors must be taken into consideration when analyzing the

results following electroporation of Cre in a transgenic model.

Discussion

Two of the primary challenges in performing in utero electroporations are 1) preventing embryo
lethality and 2) decreasing variability between electroporations. One of the most important
factors in preventing lethality is needle quality, as blunt needles inflict more damage to the
embryo.

When cutting the needle, keep the tip as long as possible while still allowing a visible
droplet of 0.1-0.2 ul of fluid to appear following a pump of the foot paddle (Figure 3-1J). If the
needle is too dull or the shaft too short, the resulting tissue damage could kill the embryo.
Conversely, if the tip of the needle is too fine, it will take too long to inject sufficient plasmid
volume; leaving the needle in the brain for too long causes damage due to unavoidable vibrations
of the investigator’s hands and slight rotations of the embryo. Furthermore, use a microbeveler to
make needles with a sharp, beveled tips to allow injections into younger, more fragile embryos,

although this should not be necessary for embryos E13.5 and older.
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The stress level of the pregnant female is another key factor affecting embryo survival.
The higher the dam’s stress level, the more likely she will abort the litter. For this reason it is
important to minimize anesthesia time and change housing as little as possible before and after
surgery. The background strain can also affect stress level and it may be necessary to outcross
colonies prone to anxiety onto a strain such as CD1, assuming that the phenotype under
investigation is maintained across different background strains.

The single biggest limitation to IUE is the inherent variability between electroporations.
Each electroporated brain is different due to variations in injection volume, paddle placement,
paddle contact and embryo age. Since needles are variable, it is not possible to inject a fixed
volume — rather the investigator must approximate the size of the green patch to deliver similar
amounts to all embryos. Similarly, because the embryo is floating in a fluid filled sac, it is not
possible to systematically measure the location and orientation of the paddles over the embryo’s
head, as is done for stereotactic injections. Finally, slight differences in embryonic age can have
significant effects on experimental results. For this reason, comparison between littermates is

recommended.
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Highlights:

1. Deletion of pRb and p107 leads to an acallosal phenotype.

2. Defects in axon growth and guidance precede defects in glial wedge and indusium griseum,
implying that pocket proteins regulate axon growth directly.

3. Axons show growth and guidance defects independent of the midline, including re-entry into
the ipsilateral cortex.

4. Netrin and Neuropilin-1 are decreased in the absence of pRb and p107.

5. Netrin is expressed by two separate cell populations at the midline in control animals; the

dorsal population of cell is currently undescribed in the literature and absent in DKO animals.
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Abstract

Pocket proteins (pRb, p107 and p130) are well studied in the role of regulating cell cycle
progression. Increasing genetic and anatomical evidence suggests that these proteins also control
early differentiation and even later stages of cell maturation including neural migration.
However, the role of pocket proteins in the regulation of later stages of neuronal maturation,
such as axon growth and synaptogenesis, remain unknown. Here, we examine the role of pRb
and p107 in regulating development of the commissural plate and the guidance of callosal axons.
Following loss of pRb and p107, the structures of the commissural plate are highly disorganized
and callosal axons are unable to cross the midline to form the corpus callosum. The failure of
pRb/p107 deficient axons to cross seems to result from primary defects in axon extension and
expression of guidance cues, rather than from defects in formation of the glial wedge or
indusium griseum. Through the use of in vitro cortical explants and in utero electroporation, we
identify defects in the rate of axon extension and directional guidance. This includes premature
axon re-entry into the ipsilateral cortex independent from the midline throughout the length of
the axon’s trajectory. In addition, we identify altered regulation of Netrin and Neuropilin-1
following loss of pRb and p107, which could mediate the function of pocket proteins in
regulating guidance of callosal axons. Indeed, we show that Netrin expression is specifically lost
from a previously undescribed population of cells in the cingulate cortex of pRb/p107 deficient
embryos. These cells could play a significant role in callosal axon guidance during normal
development. These results define a novel role of pocket proteins in regulating axon growth and

guidance during corpus callosum formation.
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Introduction
The development of tools and therapies aimed at generating new neurons to heal injured brains
following a stroke is an extremely active area of neuroscience research. Though there is a surge
of cell division following the initial injury (Zhang, et al. 2001; Kuge, et al. 2009; Kernie and
Parent. 2010; Merson and Bourne. 2014), the vast majority of these neuroblasts fail to enter the
existing neural networks and do not survive to become functional neurons (Zhang, et al. 2001,
Kuge, et al. 2009; Kernie and Parent. 2010; Merson and Bourne. 2014). It is well established
that the proteins which regulate cell cycle progression are activated following brain injury and in
diseased states (Park, et al. 2000; lyirhiaro, et al. 2014; Kuhla, et al. 2015). It is also becoming
increasingly clear that classic cell cycle regulators are involved in controlling neuronal
differentiation and aspects of maturation such as migration and synapse formation (Chen, et al.
2004; Ferguson, et al. 2005; McClellan and Slack. 2006; Nguyen, et al. 2006; McClellan, et al.
2007; McClellan and Slack. 2007; Chen, et al. 2007a; Andrusiak, et al. 2011; Tury, et al. 2011;
Odajima, et al. 2011; Ghanem, et al. 2012b). This suggests that cell cycle regulatory pathways
coordinate cell cycle exit with later stages of neuron development. Manipulation of cell cycle
regulators and their downstream targets therefore represents an important source for potential
therapies designed to promote maturation and survival of new neurons as well as cell
proliferation following injury. Furthermore, developmental models can be used to efficiently
study and understand the mechanisms through which cell cycle proteins regulate the processes of
neural maturation, such as axon extension and network formation, before these concepts are
applied to therapy development.

pRb and p107, two members of the pocket protein family, are well known for controlling

the G1/S phase checkpoint during cell cycle progression (Giacinti and Giordano. 2006;
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Dannenberg and te Riele. 2006; Gordon and Du. 2011). Increasing evidence shows that these
proteins are also important in regulating numerous aspects of neuron development, including
terminal differentiation, tangential migration, and radial migration (Ferguson, et al. 2005;
McClellan, et al. 2007; Vanderluit, et al. 2007; Chen, et al. 2007a; Andrusiak, et al. 2011; Gyda,
et al. 2012; Ghanem, et al. 2012b; Svoboda, et al. 2013). However, all of the processes examined
to date occur early in the complex process of neuron and brain maturation. It remains unknown
whether these proteins also control events in later stages of maturation, such as axon extension
and directional guidance.

Corpus callosum (CC) formation is initiated by pioneering axons from neurons in the
cingulate cortex (Koester and O'Leary. 1994; Rash and Richards. 2001b; Piper, et al. 2009b).
These are the first axons to cross the midline at the corticoseptal boundary, the junction between
the ventral edge of the cingulate cortex and the dorsal edge of the GE, between E15.5 and E16.5
(Koester and O'Leary. 1994; Rash and Richards. 2001b). Cingulate axons serve as a guiding
scaffold for later crossing axons derived from neurons located in more lateral portions of the
cortex (Koester and O'Leary. 1994; Rash and Richards. 2001b). In order to reach their
destinations, growth cones on both pioneering and lateral axons must pass through a series of
decision points controlled by a combination of secreted and adhesive signals (Price, et al. 2006a;
Canty and Murphy. 2008). Neurite extension begins during the final stages of radial migration
when the trailing process of the migrating neuron extends downward toward the 1Z to become
the rudimentary axon (Polleux, et al. 1998; Hatanaka, et al. 2009; Zhao, et al. 2011). Once it
reaches the intermediate zone (I1Z), the growth cone turns medially and extends tangentially,
which involves a ventral turn to follow the 1Z through the dorsal flexure to reach the midline

corticoseptal boundary (Hatanaka, et al. 2009; Zhao, et al. 2011; Leyva-Diaz and Lopez-Bendito.
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2013). The axon tip must then turn medially, cross the midline, turn dorsally, and then continue
to extend through the contralateral 1Z until it enters the cortex to reach its final destination (Price,
et al. 2006b; Hatanaka, et al. 2009; Piper, et al. 2009b; Zhao, et al. 2011). Pioneering axons are
sensitive to a different set of guidance signals than axons from the lateral cortex and can be
identified by their high levels of Neuropilinl (Npnl) (Hatanaka, et al. 2009; Piper, et al. 2009b;
Fothergill, et al. 2013), although low levels of Npn1 are important for proper guidance of axons
from the lateral cortex as well (Hatanaka, et al. 2009). Axons derived from the cingulate cortex
are located in the dorsal portion of the mature CC while axons from the lateral cortex are located
in the ventral portion of the CC (Niquille, et al. 2009; Zhou, et al. 2013).

Neurite tips express transmembrane receptors which bind to chemoattractant and
chemorepulsive cues to induce growth cone extension or collapse, respectively (Lowery and Van
Vactor. 2009; O'Donnell, et al. 2009). The Netrins are the classic chemoattractant family in the
CNS, which bind to DCC and Unc5, while the classic chemorepellant families are the
semaphorins (which bind the plexins and Nrp1l), the ephrins (which bind Eph receptors) and the
Slits (which bind Robo1/2) (reviewed in (O'Donnell, et al. 2009; Kaplan, et al. 2014).
Furthermore, there exists extensive cross talk between pathways which increases the complexity
of the system through synergistic and silencing effects of one molecular signal over another
(Kundu, et al. 2013; Fothergill, et al. 2013; Kim, et al. 2014a; Sloan, et al. 2015). Netrin/DCC is
especially well known for its interaction with Slit/Robo (Fothergill, et al. 2013; Kim, et al.
2014a). Many of these signaling pathways are crucial for CC development since disruption of
any of the Netrin/DCC (Serafini, et al. 1996; Shu, et al. 2000), Slit2/Robol (Shu and Richards.
2001), Sema3c/Npnl1(Niquille, et al. 2009; Piper, et al. 2009b) or ephrinB1/EphB (Hu, et al.

2003; Mendes, et al. 2006) pathways lead to agenesis of the CC in transgenic mice models.
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These pioneering axons are guided by signals secreted from a group of transient support
structures which form a corridor through the corticoseptal boundary (Figure 1-3) (Koester and
O'Leary. 1994; Shu and Richards. 2001; Shu, et al. 2003a; Shu, et al. 2003b; Shu, et al. 2003c;
Smith, et al. 2006; Niquille, et al. 2009). The glial wedge (GW) is composed of specialized
radial glial cells that send out long processes extending toward the midline in a distinct triangle
shape. This forms a ventral barrier for descending callosal axons through expression of Slit2 and
other repulsive cues (Shu and Richards. 2001; Shu, et al. 2003c; Smith, et al. 2006). The
indusium griseum (IG) is a composite structure, including both neurons and glia, located at the
corticoseptal boundary directly above where axons cross (Shu and Richards. 2001; Shu, et al.
2003c; Smith, et al. 2006). The IG neurons are born E13.5-14.5 (Shu, et al. 2003c) and have a
presumed role in axon guidance and CC formation due to their location, although they have not
been functionally characterized. IG glia are born around E14.5 in the ventricular zone as part of
the glial wedge and then migrate to the pia mater at the midline around E16.5 (Shu, et al. 2003c;
Smith, et al. 2006). Here, they express repulsive cues such as Slit2 (Shu and Richards. 2001;
Shu, et al. 2003c) to set the dorsal boundary of the CC. The IG and GW are crucial to CC
formation as transgenic models which lack these structures fail to form a CC (Shu and Richards.
2001; Shu, et al. 2003a; Benadiba, et al. 2012).

A third cellular population, the guidepost neurons, migrate tangentially from the
ventricular zone beginning at E16 (Shu, et al. 2003b; Niquille, et al. 2009). These neurons are
presumed to be important in CC formation due to their location and their expression of Sema3c,
an attractive cue to cingulate neurons (Niquille, et al. 2009), yet their precise function has not
been characterized. Finally, the midline zipper glia are located below the CC between the halves

of the septum and are involved in fusion of the two hemispheres (Shu, et al. 2003c).
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Although Netrin has been well characterized in the spinal cord, its role in CC formation is
less well understood. Netrin signaling is crucial to CC development since both Netrin and DCC
knockout mice are acallosal (Serafini, et al. 1996; Shu, et al. 2000; Fothergill, et al. 2013).
Netrin is expressed in the septum and in the glial component of the IG. Pioneering axons from
the cingulate cortex are attracted to Netrin, while the directional growth of axons from the lateral
cortex is unaffected (Fothergill, et al. 2013). In addition, Netrin/DCC signaling silences the
Slit2/Robol mediated repulsion present at the midline, which allows axons to cross (Fothergill,
et al. 2013)(merged). After crossing, axons downregulate DCC, which unmasks Slit2 repulsion
and prevents axons from re-crossing or stalling at the midline, thus allowing them to continue to
their final destination (Fothergill, et al. 2013).

Neuropilin-1 (Npn1) has been shown to be important in guiding tangential extension of
callosal axons (Kitsukawa, et al. 1997; Gu, et al. 2003; Hatanaka, et al. 2009). Expression of a
dominant negative form of Npn1l in lateral callosal neurons through in utero electroporation
leads to axon defasciculation and re-entry of the electroporated axons into the ipsilateral cortex
(Hatanaka, et al. 2009). This effect is thought to be primarily mediated through Sema signaling,
most likely Sema3A (Polleux, et al. 1998; Zhao, et al. 2011), as defasciculation has been
observed in both Npnl (Kitsukawa, et al. 1997; Huber, et al. 2005) and Sema3A (Behar, et al.
1996; Catalano, et al. 1998) mutant mice. Defasciculation in Npnl mutants in the sympathetic
ganglion neurons was found to be dependent on Sema3A signaling (Kawasaki, et al. 2002). In
addition to the classic Sema mediated signaling pathway, Npn1l has been shown to have
homophillic adhesive activity (Shimizu, et al. 2000), and a mouse expressing a mutant form of

Npnl unable to bind Sema shows a milder phenotype than a full Npn-1 knock out (Gu, et al.
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2003). It is therefore likely that some of the importance of Npnl in axon fasciculation and
guidance through the I1Z is due to homophillic adhesive interactions between adjacent axons.

In the present study, we asked whether pocket proteins play a role in axon growth and
guidance in the developing brain. We used a transgenic mouse deficient for both pRb and p107
to avoid compensatory upregulation of p107 in pRb deficient tissues (Marino, et al. 2003; Chen,
et al. 2004; Berman, et al. 2009). An extreme CC defect was found in DKO embryos, with axon
guidance errors detectable as early as E15.5, prior to when callosal axons cross the midline.
Extensive defects were found in the midline support structures, namely in the GW and both the
IG neurons and the IG glia, but these defects were predominantly found to develop at a later age
than the primary axon guidance defect. pRb and p107 deficiency also leads to callosal axon
defasciculation and re-entry of axons into the ipsilateral cortex independent from the midline.
Furthermore, we show early deregulation of Netrin expression at the midline, already detectable
at E15.5, which suggests a role of Netrin in development of the acallosal phenotype. Npn1l is also
shown to be decreased starting at E15.5 and this may contribute to both callosal agenesis and
axon re-entry into the ipsilateral cortex in DKO mice. Using cortical explant studies, we show in
vitro defects in axon growth and a blunted response to Netrin stimulation. Overall we show that
pocket proteins play an essential role in growth and guidance of callosal axons and CC formation

through a combination of mechanisms including regulation of Netrin signaling.

Materials and Methods
Mice. pRb/p107 DKO mice were generated by crossing floxed Rb-F19 (Vooijs, et al. 1998;
Marino, et al. 2000) with p107 germline knockout mice (LeCouter, et al. 1998). DKO mice were

then crossed with Emx1-Cre mice (Jackson Laboratories) to delete pRb specifically in the dorsal
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telencephalon. Mice were maintained on a mixed C57/BI6/FVBN/Sv129 background and
genotyped according to standard protocols with previously published primers for pRb (Jacks et al
1992) and p107 (LeCouter, et al. 1998). pRb f/f; p107 -/- females were crossed with pRb f/+;
pl07 +/-; Emx1-Cre+ males to generate wild type pRb f/+; p107 +/-; Emx1-Cre+ (WT), pRb f/f;
pl07 +/-; Emx1-Cre+ (RBKO), pRb f/+; p107 -/-; Emx1-Cre+ (p107KO) and double knock out
pRb f/f; p107 -/-; Emx1-Cre+ (DKO) littermates. For embryonic time points, the time of plug
identification was counted as embryonic day 0.5 (EOQ.5). Due to pRb autoregulation (Shan, et al.
1994), Rb expression in heterozygous mice is similar to that of wild-type controls. DKO-Bax-/-
mice were bred by crossing pRb f/f; p107 -/- mice with Bax -/- mice (Jackson Laboratories) to
generate pRb f/f; p107 -/-; Bax -/- females. These females were crossed with pRb f/+; p107 +/-;
Bax +/-; Emx1-Cre+ males. These mice were also on a mixed C57/BI6/FVBN/Sv129
background. All experiments were approved by the University of Ottawa’s Animal Care ethics

committee, adhering to the Guidelines of the Canadian Council on Animal Care.

Tissue fixation and cryoprotection. Pregnant female mice were euthanized with a lethal
injection of sodium pentobarbitol. PO pups were euthanized by decapitation. Embryo heads were
removed and fixed overnight in 4% PFA in PBS, pH 7.4, and cryoprotected using a sucrose
gradient of 10%, 15% and 20% sucrose in PBS. Electroporated brains were removed from the
skull prior to fixation. Brains were frozen, and 14-pum coronal cryosections were collected on

Superfrost Plus slides (12-550-15; Fisher Scientific).

Neural Precursor Cultures and Chromatin Immunoprecipitation (ChlP). Neural precursors
were obtained by dissection of the ventral telencephalic tissue of developing embryos and

neurosphere and in vitro differentiation assays were performed as previously described
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(Vanderluit, et al. 2004; Julian, et al. 2013). ChlIP analysis was performed as previously
described (Andrusiak, et al. 2011; Julian, et al. 2013) in proliferating neurospheres. Each
experiment was performed on at least three independent samples. ChlP-on-chip experiments

were performed as previously described (Liu, et al. 2010; Julian, et al. 2013).

Immunohistochemistry and cell counts. All images were taken from tissue sections at
equivalent anatomical locations along the rostro-caudal axis as determined by the presence of
midline anatomical structures including the anterior commissure, hippocampal commissure,
fused striatum, ventricle shape and external head structures including the sinus and retinae.
Slides were treated with the Dako antigen retrieval protocol according to the manufacturer’s
protocol for 15-30 minutes depending on the epitope and treated with combinations of the
following antibodies: Map2, L1, Neuropilinl, Calretinin, GFAP, Calbindin (CB), Ki67, Active-
caspase 3 or Sox9. Antibody information is summarized in Table 4-1. Analysis of relative
height of the corticoseptal boundary was done in Photoshop CS3 by performing three
measurements; a = distance between the tip of the dorsal flexure and the dorsal edge of the
region of CB+ cells, representing the top of the IG neurons; b = distance between the tip of the
dorsal flexure and the ventral tip of the region of CB+ cells, representing the corticoseptal
boundary; ¢ = distance between the tip of the dorsal flexure and the bottom of the striatum,
representing the height of the entire brain. The relative location of the corticoseptal boundary
within the dorso-ventral axis was quantified by dividing a/c and b/c, and a one-way ANOVA
with Bonferroni analysis was performed to assess significance of p < 0.05. Four or five animals

were used for each genotype.
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Table 4-1: Antibody and In Situ Probe Information

Immunohistochemistry

Antigen
retrieval

Concent
Target Molecule Company (serial # ration

Structure Marked

Ki67 ThermoScientific (RM-9106-51) 1/500 DAKO or CA | Proliferating cells

Calretinin Millipore (AB5054) 1/500 DAKO or CA | CR, guidepost, or
IG neurons

Calbindin Chemicon (AB1778) 1/500 DAKO or CA | IG neurons

GFP rabbit Abcam (AB6556) 1/5000 CA GFP

GFP Chicken Abcam (AB13970) 1/5000 CA GFP

Map2 Abcam (AB5392) 1/2000 None Dendrites

L1 1/2000 None Callosal axons

Neuropilinl Calbiochem (PC343T) 1/500 None Pioneer callosal
axons

GFAP DAKO (Z0334) 1/2000 DAKO or CA | Glial cells

Sox9 Millipore (AB5535) 1/1000 DAKO or CA | Glial cell nuclei

Active Caspase 3 1/250 DAKO or CA | Apoptosis

BIlI-Tubulin Millipore (MAB1864) 1/2000 None Neural processes

In Situ Hybridization

Probe Source Concent Incubation Structure Marked
ration Time

Netrin Dr. Tito Serafini 1/1000 2 hours Midline, GE

DCC Dr. Tito Serafini 1/1000 3 hours Cortical Neurons
Slitl Dr. Tessier-Lavigne 1/1000 2 hours GW, IG glia

Slit2 Dr. Tessier-Lavigne 1/1000 2 hours IG glia, Guidepost

Neurons

Robol Dr. Tessier-Lavigne 1/1000 1 hour Cortical Neurons
Robo2 Dr. Tessier-Lavigne 1/1000 1 hour Cortical Neurons
ephrinB2 Dr. Artur Kania 1/500 4 hours Cortical Neurons
Gli3 Dr. Valerie Wallace 1/500 3 hours VZ, IG glia

Western Blot

Target Molecule Company (serial #) Concent % Mass (kDa)
ration Acrylamide

Netrin Abcam (ab126729) 1/1000 10% 75

Neuropilinl Calbiochem (PC343T) 1/1000 10% 130

N-Cadherin Abcam (AB18203) 1/1000 10% 130

PSA-NCAM Chemicon (MAB5324) 1/1000 10% 150-300

B-Actin Sigma (A-5316) 1/3000 6%+ 42
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For Sox9 counts, all positive cells in the anatomical region of the corticoseptal boundary
and 1G, as defined by their proximity to the meninges and CB+ cells, were included. For Ki67
and AC3 counts, all cells within a defined area of 350pum by 150um placed in the relevant

anatomical area (IG, medial or lateral cortex) were counted.

In Situ Hybridization. Nonradioactive in situ hybridization and digoxigenin probe labeling were
performed according to previously described protocols (Wallace and Raff. 1999). Information
on probes against Netrin, DCC, Slit1/2, Robo1/2, Gli3 ephrinB2, and BMP7 is summarized in
Table 4-1. When performed in conjunction with Dab immunohistochemistry, the hybridization
was performed first, followed by 48 hours in PBS, followed by a 10 minute treatment in 0.3%
H202 and overnight exposure to the primary antibody. This was followed by a one hour
exposure to the secondary antibody, treatment with an ABC kit (Vector Laboratories) and a Dab
color reaction. All results are representative and were performed on a minimum of three

independent animals.

Western Blots. Protein was isolated from the dorsal cortex or ganglionic eminence at E15.5 or
E17.5 and western blot analyses performed as previously described (Ferguson, et al. 2005).
Where applicable, the medial cortex was divided from the lateral cortex along the dorsal flexure
for the entire length of the cortex. Nitrocellulose membranes were treated with antibodies as

summarized in Table 4-1.

Cortical Explant Cultures. Cortical explants from the medial or lateral cortex (divided along

the dorsal flexure) were dissected from E14.5 mouse embryos and cultured in three-dimensional
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collagen gels for 24 or 48 hours (Bouchard, et al. 2004) at 37°C in Neurobasal media
supplemented with 2% B27, 1% N2, 1X Glutamax and ABAM. Dissections were performed in
DMEM. Netrin-1 was added to the medium at plating at a concentration of 200 ng/mL.

Explants were fixed for 20 min in 4% PFA and stored in PBS. Explants were blocked with 10%
Normal Donkey Serum in PBS for 2 hours and then incubated overnight at 4°C with the BIII-
Tubulin antibody in Tween-20/Triton X. They were then treated with a Cy3-conjugrated
secondary 1gG, Alexa488-conjugated phalloidin and Dapi for 2 hours. Z-stacks of 5 images
evenly dispersed over 20 um depth were obtained on a Zeiss confocal microscope and neurites
were measured using ImageJ. The 100 longest neurites from each explant were measured, with a

minimum of four explants per condition.

In utero electroporation. In utero electroporation was performed as described in Chapter 3
(Svoboda, et al. 2015). In brief, animals were anesthetized using isoflurane gas and the embryos
were exposed by removing the uterus from abdominal cavity (Figure 3-1). Previously prepared
pulled glass pipettes, loaded with a plasmid solution were trimmed, with special attention to the
quality of the tip, (Figure 3-1 J) and pups were injected in the lateral ventricle. Plasmids were
prepped using the Qiagen Megaprep Kit, diluted to 2 pg/pl in sterile H2O and mixed with trace
amounts of Fast Green dye. The plasmid was injected into the lateral ventricle of the brain using
an Eppendorf Femtojet Microinjector and the brain was electroporated using a BTX ECM 830
Square Wave Electroporator set to 40V.

For analysis of axon growth shown in Figure 4-14, pups of pregnant DKO females were
electroporated at E14.5 into the lateral cortex with an empty pCig2 plasmid. Animals were

sacrificed at E18.5, PO and P10. Tissue sections were treated antibodies against GFP, Npnl and
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L1 and amplification was performed on the GFP signal. Images were taken by tile scanning on a

fluorescent microscope.

Results

pRb/p107 deficiency leads to agenesis of the corpus callosum. Our lab and others have shown
that the pRb/E2F pathway has numerous functions in the developing brain independent of its role
in regulation of the cell cycle, including radial (Ferguson, et al. 2005; McClellan, et al. 2007;
Andrusiak, et al. 2011; Svoboda, et al. 2013) and tangential migration (McClellan, et al. 2007;
Andrusiak, et al. 2011) and terminal differentiation (Chen, et al. 2007a; Ghanem, et al. 2012b).
Because pRb has recently been discovered to regulate these cell cycle independent processes, we
hypothesized that this pathway has additional, currently unknown roles in neuron maturation. To
better appreciate the multifaceted and complex role of pRb in neural development, a ChlP-on-
chip screen was performed to obtain a genome wide list of E2F3 and E2F4 binding sites. A
complete analysis of this screen has been published elsewhere (Julian, et al. 2015). The resulting
list of E2F3 target genes is shown in Figure 4-1 and includes numerous genes with functions
relating to synaptogenesis (Dasm1 and Gephrin), axon guidance (Fyn, Netrin, and Npn1l),
cytoskeleton dynamics (Dock7 and EImo 1/2), adhesion (ALCAM and IGSF4), and
neuritogenesis (Nogo). A selection of the genes listed were verified as being bound by E2F3 in
wild type cortical tissue at E16.5 using a conventional non-quantitative ChIP assay (Figure 4-1
middle). These results support the hypothesis that pocket proteins regulate the expression of
genes with cell cycle independent functions in neuron maturation and that the pRb/E2F pathway

seems to have a much more complex role in neural development than previously appreciated.
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Gene Name Function

Dasml Synaptogenesis
Gephyrin Synaptogenesis

Pea3 Dendritogenesis/Circuits

ERS81
Plexin A3

Dendritogenesis/Circuits
Axon Guidance - Sema

Plexin B2 Axon Guidance - Sema
Nrpl Axon Guidance - Sema
SemaSb Axon Guidance - Sema
Fyn Axon Guidance - Sema
Sema3d Axon Guidance - Sema
Semadc Axon Guidance - Sema
Sema6a Axon Guidance - Sema
Sema6¢ Axon Guidance - Sema
CRMP2 Axon Guidance - Sema
Netrin 1 Axon Guidance — Netrin
Netrin G1 Axon Guidance — Netrin

UNC5 Axon Guidance — Netrin

EphAS Axon Guidance — Ephrin
EphA7 Axon Guidance — Ephrin
EphB1 Axon Guidance — Ephrin
EphB2 Axon Guidance — Ephrin
CRPMS Axon Guidance

Pax6 Patterning/Axon Guidance
LHX6 Patterning/Axon Guidance

Input E2F3 IgG H20

Gene Name  Function
Dabl Migration
Dasml A Dockiso  MT dynamics/Migration
Ge ph rin Elmol Interacts with DOCK 180
Elmo2 MT dynamics/dendrites
Navl MT dynamics/Neurites
Dock7 Tiaml MT dynamics/Ephrin B2
mDia2 MT dynamics/dendrites
CIf1 MT dynamics/dendrites
Fyn DOCK?7 MT dynamics
Amigol Adhesion
Nrpl Laminin B2  Adhesion
EMP Adhesion
Semabsb ALCAM Adhesion
IGSF4 Adhesion
Semadc MDGA1 Adhesion
SOSsC2 Neurite Formation/Electro
Semabc Nogo Neurite formation
Ror2 Neurites/synaptogenesis
PlexA3 BzW2 Patterning/Differentiation
Rafl Patterning/Differentiation
Zicl Patterning/Differentiation
Calsenilin Ca++ channels
NFATcl Dendrite Maturation
Figure 4-1
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Figure 4-1: E2F3 binding targets with functions related to neuron maturation. A ChlP-on-
chip was performed on neurospheres to determine the targets of the E2F3 transcription factor. A
selection of these targets with function important in neuron maturation are listed. Target genes
are grouped according to functions in synaptogenesis (orange), axon guidance (red), cytoskeletal
dynamics (green), adhesion (purple), neuritogenesis (yellow) or patterning/differentiation (blue).
Targets from different functional categories were verified using a non-quantitative ChIP assay
with an antibody specific to E2F3 on chromatin purified from wild type E16.5 cortex (middle).
Input represents total chromatin and 1gG represents immupoprecipitation with a normal rabbit

lgG.
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Axon guidance proteins represented the largest category of E2F3 target genes with
functions in neuron maturation (Figure 4-1) and many of these targets were confirmed by ChlP.
Since the roles of the pRb/E2F pathway in axon guidance is completely unknown, we sought to
better understand the biological relevance of these target genes by investigating the role of
pocket proteins in regulating axon growth and guidance in the developing brain. To evaluate the
consequence of pRb/p107 deficiency on axon tract formation, WT, RBKO, and DKO brains
were examined for evidence of anatomical defects at E17.5 (Figure 4-2) by staining for Map2, a
dendritic marker, and L1, an axonal marker. Agenesis of the corpus callosum (CC) and
formation of Probst bundles was observed in all DKO brains, accompanied by a distinct
lengthening of the cingulate cortex and ventro-caudal shift of the corticoseptal boundary
(quantified in Figure 4-6). A subset of RBKO brains showed an intermediate phenotype with
partial crossing in the caudal portion of the CC (Figure 4-3). The axons within this caudal CC
appear disorganized in comparison to the WT and unaffected RBKO brains and often formed
small Probst bundles-like structures on the dorso-medial edges (Figure 4-3, arrows in inset).

To determine if this defect was due to the death of a population of cells expressing a
crucial guidance factor, or due to apoptosis of the callosal neurons themselves, DKO mice
additionally deficient in Bax expression (DKO-Bax) were included in this analysis (Figure 4-2).
Increased cell death is a well-established effect of pocket protein deficiency and deletion of Bax
in DKO mice has been shown to restore cell death to control levels in cortical neurons (Svoboda,
et al. 2013). There was no difference in any aspect of this CC phenotype between DKO and
DKO-Bax brains, indicating that this phenotype does not result from increased apoptosis (Figure

4-2).
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Figure 4-2: Defect in corpus callosum development in pRb;p107 double knock out brains.
Representative images are shown of the developing corpus callosum of E17.5 brains from pRb
f/+; p107-/+; Bax+/+ (WT), pRb f/f; p107+/-; Bax+/+ (RBKO), pRb f/f; p107-/-; Bax+/+ (DKO),
and pRbD f/f; p107-/-; Bax-/- (DKO;Bax-/-) embryos. Sections are stained with L1 (an axon
marker - green) and Map2 (a dendritic marker - red). Scale bar = 200pum
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Figure 4-3: Loss of pRb alone leads to minor CC formation defects in a subset of affected
brains. Representative images of E17.5 pRb f/f; p107-/+; Emx1-Cre+ (RBKO) brains with
normal development (unaffected — A-C), a moderate phenotype (D-F) and a more severe
phenotype (G-1) are shown. Sections are shown from the rostral CC (A, D, G) and caudal CC
(B, E, H), as well as an inset from the caudal image of each phenotype category showing axon
disorganization and small Probst bundle-like formations oriented rostro-caudally at the dorso-

medial aspect of the CC (arrows). Sections are stained for L1 (green) to mark callosal axons and

for Dapi (blue) to show nuclei. Scale bar represents 150 pm.
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Pioneering axons from the cingulate cortex cross the midline between E15.5 and E16.5 in
the mouse and are found in the dorsal half of the mature CC; these axons serve as a necessary
scaffold for later crossing axons from the lateral cortex (Koester and O'Leary. 1994; Rash and
Richards. 2001b; Piper, et al. 2009b). To track the development and organization of pioneering
axons in DKO embryos, brains were stained for Npnl, L1 and GFAP at E15.5, E17.7 and PO. At
E15.5 (Figure 4-4A,B), WT brains showed intense staining and high axon density both in the 1Z
adjacent to the medial cortex and at the cortico-septal boundary, with lots of Npn1+ axons
located at the midline. In DKO brains, axons traveling through the 1Z showed signs of
defasciculation as they were spread over a much larger area, with only a small portion of these
axons reaching the midline. As axon density is much higher in the 1Z than at the midline, this
could indicate that axons are delayed in the 1Z of DKO brains.

At E17.5 (Figure 4-4C,D), WT brains exhibited a clear segregation between the Npnl+
cingulate axons in the dorsal half of the CC and the Npn1-negative lateral axons in the ventral
half of the CC. In DKO brains, this segregation is lost in the Probst bundles (Figure 4-4D), with
most of the axons showing low levels of Npnl+ staining. At PO (Figure 4-4E-H), the
segregation is regained within the Probst bundles with a small portion of Npn1+ axons in the
medial portion of a much larger axon bundle (Figure 4-4G). This developmental progression
suggests a working model in which both the pioneering Npnl+ and the lateral Npnl-negative
axons are progressively delayed in the DKO, with pioneering axons reaching the midline after
E16.5 but before E17.5 and axons from the lateral cortex reaching the midline after E17.5, but
before PO.

A partial caudal CC can be seen in a small subset of DKO brains at PO (Figure 4-4H). In

these brains, the crossing axons do not express Npn1, while the Npn1+ axons form small bundles
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Figure 4-4: Defect in pioneering axons and axon organization in DKO brains.
Representative images are shown of the developing corpus callosum of E15.5 (A, B), E17.5 (C,
D) and PO (E, F) brains from pRb f/+; p107-/+; Bax+/+ (WT) and pRb f/f; p107-/-; Bax+/+
(DKO) embryos. Sections are stained with L1 (green) to mark all callosal axons, Neuropilin-1
(Npn1, yellow) to mark the pioneering axons and GFAP (red) to mark the IG (not yet present at
E15.5). A,B: At E15.5, DKO (B) axons show defasciculation and a decrease in Npnl+ axons at
the corticoseptal boundary compared to WT (A) axons. C,D: At E17.5, the segregation between
Npn+ and Npn- axons seen in the WT (C) CC is lost in the DKO (D) Probst bundles, along with
a loss of the IG glia in this rostral section. E-H: At PO, some of the Npn+ and Npn-negative
axon segregation is regained in DKO brains (G, H) and Npn-negative axons are able to cross the
midline in caudal sections of some brains (H). All scale bars represent 100 pum.
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on the medial aspects of the ipsilateral side of the corticoseptal boundary. These caudal Npn1-
negative axons are sometimes able to cross the midline even though the Npnl+ were never

observed to cross the midline in the DKO brain.

Defects in midline support structures in DKO brains are secondary to errors in axon
crossing and organization. The commissural plate contains several glial and neuronal
structures surrounding the corticoseptal boundary which express a variety of axon guidance cues
to create a corridor for commissural axons (Koester and O'Leary. 1994; Shu and Richards. 2001;
Shu, et al. 2003b; Shu, et al. 2003c; Niquille, et al. 2009; Magnani, et al. 2012a). As defects in
the development or function of these structures represent a probable cause of the CC defects in
DKO brains, the morphology of the GW and IG glia was examined through expression of GFAP,
and the neuronal sling and 1G neurons were examined using expression patterns of Calretinin
(Figure 4-5). In WT brains, the GW formed a normal triangle shape under the CC with the IG
just above the CC. In both DKO and DKO-Bax brains, the GW is present, although the GFAP+
staining intensity is weaker and the processes seem to be disorganized and elongated compared
to those seen in WT brains. The glial component of the IG was found to be very inconsistent in
DKO brains; these cells were consistently highly disorganized and shifted ventro-caudally, often
below the corticoseptal boundary, yet in some DKO brains there was an increase in cell number
compared to WT, and in other brains there was a decrease.

The number of calretinin (CR)+ cells was dramatically increased in DKO and DKO-Bax
brains (Figure 4-5). In WT brains CR+ cells are found only at the midline just above the CC (the
IG neurons) and under the CC (the guidepost neurons), while in the DKO brains there are

numerous CR+ cells within the medial cortex, as well as among the descending axons and
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Figure 4-5: Defect in supporting midline glial structures in pRb;p107 double knock out
brains. Representative images are shown of the developing corpus callosum of E17.5 brains
from pRb f/+; p107-/+; Bax+/+ (WT), pRb f/f; p107+/-; Bax+/+ (RBKO), pRb f/f; p107-/-;
Bax+/+ (DKO) and pRb f/f; p107-/-; Bax-/- (DKO-Bax) embryos. Sections are stained with L1
(an axon marker - green), GFAP (a glial marker, here showing the glial wedge and the indusium
griseum - red) and Calretinin (a glial sling marker - yellow). Note the disorganization of the 1G
glia and overgrowth of the Calretinin+ cells in DKO and DKO-Bax brains. Scale bar = 60um
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between the axon bundles. To further determine the identity of these cells, brains were analyzed
for calbindin (CB) expression, to mark the neural component of the IG (Figure 4-6). CB+ cells
were found to be much more numerous and occupy a much larger area in DKO brains than in
WT brains at E17.5 (Figure 4-6). As it was unclear whether the corticoseptal boundary was
shifted downward due to specific over-proliferation of the CB+ neurons or an expansion of the
entire cingulate cortex, the distance between the top of the brain and the top of the CB staining
(“a” in the diagram in Figure 4-6) or the bottom of CB staining (“b” in the diagram in Figure 4-
6) was measured at the rostral edge of the CC (or where the CC would have been in the DKO),
middle of the CC, and caudal edge of the CC. These values were normalized against changes in
size and shape of the entire brain by dividing by the entire height of the brain (“c” in the diagram
in Figure 4-6). The greatest difference was seen in the rostral portion of the CC, where the
distance between the top of the brain and top of the CB+ cells was increased by 1.5 fold in DKO
brains compared to WT brains (1405119 um in DKO, 1159494 pum in RBKO and 937+118 pm
in WT), and the total length of the CB+ area was increased by 3.9 fold in DKO brains compared
to WT brains (53769 in DKO, 123+36 in RBKO and 138+32 in WT). Since the dorsal edge of
the CB+ region was found to be shifted ventrally in DKO brains compared to WT brains, this
indicates that displacement of the corticoseptal boundary is due to expansion of the entire
cingulate cortex and is not specific to the IG neurons. Indeed, both proliferation and cell death
were found to be more dramatically increased in the medial cortex than in the lateral cortex at
E17.5, with only a 1.5 fold increase in proliferation in the lateral cortex of DKO brains as
compared to WT brains (8.8+3.8 Ki67+ cells in .06mm? in WT lateral cortex to 13.5+8.2 Ki67+
cells in DKO lateral cortex), in contrast to a 5.6 fold increase in proliferation in the medial cortex

(6.8+3.2 Ki67+ cells in WT medial cortex to 38.0+22.1 Ki67+ cells in DKO medial cortex)
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Figure 4-6: Corticoseptal boundary and indusium grisium neurons are shifted caudally in
DKO brains. A) Representative images are shown of the developing corpus callosum of E17.5
brains from pRb f/+; p107-/+ (WT), pRb f/f; p107+/- (RBKO), pRb f/f; p107-/- (DKO) embryos.
Sections are stained with L1 (axon marker - green), Calbindin (indusium grisium neural marker -
yellow) and Calretinin (glial sling marker - red). Note the mild defect in the RBKO brain. Two
DKO brains are shown to illustrate variations in severity of phenotype. To quantify the relative
location of the calbindin+ (CB+) neurons, the distance between the top of the brain and the top
of the CB staining ( represented by line (a) in diagram (B)) or bottom of CB staining (line b) was
measured and divided by the entire height of the brain (line c). Both the dorsal (C) and ventral
(D) edges of the CB+ staining are shifted downwards in DKO brains. Measurements were made
at E17.5 (not shown) and PO (shown). Scale bar = 60pm p<0.05 =* p<0.01 =** p<0.005 =
*** ns = not significant
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(Figure 4-7). A similar pattern was seen in quantification of cells expressing active caspase 3 to
indicate apoptosis (Figure 4-7). This specific sensitivity of the medial cortex to loss of pRb and
p107 could explain this midline dismorphia seen at later developmental stages in DKO brains.

Defects in axon organization and midline crossing can be observed in DKO brains as
early as E15.5 and develop progressively to PO (Figure 4-4). Therefore, if morphological
abnormalities in the midline support structures are responsible for these axon guidance effects,
these abnormalities must be present at or before E15.5, before the axon phenotype is visible.
Since commissural axons cross the midline between E15.5 and E16.5 in the murine brain
(Koester and O'Leary. 1994, Piper, et al. 2009b), CB and GFAP expression patterns relative to
L1+ axons were analyzed in DKO brains at E15.5 and E16.5 (Figure 4-8A,B). At E15.5, the
neural component of the IG appears slightly larger in DKO brains (Figure 4-8A), but grossly
normal. However, the commissural axons in DKO brains which approach the midline are highly
disorganized and, in contrast to the clear delineation between these descending axons and the
CB+ region of the IG in WT brains, DKO axons mingle among the CB+ cells (insets Figure 4-
8A). These observations suggest that either a repulsive signal between the CB+ cells and the
pioneering axons has been lost or an attractive signal has been gained in DKO brains prior to
midline crossing.

The glial portion of the IG was examined at E16.5, the earliest age at which strong GFAP
expression can be detected (Figure 4-8B). In both WT and DKO brains, GFAP+ cells were
found to make a normal GW at this age, showing that this structure develops normally initially
and the abnormalities seen at later time points are due to distortion of the surrounding cortex.
GFAP+ IG glial cells were also found at the midline in the correct location in both DKO and WT

brains, with no significant difference at this age in the length of the medial cortex based on the
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Figure 4-7: Increased proliferation and apoptosis in DKO brains is more pronounced in the
medial cortex than in the lateral cortex. A) Representative images of WT and DKO medial
and lateral cortex at E17.5 stained for Ki67 (red) to mark proliferating cells, and active caspase
3 (AC3, green) to mark cells undergoing apoptosis. Images and counts were done in the medial
cortex (top diagram in (B)) and the lateral cortex (bottom diagram in (B)) as well as the IG
(images not shown). Counts for Ki67+ cells (C) and AC3+ cells (D) were done by selecting a
region of a defined area in the medial or lateral cortex (see white boxes on the Ki67 images).
Scale bar represents 100 um. p<0.05 =* p<0.005 = *** ns = not significant
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Figure 4-8: Defects in midline organization and axon guidance are present prior to axon
crossing with a normal indusium griseum and glial wedge. Representative images are shown
of the developing corpus callosum of E15.5 (A) and E16.5 (B) brains from pRb f/+; p107-/+
(WT), pRDb f/f; p107+/- (RBKO), pRb f/f; p107-/- (DKO) embryos. To view the neural
component of the I1G (A), sections are stained with L1 (axon marker - green) and calbindin
(yellow). Note that there is a clear delineation between axons and CB+ neurons in WT brains,
while the axons in DKO brains are disorganized and overlap with the CB staining. To view the
glial component of the IG (B), sections were stained for GFAP (red) and L1 (yellow). Note that
glial cells can be found at the midline in all genotypes. A) Scale bar represents 200 um. B)
Scale bar represents 100 pm.
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location of CB+ staining, with WT brains measuring 816.2+43.2 um and DKO brains measuring
890+78.4 um (data not shown). This indicates that IG glia cell number and migration from the
glial wedge are normal in DKO brains. To confirm that that the 1G is normal at the time of
midline crossing, glial cell number was evaluated using the marker Sox9 at E15.5 and E17.5. At
E15.5, there was no significant difference in the number or location of Sox9+ cells at the midline
at the rostral and middle portions of the CC between DKO and WT animals (Figure 4-9A,B). At
the middle portion of the CC, WT brains had 5512 Sox9+ cells while DKO brains had 51+6
Sox9+ cells (represents total I1G cells per section). At 17.5, Sox9+ cells were found to be
decreased by 15 fold in DKO brain in the rostral CC (46+10 cells in WT brains and 3+3 cells in
DKO brains) and then increased by 5 fold in the caudal CC in DKO animals (36+9 cells in WT
and 18881 cells in DKO brains), confirming the observation that 1G glial cells distribution is
normal at early time point but becomes shifted caudally at older developmental stages (Figure 4-
9C,D). Because the GW and the IG are quantifiably normal at the crucial time of midline
crossing, callosal agenesis is likely to be due to a failure in molecular communication between
the axons and the midline structures or a defect in the axon themselves, rather than a defect in the

formation or integrity of the midline support structures.

Expression of multiple classic axon guidance signaling proteins is disrupted in DKO
brains: a focus on Netrin. Several axon guidance molecules are known to be required for
development of a normal CC, including the Netrin/DCC (Serafini, et al. 1996; Fazeli, et al. 1997;
Shu, et al. 2000; Fothergill, et al. 2013), Robo/Slit (Shu and Richards. 2001), Eph/ephrin
(Mendes, et al. 2006; Bush and Soriano. 2009; Ho, et al. 2009) and Shh/Gli3 (Magnani, et al.

2012a; Magnani, et al. 2012b) pathways. To determine if expression of any of these molecules is
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Figure 4-9: 1G glia cell numbers are normal at the time of axon crossing but become
distorted later in development. Representative images of Sox9 staining (green) overlaid with
Dapi (blue) in the IG of pRb f/+; p107-/+ (WT) and pRb f/f; p107-/- (DKO) embryos are shown
at E15.5 (A) and PO (C). Sox9 is a glial cells nuclear marker. The number of Sox9+ cells in the
region of the IG was counted at the rostral, middle and caudal levels of the corticoseptal
boundary at E15.5 (B) and CC at PO (D). Scale bars represent 100 pm. p<0.05=* p<0.01 = **
p<0.005 = *** ns = not significant
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abnormal at the midline of DKO brains, mRNA expression of a panel of classical axon guidance
molecules was examined at E17.5 (Figure 4-10) and E15.5 (Figure 4-11) using ISH. At E17.5,
two primary observations can be made. First, the cells occupying the space at the midline of
DKO brains where the CC normally exists express various receptors commonly found in
cingulate cortical neurons, including DCC and Robol. Second, Netrin and Slit2, two secreted
molecules expressed by the IG, are decreased in DKO brains. Since expression of both these
molecules are expressed normally in other brain structures (data not shown), this specific loss at
the midline could be due to either cell type specific downregulation or to absence of the cells
which express these proteins.

Netrin expression was also found to be altered in DKO brains at E15.5 (Figure 4-11). In
WT brains, there are two patches of Netrin expressing cells, one small population situated
directly adjacent to the pre-crossing axons which is most likely IG glial cell precursors (Shu and
Richards. 2001; Fothergill, et al. 2013), and one much larger population located higher in the
cingulate cortex. In DKO brains, this dorsal patch of Netrin expression is gone, while the ventral
population is expanded and often shifted caudally such that it was absent in rostral sections but
expanded in caudal sections. In both WT and DKO brains, the IG glial precursors also express
Slitl, Slit2 and Gli3 (Figure 4-11), with a small decrease in Slit2 and no change in Slitl or Gli3
in DKO brains.

The location of the dorsal patch of Netrin expressing cells does not correlate with any
known axon guidance structure in the developing commissural plate, although its location within
the cingulate cortex suggests that this structure functions in guiding callosal axons. To
determine if the Netrin-expressing cells are actually the 1G neurons in WT brains, Netrin ISH

was performed in conjunction with immunohistochemistry for CB at E15.5 and E17.5 (Figure 4-
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Figure 4-10: Expression of multiple axon guidance molecules are altered in the midline of
DKO brains at E17.5. Patterns of mRNA expression of a panel of classic axon guidance
molecules were analyzed at E17.5 using in situ hybridization in WT, RBKO and DKO brains.
Note that Netrinl is lost in DKO brains (red squares), the location of Slit2 expression is shifted
ventrally and that Robol and DCC are increased. Scale bars represent 200 pum.
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Figure 4-11: Expression of axon guidance molecules in the midline of DKO brains prior to
callosal axon crossing. Patterns of mMRNA expression of a panel of classic axon guidance
molecules were analyzed at E15.5 using in situ hybridization in WT, RBKO and DKO brains.
Note the two patches of Netrin expression in WT brains; the dorsal patch is lost in DKO and
RBKO brains and the ventral patch is increased in size. Slit2 and Gli3 are slightly decreased
specifically at the midline, while Slitl is unchanged. Scale bar represents 200 pm.
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12). Netrin and CB are expressed in distinct and separate cell populations with minimal overlap
at both E17.5 (Figure 4-12A) and E15.5 (Figure 4-12B) in WT brains. At E15.5, the dorsal patch
of Netrin expression is lost in DKO and RBKO brains despite the presence, and sometimes
expansion, of CB+ cells (Figure 4-12B). Netrin protein levels were also found to be decreased in
the medial cortex of DKO brains by Western blot analysis (Figure 4-12C) and Netrin was
identified as an E2F3 target by ChIP (Figure 4-1). These results suggest that Netrin, which is a
crucial attractive signal during CC formation (Fothergill, et al. 2013), may be secreted by two
independent sources at the corticoseptal boundary, rather than only the 1G glia as previously
thought. Since loss of Netrin expression within these cells is correlated with callosal agenesis in
DKO brains, this dorsal patch of Netrin expressing cells could represent a previously

undescribed axon guidance structure necessary for CC formation.

Defects in axon growth and guidance in DKO brains begin prior to reaching the midline.
Callosal axons originating in the lateral cortical plate must leave the cortex and then tangentially
extend through the 1Z as part of a fasciculated, cohesive tract before reaching the midline.
(Hatanaka, et al. 2009; Leyva-Diaz and Lopez-Bendito. 2013). As described above, callosal
axons were highly disorganized near the cingulate cortex in DKO brains at both E15.5 (Figures
4-4 and 4-8) and E17.5 (Figure 4-4). To determine if this disorganization was found throughout
the length of these axons, the location and fasciculation of L1+ axons was examined in the 1Z
under the lateral cortex at E17.5 (data not shown) and PO (Figure 4-13A). In DKO brains, axons
within the 1Z appear defasciculated and chaotic with clumps of L1+ staining seen throughout the
cortex. At the dorsal flexure, where axons normally turn ventrally toward the commissural plate,

clumps of axons appear to continue along a straight projection and re-enter the ipsilateral cortex
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Figure 4-12: Netrin and Calbindin are expressed by separate populations of cells in the WT
and DKO midline. To determine whether the neural portion of the IG is the source of Netrin in
the midline of the WT brain, Netrin in situ hybridization was performed in conjunction with CB
immunohistochemistry at E17.5 (A) and E15.5 (B). Netrin and CB were found to be expressed
in separate cell populations at both ages, indicating that the CB+ cells are not the source of
Netrin in the WT brain. In the DKO brain (B) the CB population is present but the Netrin
population is absent (or not expressing Netrin) as seen in previous figures, despite the presence
of the CB expressing cells. There therefore seem to be three cell populations in the ventral
cingulate cortex, the (1) dorsal Netrin expressing population, the (2) middle CB+ population, the
IG neurons, and the (3) ventral Netrin expressing population, the IG glial precursors. C)
Expression of Netrin in the medial and lateral cortex of WT, p107KO, RBKO and DKO brains
was measured by Western blot at E17.5 (shown) and E15.5 (data not shown). Netrin was only
detected in the medial cortex of control brains, but could not be detected in DKO medial cortex
tissue. A) Scale bar represents 200 um. B) Scale bar represents 100 pum.
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Figure 4-13: Callosal axons show defasciculation and disorganization prior to reaching the
midline. To determine if axon disorganization is specific to the corticoseptal boundary, the
morphology of the axon tract traveling through the intermediate zone below the lateral cortex
was examined in WT, RBKO and DKO at PO by staining for L1 (A). Extreme defasciculation
and disorganization was observed in DKO brains, with clumps of axons present within and
above the cortex. The same anatomical region was examined at E15.5 (B), and axons were found
to be clumped with ectopic L1 visible staining above the cortex in RBKO (middle panel) and
DKO brains (rightmost panel), but not WT brains (leftmost panel). Scale bars represent 100 pum.
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in DKO brains (Figure 4-13A). Similar forms of axon disorganization and misguidance can be
seen as early as E15.5 (Figure 4-13B), where L1 staining can be seen above the cortex in DKO
but not WT brains, and DKO axons are spread out over a much larger area within the 1Z.

To determine if these clumps of L1+ axons in the cortex resulted from premature
expression of L1 prior to leaving the cortex or whether it was due to axons re-entering the cortex
after reaching the 1Z, the lateral cortices of DKO and WT embryos were electroporated with GFP
(Figure 4-14) at E14.5 and examined 4 and 6 days later. GFP+ axons in DKO brains showed a
dramatically shorter length compared to GFP+ axons in WT brains at both time points,
suggesting that the rate of axon extension is decreased in the DKO neurons (Figure 4-14A).
Furthermore, these axons leave the electroporated region of the cortex and turn medially
normally, but then re-enter the cortex (arrows in Figure 4-14B). Together these observations
show that DKO axons have defects in both growth and guidance independent of the midline.

The decrease in the rate of axonal growth could result from an either autonomous defect
in axon extension in the DKO neurons or a difference in the balance of repulsive and attractive
cues in the surrounding environment. To distinguish between these possibilities, explants from
the medial and lateral cortex of DKO and WT brains were cultured in a collagen matrix and
neurite length was measured after 24 or 48 hours. The results from a representative experiment
are shown in Figure 4-15. A significant decrease in neurite length was found in DKO explants
from both lateral (Figure 4-151,K) and medial (Figure 4-15J,L) tissue at both time points,
although the difference did not reach significance in all experiments until 48 hours. To
determine if DKO axons are capable of responding to Netrin stimulation, explants were treated
with a saturating dose of Netrin at the time of plating (Figure 4-15M-U). WT medial cortical

explants were responsive to Netrin at 24 hours (Figure 4-15Q), whereas explants from WT
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Figure 4-14: Slow growth and trajectory errors in DKO axons traveling through the
intermediate zone. To better understand the growth and guidance of individual axons, the lateral
cortex of DKO and WT embryos was electroporated at E14.5 and collected at E18.5 (A left) or
PO (A right). GFP+ axons in DKO brains had travelled a shorter distance compared to WT
axons at both time points (A), and the axons showed signs of defasciculation and re-entering the
cortex in DKO brains only (arrows in B). Scale bar represents 300 um. B: Higher magnification
of GFP+ axons at E18.5 to emphasize trajectory errors (arrows) in DKO brains. Scale bar
represents 100 pm.
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Figure 4-15: Decreased neurite outgrowth and blunted response to Netrin stimulation in
DKO cortical explants. A-L: Explants from the lateral (A, B, E, F) or medial (C, D, G, H)
cortex of WT (A, C, E, G) or DKO (B, D, F, H) brains were cultured for 24 (A-D) or 48 (E-H)
hours and the 100 longest neurites were measured and binned according to length in micrometers
(I-L). A significant decrease in neurite outgrowth was seen in DKO explants. M-P: Explants
from the lateral (S) or medial cortex of WT (M, O) or DKO (N, P) brains were cultured in the
absence (M, N) or presence of Netrin (O, P) for 24 hours. Neurite length was measured to
determine if WT (Q) and DKO (R) neurites respond to Netrin growth stimulation and to
determine whether this stimulation rescues the growth defect observed in A-L. Only WT neurites
from the medial cortex were found to respond to Netrin (Q, S) and the response of DKO neurites
was too small to be significant (R). Treatment with Netrin was unable to rescue the growth
defect in DKO axons (R, T, U). All scale bars represent 250 uym. *=p<0.05 **=p<0.01
** =p<0.001
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lateral cortical explants showed no response to Netrin stimulation, as has been previously shown
(Figure 4-15S) (Fothergill, et al. 2013). Similar results were seen for DKO medial (Figure 4-
15R) and lateral (data not shown) explants, although the response was more modest than in WT
and did not reach significance. Therefore, the difference in neurite length between DKO and
WT medial explants achieved a much greater degree of divergence following Netrin treatment
than when explants were untreated (compare level of significance in Figure 4-15 panel T to panel
L). Itis also of note that when Netrin treated DKO explants were compared to untreated WT
explants, neurites from WT explants were still significantly longer, indicating that treatment with
Netrin was unable to rescue the growth defect (Figure 4-15U). Together, these results show that
DKO axons have an inherent defect in neurite extension and are capable of making only a
blunted response to Netrin stimulation.

Axon growth through the 1Z is dependent on both secreted axon guidance signals and
direct adhesion to adjacent axons (Tables 1-3 and 1-4). To determine if axon defasciculation in
DKO brains could be due to changes in the expression of adhesion molecules, protein levels of
several well-known adhesive cues were analyzed by Western blot (Figure 4-16). DKO tissue
was found to have decreased levels of Npn1l at both E15.5 and E17.5, which corresponds to the
decreased Npn1 staining intensity observed using immunohistochemistry (Figure 4-4, 4-8A). As
previously shown, Npnl was confirmed as an E2F3 target gene on the ChIP on chip screen
(Figure 4-1). As the Npnl/Sema3 pathway is very important in guiding callosal axons (Gu, et al.
2003; Huber, et al. 2005; Hatanaka, et al. 2009), deregulation of the Sema3 pathway could be
responsible for the axon guidance defects in the 1Z in DKO brains. These results support the

hypothesis that axon defasciculation and cortex re-entry following loss of pRb and p107 could
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Figure 16: Decreased expression of Npnl in DKO cortical tissue. To determine if regulation
of adhesion proteins could be responsible for the axon defasciculation in DKO brains, the
expression level of a panel of axonal adhesion proteins in cortical tissue was examined by
Western blot at E15.5 (A, B) and E17.5 (C, D). Npnl was found to be decreased in DKO brains
at both ages (A, C) while no change was detected in all other proteins tested (B, D).

189



result from decreased Npnl expression, possibly due to deregulation of E2F activity at the Npnl

promoter.

Discussion

In this study, we evaluated the role of pocket proteins pRb and p107 in the growth and
guidance of callosal axons in the developing brain. Our results support a number of conclusions.
First, we show that pocket proteins are necessary for the pioneering axons from the cingulate
cortex to cross the midline, which is a crucial first step in CC formation. Second, we show that
this callosal agenesis is due to a primary defect in axon growth and guidance, rather than
resulting from the morphological defects in the GW and IG at the midline. In addition, several
classical axon guidance molecules are deregulated in DKO brains and loss of Netrin expression
following pocket protein loss could be responsible for the CC defect. We then demonstrate that
there are defects in axon guidance independent from the midline, which are potentially due to
decreased Npnl expression. Finally, we provide evidence for an inherent axon growth defect
following loss of pRb and p107 both in vitro and in vivo. Together, our results describe a novel
function for pocket proteins in regulation of axon guidance and axon tract formation in the

developing brain.

pRb and p107 are required for pioneer axon crossing. Here we show that pioneering
cingulate axons, marked by high expression of Npn1, are unable to cross the midline following
the loss of pRb and p107 expression (Figure 4-4). Rather than cross the midline, these axons
form Probst bundles adjacent to the midline, as observed in numerous acallosal mouse models

(Serafini, et al. 1996; Shu, et al. 2003a; Piper, et al. 2009b; Sanchez-Camacho, et al. 2011;
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Fothergill, et al. 2013). Axons from the lateral cortex, which reach the midline after E16.5
(Price, et al. 2006b; Fothergill, et al. 2013), are unable to cross without the guidance normally
provided by the pioneering axons and instead swirl and enlarge the Probst bundles. This is most
obvious in the rostral and middle portions of the CC. In a subset of DKO brains, Npnl-negative
axons in the caudal regions of the CC are able to cross the midline even though the Npn1+ axons
form small Probst bundles at the midline (Figure 4-4H). This caudal crossing was observed in a
subset of DKO at PO and in about half of RBKO brains at E17.5 and PO; even in the RBKO
brains which form a full CC, the CC is shifted caudally and shows signs of axon disorganization
(Figure 4-3). Importantly, in all DKO brains with this partial caudal CC, all crossing axons were
Npnl-negative. These observations emphasize the point that Npnl+ pioneering axons are unable
to cross the midline in DKO brains. Furthermore, they suggest the possibility that the
mechanisms governing axon crossing and the requirement for a scaffold of pioneering axons are
fundamentally different between the rostral and caudal portions of the CC.

Analysis of the progressive development of the DKO phenotype in Figure 4-4 shows that
axon bundling observed here is different than other acallosal phenotypes since the Probst bundles
develop slowly; extensive axon swirling is not observed at E17.5 but only at PO. In fact, just
before axon crossing at E15.5, when numerous pre-crossing Npnl+ pioneering axons have
reached the midline in WT mice, visibly fewer axons have reached the midline in DKO mice.
This is despite seemingly normal axon numbers within the 1Z adjacent to the cingulate cortex.
At E17.5, axons from the lateral cortex have joined the Npnl+ pioneering axons and now
compose the ventral half of the CC in WT (Figure 4-4C), while in the DKO mice, the small
Probst bundles still appear to be composed primarily of Npnl+ axons (Figure 4-4D). This

suggests that the cingulate axons which were delayed at E15.5 have now reached the midline by
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E17.5 in DKO mice. These axons have failed to cross, either (1) because they are unable to
respond to existing guidance signals, (2) the appropriate guidance signals are not expressed, or
(3) because the axons are too late and the responsible signals are expressed only during a short
critical window. The observation that most of the axons still appear to express Npnl at E17.5
could be because the Npnl-negative axons from the lateral cortex are delayed and have not yet
reached the midline. These lateral axons continue to grow and reach the midline by PO, at which
point the distinction between Npnl+ and Npnl-negative axons is regained in the now much
larger Probst bundles in DKO brains. These observations suggest a model of progressive delay
of first the pioneering axons from the cingulate cortex and then the axons from the lateral cortex

in DKO mice.

Callosal agenesis is due to a primary axon defect defect rather than a defect in the midline
support structures. Normal CC development is highly dependent on the axon guidance
structures at the midline, primarily the GW (Shu and Richards. 2001; Shu, et al. 2003a; Shu, et
al. 2003c; Sanchez-Camacho, et al. 2011; Lavado, et al. 2014; Chinn, et al. 2014), the 1G neurons
and glia (Shu and Richards. 2001; Magnani, et al. 2012a; Fothergill, et al. 2013), and the
guidepost neurons (Niquille, et al. 2009). Disruption of these structures has been shown to result
in acallosal phenotypes even when axons are otherwise normal (Shu, et al. 2003a; Piper, et al.
2009a; Sanchez-Camacho, et al. 2011; Magnani, et al. 2012a) and analysis of the integrity of
these structures is an obvious first step in the evaluation of a novel CC defect. Indeed, we show
here that at later developmental stages, the GW and both the neurons and glia of the 1G are
morphologically abnormal (Figure 4-5). Although this could easily contribute to the severity of

the defect seen in the DKO embryos, these GW and IG defects do not seem to be the primary
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cause of the callosal agenesis following pRb and p107 deficiency. This conclusion can be
reached based on the following observations: (1) Axon guidance defects can be observed at the
midline prior to the morphological defects in the GW and IG (Figure 4-8B), as seen in the axon
disorganization and low axon number at the midline at E15.5 (Figure 4-4) and the overlap
between the midline axons and the 1G neurons (Figure 4-8A). Any potential mechanism
explaining these axon guidance errors must be present at E15.5; (2) Axon guidance errors are not
specific to the midline but occur throughout the 1Z with defasciculation and ectopic re-entry into
the ipsilateral cortex (Figure 13); (3) Multiple axon guidance molecules are deregulated (Figure
4-10 and 4-11), with special emphasis on Netrin (Figure 4-12) and Npnl (Figures 4-4 and 4-16)
since these molecules are deregulated as early as E15.5, while expression of axon guidance
molecules in the GW and IG glia at E15.5 appear normal (Figure 4-11); (4) Decreased growth
rates and blunted responses to Netrin stimulation occur in vitro, independent from the midline
and therefore autonomous from any defects in the GW or IG (Figure 4-15). In conclusion, this
evidence suggests that errors in axon guidance are visible prior to the defects visible in the GW
and I1G at the midline. These primary defects are most likely to be in the growth and guidance of

the axons rather than in formation of the corticoseptal plate.

Loss of pRb and p107 lead to deregulation of multiple classic axon guidance pathways. The
complicated process of guiding axon tips through multiple decision points to their distant final
destinations is achieved through the combination of numerous well defined signaling pathways
(Price, et al. 2006b). Due to the complexity and functional importance of the CC, members of
every family of axon guidance molecule are expressed at the midline and necessary for callosal

axon crossing (Edwards, et al. 2014) as has been shown through a combination of knockout
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mouse models with acallosal phenotypes and in vitro growth cones guidance assays (Shu and
Richards. 2001; Niquille, et al. 2009; Islam, et al. 2009; Piper, et al. 2009b; Fothergill, et al.
2013). To determine which of these required molecules displayed altered expression patterns,
and was therefore a potential mediator of the DKO phenotype, mRNA expression of a panel of
receptors and secreted molecules was examined at E17.5 (Figure 4-10) and E15.5 (Figure 4-11).
At E17.5, expression patterns of almost every molecule examined appeared irregular in DKO
brains. However, this result is difficult to interpret as by this late developmental stage, the
medial cortex and corticoseptal boundary of DKO brains is highly deformed due to over-
proliferation of the medial cortex (Figure 4-7). In some cases, such as for Robol, it is difficult to
evaluate whether regulation of the gene itself is effected or whether the apparent upregulation is
actually due to an increase in the number of cells expressing the receptor. Although an increase
in the number of cells expressing axon guidance genes could have an effect on axon guidance,
only proteins which are misexpressed at E15.5 at the time that the primary axon guidance defect
is first detected are likely to be involved in the mechanism responsible for the DKO phenotype.
To identify genes whose expression is deregulated early, we examined expression profiles at
E15.5 and found that most targets are normal at this age (Figure 4-11). A key exception to this is
Netrin (Figure 4-12). Netrin expression is greatly decreased at both E15.5 and E17.5. At both
ages there are two populations of Netrin expressing cells; the ventral population is the same cell
group which expresses Slit1/2 and Gli3 and has previously been described as 1G glial cell
precursors, while the identity of the dorsal population of Netrin expressing cells remains
unknown. These dorsal cells do not overlap with the CB+ I1G neurons and these results raise the
question as to the identity of this dorsal population. As no other axon guidance gene was found

to have a similar expression pattern as Netrin, which is uncommon as most axon guidance genes

194



show considerable overlap, and no description of this cell population could be found in the
literature, further research is needed to characterize the role of these cells in callosal axon
guidance and to determine the function of Netrin in this location within the cingulate cortex. In
addition, it remains unknown why Netrin expression is decreased in DKO brains. One possible
explanation is that the Netrin expressing cells, regardless of their identity, are unable to
differentiate without pRb and p107 and do not mature to the point that they activate Netrin
synthesis. Another possibility is that pRb and p107 regulate Netrin expression directly through
E2F binding to the promoter. Although additional research is needed to fully understand the role
of pRb and p107 in regulation of Netrin expression and signaling during CC development, these
results lend insight into the mechanisms controlling the expression of axon guidance molecules

early in development.

pRb and p107 are required for normal axon growth and guidance independent from the
midline. Axon guidance research has a tendency to focus on very clear decision points, such as
when axons cross the midline of the CNS or make a distinct turn (Shu and Richards. 2001,
Keeble, et al. 2006; Fothergill, et al. 2013), as these decision points can be highly informative
when analyzing the mechanisms growth cones use to navigate their environment. However,
axons must often travel considerable distances between these clear decision points and extension
through these corridors is just as crucial to growth cones reaching their final destination and
forming proper connections as the obvious turns. It was therefore important to determine
whether axon growth and extension through the 1Z was defective in DKO brains in order to fully
understand the role of pRb and p107 in CC formation. When we examined axon growth through

the 1Z under the lateral cortex in DKO embryos at E17.5 and PO, we found clumps of L1+
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staining within the cortex and in the marginal zone next to the pia mater in DKO brains, and to a
lesser extent in RBKO brains (Figure 4-13A). This phenotype started as early as E15.5 (Figure
4-13B) and developed progressively to PO. Interestingly, the amount of ectopic L1+ signal was
not related to the severity of the midline crossing phenotype in individual brains of the same
genotype. To determine whether this ectopic staining was due to re-entry of axons into the
cortex or pre-mature expression of L1 prior to axons reaching the 1Z, DKO and WT embryos
expressing Emx1-Cre throughout the entire cortex were in utero electroporated with GFP to
track the axons of a small population of neurons. The results in Figure 4-14 conclusively show
that axons from electroporated DKO neurons successfully reach the 1Z but then re-enter the
ipsilateral cortex as they tangentially extend towards the midline. Furthermore, Figure 4-14
shows that axon extension is much slower in DKO brains, as GFP axons were barely able to
travel past the GFP patch in the lateral cortex in DKO brains yet were able to reach the midline
and beyond in the same time in WT brains. This was at least partially due to a decreased rate in
axon extension independent of environmental signals since neurite outgrowth from cortical
explants made of DKO medial and lateral cortex was decreased in compared to outgrowth from
WT explants (Figure 4-15). Although these results do not conclusively show a truly cell
autonomous effect of pocket proteins on axon extension as this assay is done with large tissue
explants that could have repressive intercellular signals, it can be concluded that decreased axon
growth rates in DKO neurons is not dependent on the intact environment of the cortical plate and
IZ but is most likely due to a mechanism working within the axon.

As described above, we hypothesize that the decreased number of pre-crossing axons at
the corticoseptal boundary at E15.5 and E16.5 is due to a delay in these axons reaching the

midline. This hypothesis is supported by the observations showing a decreased rate of extension
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through the IZ. The idea that axon growth rates are decreased in the 1Z near the cingulate cortex
is complemented by the previously discussed data showing the loss of Netrin in the dorsal
population of Netrin expressing cells in DKO brains (Figures 4-10 through 4-12). As Netrin is
an attractive, growth promoting signal for callosal axons from the cingulate cortex, loss of Netrin
could further contribute to slow axon extension in DKO brains, in addition to any cell
autonomous mechanisms. In order to test this hypothesis it is necessary to determine if DKO
axons have the ability to respond to Netrin. Here, we show using cortical explant cultures that
medial cortical explants are capable of responding to Netrin, although this response is blunted
compared to the response of WT explants (Figure 4-15). Since providing these explants with
Netrin improved but did not completely normalize axon extension, this data suggests that the loss
of Netrin attraction in the cingulate cortex of DKO brains combined with the already slow rates
of axon extension would provide a plausible explanation for the delay in Npnl+ axons reaching
the midline. It is tempting to hypothesize that the dorsal patch of Netrin expressing cells in the
cingulate cortex help attract growth cones through the 1Z and is possibly involved in guiding
these pioneering axons through the ventral turn as they leave the cortex and enter the 1Z .

Npnl expression was also found to be decreased in DKO brains, seen both as decreased
staining intensity (Figure 4-4) and by Western blot (Figure 4-16). Npnl has been shown to be
important in tangential extension of callosal axons through the 1Z and loss of Npn1 activity in
axons leads to defasciculation in the 1Z and re-entry into the ipsilateral cortex (Hatanaka, et al.
2009), very similar to the phenotype observed here in DKO brains. This role of Npnl is thought
to be due to its function in mediating Sema3A signaling as well to its role in homophillic
adhesion between axons, independent of Sema3A. Although these results are still preliminary, it

is tempting to suggest that the axon disorganization seen in the lateral zone in DKO embryos is
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due to decreases Npnl expression following loss of pocket protein activity. This idea is
supported by the observation that E2F3 binds the Npn1 promoter, implying the Npn1 is a directly
target of pRb/E2F3 mediated transcriptional regulation (Figure 4-1). Although the mechanism
through which pocket proteins influence Npn1 expression requires further clarification, it is
encouraging to suggest that loss of pRb/p107 mediated regulation of E2F activity causes a
decrease in Npnl expression in DKO neurons. This may in turn influence the development of
the phenotypes described in this work.

In conclusion, these results demonstrate that pocket proteins are required for CC
formation. This is achieved through both regulation of growth rates of callosal axons and through
regulation of key axon guidance molecules. These findings strongly support our hypothesis that
pocket proteins control later stages of neuron maturation beyond their role in cell cycle

progression and differentiation.
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CHAPTER 5

GENERAL DISCUSSION
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5.1 Thesis Summary and Major Finding: Neuron maturation is a highly complex and tightly
regulated process beginning with neurogenesis in the VZ and SVZ, proceeding through neural
differentiation and migration, and culminating with axon extension and guidance, synaptogenesis
and circuit formation. Regulation of these different phases of maturation are closely inter-
coordinated to prevent the interference of mutually exclusive processes and to allow step-wise
developmental programs to proceed (Ferguson and Slack. 2001; McClellan and Slack. 2006;
Dehay and Kennedy. 2007; Cau and Blader. 2009; Gyda, et al. 2012). Understanding the
mechanisms which coordinate and regulate the different phases of neuronal development is
necessary both to our understanding of how the brain is formed and to our understanding of how
the adult brain functions in health and disease. Increasing our knowledge of the role of cell cycle
proteins in coordinating the transitions between proliferation, differentiation and maturation will
broaden our understanding of neurodevelopmental and neuropsychiatric disorders. Furthermore,
it will aid us in the development of regenerative therapies for treatment of traumatic or
neurodegenerative injury.

The primary goal of this dissertation is to determine how two members of the pocket
protein family, pRb and p107, are involved in regulating neuron maturation independently from
their roles in controlling cell cycle exit. Previous publications from the Slack lab have shown
the pRb-E2F pathway to have a role in neuron differentiation through the regulation of genes
such as members of the Notch and Shh pathways (Vanderluit, et al. 2004; Vanderluit, et al.
2007), Sox2 (Julian, et al. 2013), DIx1/2 (Ghanem, et al. 2012b) and Neogenin (Andrusiak, et al.
2011). pRb has also been shown to regulate cortical lamination and both radial and tangential
migration (Ferguson, et al. 2005; McClellan, et al. 2007), showing a clear involvement in post-

mitotic brain development. In addition, a recently published screen showed that E2F3 and E2F4
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bind the promoters of many genes with roles in axon guidance, migration, cytoskeletal dynamics
and synaptogenesis (Julian, et al. 2015). Here, we advance the field, first by showing a severe
defect in radial migration in the pRb/p107 double knock out model (DKO) to be mediated
through cell autonomous mechanisms, independent of ectopic apoptosis, as was previously
thought. Furthermore, we show an entirely novel role of pRb and p107 in regulating multiple
aspects of axon growth and guidance necessary for development of the corpus callosum.

In the pRb/p107 DKO, we show a specific role of pocket proteins in regulating radial
migration in upper layer neurons independent of cell cycle defects. The neuroblasts which fail to
enter the cortical plate were born at the appropriate age, as shown by BrdU incorporation (Figure
2-3), and have exited the cell cycle (Figure 2-4). In addition, DKO embryos exhibit a distinct
thinning of the upper cortical layers (Figure 2-1 and 2-2), which could be due to retention of
upper layer cortical neurons within the SVZ/1Z. Alternatively, loss of pRb and p107 could lead
to changes in the rates of neurogenesis at different developmental ages. As the different cortical
layers are formed in a progressive inside-out mechanism, changes in the rates of neuron
production at different ages would affect the relative thickness of different cortical layers
(Mairet-Coello, et al. 2012).

As many developmental defects resulting from pRb deficiency are due to increased cell
death (Yoshikawa. 2000; Chen, et al. 2004; Maddika, et al. 2007; Ciavarra and Zacksenhaus.
2010b), we investigated the role of cell death in the pRb/p107-dependent regulation of radial
migration. First, we show that rescuing the increased levels cell death seen in DKO embryos to
control levels fails to rescue the radial migration phenotype (Figure 2-5). This supports the
hypothesis that role of pRb and p107 in migration is independent of the role of pocket proteins in

cell survival. This is especially significant since many in vivo differentiation defects resulting
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from pocket protein deficiency have been attributed to ectopic cell death (Feddersen, et al. 1995;
Chen, et al. 2004; MacPherson, et al. 2004; Maddika, et al. 2007; Ciavarra and Zacksenhaus.
2010b), including previous work from the Slack lab, which suggested that the migration defect in
single pRb knockout brains is due to apoptosis in Cajal Retzius (CR) cells and the consequent
loss of Reelin (Ferguson, et al. 2005). Our results imply that pocket proteins regulate radial
migration through independent, yet unidentified mechanisms. Second, we show that the role of
pRD in radial migration is due to a combination of cell autonomous and non-cell autonomous
mechanisms. pRb deletion through in utero electroporation of Cre resulted in an intermediate
radial migration defect in which affected neurons enter the cortex but are not able to reach the
upper layers (Figure 2-6). This further supports the conclusion that pRb and p107 regulate radial
migration through mechanisms alternative to CR cell death as CR cell numbers are normal in
electroporated brains.

In this dissertation, we have also demonstrated a role in pocket proteins pRb and p107 in
regulating axon growth and guidance during corpus callosum (CC) formation. In DKO brains,
axons fail to cross the midline but instead swirl into complex Probst Bundles on either side of the
corticoseptal boundary (Figure 4-2 and 4-4). Although the midline glial structures are
morphologically disrupted at later ages (Figure 4-5), these structures appear to develop normally
at E15.5-E16.5; the primary defect in this complex phenotype seems to involve the growth and
guidance of callosal axons (Figure 4-8). Briefly, callosal axons show early signs of
defasciculation and re-entry into the ipsilateral cortex both as they approach the corticoseptal
boundary and in the 1Z distant from the midline (Figure 4-13). There is a clear defect in the
crossing of pioneering axons from the cingulate cortex in DKO brains (Figure 4-4), most likely

due to a defect in axon guidance signaling at the corticoseptal boundary. In addition, DKO
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neurons exhibit decreased rate of axon extension both in vivo (Figure 4-14) and in vitro (Figure
4-15), implying axon growth defects are at least partially caused by a cell autonomous
mechanism within the neurite themselves, rather than due to a repulsive signal from an external
source.

In search of the underlying mechanism, we show that expression of Netrin (Figure 4-12)
and Npn1 (Figure 4-16) are both decreased in DKO cortical tissue. Netrin is found to be lost in a
specific population of cells within the cingulate cortex which could have significant axon
guidance functions (Figure 4-12). We hypothesize that the loss of Netrin expression in this
strategic location could significantly contribute to the failure of pioneering axons to cross the
midline in DKO mice. DKO axons from cingulate cortical explants exhibited a blunted response
to Netrin in vitro, showing that pioneering axons are capable of responding to this attractive cue
(Fothergill, et al. 2013). Similarly, the loss of Npn1 could also contribute to the failure of
pioneering axons to cross the midline, as Npnl is a receptors for the attractive signal Sema3c
expressed by sling neurons (Niquille, et al. 2009). Furthermore, loss of Npn1 could explain the
ectopic re-entry of callosal axons into the ipsilateral cortex through interaction with the repulsive
cue Sema3a (Hatanaka, et al. 2009). | intend to continue to work toward understanding the
mechanism through which pocket proteins regulate axon guidance in future studies.

Together these findings show that pRb and p107 have important roles in regulating

diverse aspects of neuron maturation distinct from their roles in the cell cycle regulation.

5.2 The Role of pRb in Neurodevelopment — Significance and Mechanisms: The primary
significance of the work presented in this dissertation is to determine how pocket proteins pRb

and p107 are involved in neural development at much later stages of neuron maturation. A
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common theme visible in recent publication on the developmental roles of cell cycle proteins is
the hypothesis that pocket proteins, and cell cycle proteins in general, coordinate exit from the
cell cycle with the initiation of neural differentiation and early development events (Ferguson, et
al. 2005; McClellan and Slack. 2006; McClellan, et al. 2007; Chen, et al. 2007a; Chong, et al.
2009; Gyda, et al. 2012; Julian, et al. 2013). This role of pRb has been shown to occur through
E2F-dependent mechanisms, as seen with the regulation of DIx2 (Ghanem, et al. 2012b) and
Neogenin (Andrusiak, et al. 2011), as well as E2F-independent mechanisms such as the
activation of pro-differentiation genes via pRb interacting with PGCla (Scime, et al. 2005) and
RUNX2 (Lee, et al. 2006) in adipogenesis and osteogenesis, respectively. However, the
generally accepted model of pRb activity during development currently ends with pRb regulating
this transition from proliferation to differentiation, after which pocket proteins are thought to
function mainly in long term gene repression (Andrusiak, et al. 2012a). By extending the role of
pocket proteins to cell autonomous regulation of radial migration of upper layer neurons, rates of
axon extension, axon guidance through the expression of classic axon guidance molecules and
axon fasciculation, we have shown multiple completely novel functions of pocket proteins in
these later stages of neuron maturation. Not only do these results support the hypothesis that
pocket proteins have important developmental functions independent of the cell cycle, this work
extends the instructive role of pRb to include events involved in later stages of neuron
development taking place at a time when pRb was thought to be involved solely in long term
repression of pro-proliferation genes.

Although we have shown that pocket proteins are involved in radial migration and axon
guidance, the mechanisms through which pRb regulates these processes are still unknown. In the

case of CC formation, we show a decrease in the protein levels of both Netrin and Npnl and

204



suggest that pioneer axons fail to cross the midline at the corticoseptal boundary due to loss of
these attractive cues. However, this hypothesis does not address the question of how pRDb
regulates expression of these potential target genes, both of which contain E2F responsive
elements in their promoters (unpublished data from Slack lab). Several non-mutually exclusive
possibilities exist:

First, axon guidance genes could be direct E2F targets regulated through the canonical pRb-
E2F pathway. This would resemble pRb dependent regulation of pro-differentiation genes Hesl
and DIx2 and the migration gene Neogenin. However, there is one important difference between
the regulation of Neogenin and that of NpnZ1, which is that Neogenin was shown to increase
following the loss of pRb (Andrusiak, et al. 2011), while Npn1 was shown to decrease (Figure 4-
16). It follows that in wild type brains, pRb would repress transcription of Neogenin during GO,
but would activate transcription of Npnl. As pRb is well established to be involved in gene
repression in non-proliferating states (Andrusiak, et al. 2012a), downregulation of Neogenin
following cell cycle exit could occur through the binding of repressive pRb-E2F4 complexes to
the promoter and subsequence recruitment of LXCXE containing chromatin remodeling proteins.
However, upregulation of Npnl in post-mitotic neurons through this canonical pathway has less
experimental support. Although definitely possible, it would require pRb-E2F complexes to
activate transcription at the Npnl promoter, possibly through the recruitment of co-activators.
Should this mechanism be verified experimentally, it would add to the growing realization within
the pRb-E2F field that the mechanism through which E2F proteins regulate transcription are
much more complex that originally appreciated.

Second, pRb could regulate Npn1 expression through E2F-independent mechanisms through

interaction with alternate binding partners. This would resemble interactions with PGClo and
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RUNX2 mentioned above. A similar situation has been seen in erythrogenesis in which pRb
sequesters the transcription factor 1d2 within differentiating macrophages and thus prevents 1d2
repressing transcription of PU.1, a master regulator of macrophage differentiation (lavarone, et
al. 2004). In these examples, pRb has been shown to increase expression of a pro-differentiation
gene in post-mitotic cells, reminiscent of the proposed regulation of Npn1.

Alternatively, the decrease in Npnl expression in DKO embryos could result from indirect
mechanisms. Although the promoters of both Netrin and Npn1 contain E2F responsive
sequences and have been shown to bind E2F3 using ChIP experiment (Figure 4-1), this does not
confirm that they are directly regulated by pRb in vivo. Disruption of pocket protein signaling
early in development, as was done using the Emx1-Cre mouse model, has many complex and
incompletely understood effects. The decrease in Npnl expression in these embryos could be
downstream of other yet unidentified pRb targets.

Finally, pRb could regulate Npn1 expression through alternative mechanisms completely
independent from the previously described pathways, as is the case for other cell cycle proteins
which have been shown to function in late stages of neuron maturation. p27 has been shown to
regulate tangential migration of interneurons by acting as a microtubule binding protein and
enabling neurite extension and nucleokinesis (Nguyen, et al. 2006). Another example of cell
cycle proteins with cell cycle independent function in neuron maturation comes from CyclinE,
which has been shown to be expressed in dendritic shafts of mature neurons in vitro and in the
adult brain (Odajima, et al. 2011). CyclinE sequesters CDKS5 into inactive complexes, and thus
prevent CDK5 from entering the spine and phosphorylating synaptic proteins, such as gephryin
and synapsin (Odajima, et al. 2011). This leads to decreases in synapse number and defects in

synaptic function in adult mice (Odajima, et al. 2011; Kalbouneh, et al. 2014; Verstegen, et al.
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2014). In both these cases, cell cycle proteins are acting outside of the nucleus through
mechanisms unrelated to gene transcription. Although it may seem at first unnecessary to
suggest the possibility of a completely unknown mechanism for pRb dependent regulation of
Npn1, precedent exists for cell cycle proteins to be co-opted into alternative roles after their

function in cell cycle regulation has been completed.

5.3 Implications of pRb as a regulator of Axon Guidance: Within the field of axon guidance
research, a new class of axon guidance molecule, the morphogens, has emerged in recent years
(Wallace and Raff. 1999; Sanchez-Camacho, et al. 2011; Magnani, et al. 2012a; Yam and
Charron. 2013; Sloan, et al. 2015). Morphogens, originally known for their control of tissue
patterning through sweeping concentration gradients, have been shown in recent work to be also
function as axon guidance molecules (Wallace and Raff. 1999; Sanchez-Camacho, et al. 2011;
Magnani, et al. 2012a; Yam and Charron. 2013; Sloan, et al. 2015). These proteins include Shh,
Wnt and BMP family members. Additionally, Notch has been shown to be involved in radial
migration through mediation of Reelin signaling (Hashimoto-Torii, et al. 2008b). Similar to cell
cycle regulators, these proteins were originally discovered for their roles in stem cell
proliferation and differentiation and have since been shown to have additional roles later in
development mediated by both classical and non-canonical signaling pathways. This is highly
relevant to the discovery that pocket proteins influence axon guidance for two reasons. First, the
repurposing of both morphogens, such as Shh, and cell cycle regulators, like CyclinE and pRb,
generates a consistent theme of molecules important in early development being reused in new
roles later during neuron maturation. This pattern lends conceptual support to the idea that pRb

can function as a regulator of radial migration and axon guidance. Second, pRb has been shown
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to regulate transcription of members of the Shh, Wnt and Notch pathways during cell
proliferation (Vanderluit, et al. 2004; Vanderluit, et al. 2007), which opens up the possibility that
the pRb pathway also regulates these genes during axon guidance and is an important area for
further research.

The functions of axon guidance molecules in vivo and the signaling pathways through
which they regulate cytoskeletal dynamics, protein expression, and the presentation of receptors
on the growth cone membrane are key areas of ongoing research. However, the mechanisms
which control transcription of these signaling molecules have received much less attention. In
particular, the elusive question of what controls expression of these proteins in specific, clearly
defined locations remains unanswered. In order to be effective, axon guidance signals must be
expressed in very precise and discrete patterns, otherwise the boundaries and interactions
between these signals would become inaccurate and axons would be misrouted. An example of
these discrete patterns is seen in the expression of Netrin at E15.5. The small patch of Netrin
expressed within the cingulate cortex must be under tight regulation in order to achieve
expression in such a precise location. Whether this is due to the interplay of combinations of
external cues, or a result of a downstream signaling pathway consequent to the molecular
identity of this small group of cells, these questions represent a level of regulatory control that
has not been investigated in most axon guidance systems. By providing evidence that pRb is
capable of regulating expression of Netrin and other axon guidance molecules, we provide

insight into how these pathways are regulated.

5.4 Downstream Consequences of Cell-Cycle Deregulation: In this dissertation, pRb and p107

were shown to regulate both radial migration and axon growth through cell cycle independent
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mechanisms. However, defects in cell cycle exit and NPC regulation are known to occur in these
mice during neurogenesis (Ferguson, et al. 2002), and it is likely that these cell cycle defects
contribute to the highly complex phenotypes observed in the cortex and commissural plate of
DKO brains, despite the predominant importance of cell cycle independent mechanisms.

In the case of cortical lamination, the rate of cell cycle progression, in particular G1
length, have been shown to influence both the number of NPC divisions and the type of division
(Caviness, et al. 1995; Shen, et al. 2006; Lange, et al. 2009). As discussed in section 2.3 of the
introduction, the switch from proliferative to neurogenic divisions is associated with a
lengthening of G1, and there is a general lengthening of G1 phase of neurogenic divisions as
cortical development proceeds. This implies that divisions which generate upper layer neurons
have longer G1 phases than divisions which generate lower layer neurons (Shen, et al. 2006). In
the DKO mice, we observed a defect in lamination in which the upper cortical layers are thinner
than lower layers, an effect which was most pronounced in the Cux1+ population at the very top
of the cortical plate (Figure 2-1 and 2-2). This could result in an increase in the rate and
therefore number of cell cycle progressions early in neurogenesis. This would generate adequate
numbers lower layer neurons but then lead to stem cell exhaustion later in corticogenesis when
layer 11/111 neurons are generated. Similarly, E2F3a/b isoforms have been shown to regulate the
balance between neurogenic and proliferative divisions in NPCs (Julian, et al. 2013), and E2F3
upregulation is a common mediator of defects caused by deletion of pRb in the telencephalon
(McClellan, et al. 2007). A shift toward neurogenic divisions at the expense of self-renewing
divisions in the DKO embryos could similarly result in premature stem cell exhaustion and an

imbalance between the different cortical layers as was observed.
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In addition, data from our lab indicates that pRb deletion causes an increase in
proliferation in the SVZ with a small effect on proliferation in the VZ (Ferguson, et al. 2002). As
the lower cortical layers are derived from the VZ and the upper layers derived from the SVZ (see
introduction section 2.2), this difference in the role of pRb in these different cell populations
could explain the imbalance in the cortical layers. Furthermore, the state of NPCs has been
shown to be very important in determining the identity of newly born neurons during
neurogenesis (McConnell. 1988b; McConnell and Kaznowski. 1991; Shen, et al. 2006; Lange, et
al. 2009). Changes in the cell cycle dynamics or chromatin remodeling within a specific
population of NPCs, such as the IPs within the SVZ, could have unpredictable and long term
downstream effects in differentiating neuroblasts. This enhanced sensitivity of NPCs within the
SVZ to pRb deregulation could contribute to the cell autonomous defects in radial migration seen
in the upper layer neurons of DKO brains. Similarly, errors in neural programming with long
term effects on gene expression, could contribute to the defects in axon growth and the altered
expression of axon guidance factors seen in the commissural plate of DKO embryos.

Another alternative that must be considered is the possibility of indirect, downstream
consequences of cell cycle deregulation. This could occur of cell cycle deregulation led to errors
in the relative timing of normally precisely coordinated events. Events which normally occur at
the same time or in a precise sequence would became chronically disorganized, with significant
consequences on cortical development. For example, deletion of pRb has been previously shown
to cause defects in retinal ganglion neuron axons when exiting the retina in their journey to the
optic chiasm in zebrafish (Gyda, et al. 2012). This was attributed to an error in coordination
between extension of the growth cones and the expression of the signals that guided them to the

exit point caused by a delay in cell cycle exit, although expression of these signals was not
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examined. A similar possibility exists in CC formation in DKO embryos; a small delay in cell
cycle exit may compound the already decreased rate of neurite growth and cause the pioneering
axons to reach the midline at a time when the guidance signals are no longer expressed in the
correct pattern. In the case of the migration defect, a delay in cell cycle exit could lead to a
similar failure in signal coordination.

Another possible indirect consequence of cell cycle regulation is the increase in number
of a specific cell type which secretes a migration or axon guidance molecule. This could lead to
an increase in the levels of this protein and cause downstream migration or guidance errors. This
possibility is suggested by the in situ data presented in Figure 4-10, which shows an apparent
increase in the number of cells expressing DCC and Robol mRNA in DKO brain at E17.5.

This line of argument that cell cycle deregulation early in development can have lasting
downstream consequences emphasizes the fact that early developmental defects can have
extensive and unpredictable effects on later stages of brain development and on neurological
function in the adult brain. This is especially relevant considering recent indications that adult
onset diseases such as schizophrenia and bipolar disorder have developmental origins (Caruncho,
et al. 2004; Uribe and Wix. 2012; Catts, et al. 2013; Olson. 2014). The long-term, cell
autonomous effects of cell cycle deregulation therefore represent an interesting and highly

relevant field of study.

5.5 The Big Picture: What are pocket proteins doing? Since their discovery two and a half
decades ago, the role of pocket proteins in tissue development has been progressively expanded
to include a multitude of different processes, raising the question as to what the real functions of

these proteins might be. Although they were initially described as canonical cell cycle
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regulators, pRb and p107 have been shown to regulate cell death, stem cell self-renewal and
maintenance, differentiation, migration and, in this work, axon guidance, often through the
downstream regulation of the E2F transcription factors. Within the limited context of
development and differentiation, genomic studies have shown direct E2F binding to thousands of
genes involved in a wide variety of processes, including cell cycle regulation, cell specific
differentiation factors, stem cell maintenance, migration, cytoskeletal dynamics and metabolism.
This begs the question of how two proteins with largely redundant functions, can possible
regulate such a wide variety of cellular processes. Considering all the known functions of pRb
and p107, is there a unifying theme which can cohesively and concisely describe the role pocket
proteins during development?

One model that would explain the results presented in these studies as well as others
(Chen, et al. 2004; Ferguson, et al. 2005; McClellan, et al. 2007; Andrusiak, et al. 2011;
Ghanem, et al. 2012; Andrusiak, et al. 2012; Julian, et al. 2013; Julian, et al. 2015), is that pRb
and p107 not only control cell division, but also regulate transitions between different cellular
states, be it a transition from a slowly proliferating stem cell to a rapidly proliferating transit
amplifying cell, or from a rapidly proliferating cell to a post-mitotic neuroblast. By controlling
the simultaneous expression or repression of large gene networks of similarly related genes, pRb
and p107 synchronize the simultaneous cessation of proliferation and the initiation of
differentiation. As pRb/p107 are required for a smooth transition in all cell lineages examined
thus far, pocket proteins do not control whether a stem cell becomes a myoblast or a neuroblast.
Rather, they work within the context of the predefined lineages to control differentiation of a cell
into whatever mature cell type it is genetically determined to be. In doing so, they function as

master regulators, preparing the cell to fulfill the necessary functions of its lineage by
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coordinating massive shifts in gene expression, presumably through interaction with cell type
specific co-regulators. Evidence in support of this theory of pRb function is found in
developmental defects following pRb deficiency in vivo and from genetic screens examining
genes responsive to pRb/E2F regulation. As has been previously described in this dissertation,
pRb deletion in the forebrain results in ectopic proliferation in the developing cortex and E2F3, a
direct downstream mediator of pRb activity, was shown to regulate the transition from
proliferating stem cell to differentiating neuroblast through transcriptional regulation of Sox2.
The regulation of Sox2 suggests a mechanism through which the pRb/E2F pathway controls the
switch from proliferation to differentiation in neural precursors, and the ectopic proliferation in
the cortical plate of pRb-null brains indicates that when pRb is absent the transition between
these two states, proliferation and differentiation, is aberrantly executed.

Furthermore, pRb-null brains show errors in cortical lamination manifested as
disorganization between the cortical plate and the intermediate zone, and pRb has been shown to
control interneuron migration through transcriptional regulation of Neogenin. This seems to
result from errors in regulation of differentiation genes following deregulated E2F activity, as
subsequent deletion of E2F1 or E2F3 rescues this phenotype. The ability of pRb to regulate
these migration genes represents one aspect of its function in controlling the cohort of genes
necessary to organize neuronal differentiation. Failure to turn off the proliferation genes causes
incorrect cell cycle re-entry, while disorganized activation of genes necessary for migration, be it
misexpression of receptors, disorganization of the cytoskeleton or other function necessary for
movement into the cortex. Through deregulation of single genes or a cohort of related pathways,
loss of pRb activity causes neural precursor cells to make a delayed or incomplete transition to a

migrating neuroblast.
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An alternative explanation of this phenotype is that these differentiation defects are
consequences of cell cycle deregulation, however there is now strong evidence against this
interpretation. ChlP-on-chip screens performed in neural precursor cells against E2F3 have
revealed numerous pRb/E2F3 targets with specific roles in neural differentiation and maturation,
including genes with roles in cell cycle regulation, stem cell maintenance, neural lineage
specification, migration, cytoskeletal dynamics, axon guidance and metabolism. Each of these
groups of genes represents some aspect of the magnificent and complex transition that must be
undertaken when a neural precursor cell becomes a neuron. The conclusion of this study was not
that pRb/E2F controls each of these processes individually or entirely, but rather that it
modulates components of these pathways to coordinate groups of genes simultaneously. For
example, this would ensure that the metabolism of the cell switches to oxidative phosphorylation
at the same time that the energy demands of the cell are increased, and that the cytoskeleton is
mobilized at the same time that axon guidance molecules are expressed.

In this dissertation, pRb and p107 were shown to be involved in several aspects of neuron
maturation, namely radial migration and axon guidance. These functions fit with the view of
pRb/p107 as transitional regulators, although in this case the transition is from differentiation to
maturation. Unlike other cell types examined, in which early differentiation is severely
compromised in the absence of pRb, neuroblasts are able to undergo basic differentiation in pRb
deficient models, as shown by the expression of layer specific neural markers. Here, the
transition which is dependent on pRb function is the switch to a more mature status, which
involves more advanced, specialized processes such as neurite extension. Just as in previous
examples, pRb organizes the simultaneous activation and repression of different cohorts of genes

to prepare the neuron for the next stage of development. This theory explains the E2F-
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responsive elements present in the promoters of genes involved in cytoskeletal dynamics, axon
guidance and cell adhesion as shown in Figure 4-1 of this thesis in and Julian et al. 2015.
Furthermore it explains the complex and multifaceted aspects of the pRb/p107 DKO brain
described in Chapter 4; because the cohort of pro-maturation genes regulated by the pRb/E2F
pathway as the immature neuron is prepared for the next stage of its development includes such a
large number of genes involved in a variety of processes, many aspects of development are
affected when pRb activity is lost.

Other examples have been found in non-neural tissues, as was described in detail in
section 4.4 of the Introduction. In adipose tissue, pRb controls the transition between
proliferation and differentiation through regulation of PGCla, a pro-differentiation factor in
adipogenesis (Scime, et al. 2005). Similarly, pRb regulates the transition from proliferation to
differentiation in osteogenesis through interaction with the pro-osteogenic transcription factor
Run-X2 (Thomas, et al. 2001; Lee, et al. 2006). The pRb/E2F pathway has also been shown to
be very important in muscle development, and ChIP screen performed in differentiating
myoblasts have revealed that pRb controls expression of both pro-proliferation genes, and a large
number of muscle specific differentiation factors, similar to results from neural precursor cells.
This indicates, not only that pRb controls both the cessation of proliferation and initiation of
differentiation in muscle, similar to its role in neural cells, but that the specific genes regulated
by the pRb pathway is dependent on the context of the cell type.

Although this view of pRb function was presented in the context of development, it also
applies to the role of pRb in mature tissues. Recent work has shown that, in mature neurons, the
primary function of pRb is to maintain the long-term repression of pro-proliferation genes and

thus prevent ectopic cell cycle re-entry. Through the same mechanisms that pRb previously used
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to achieve organized transitions between cell states, here pRb is actively preventing a transition
to a proliferating cell.

In conclusion, pRb and p107 function to organize the transitions between different
cellular states. Like a conductor of an orchestra cuing in the woodwinds while simultaneously
signaling out the horns to achieve the perfect musical balance, pRb activates and inhibits large
cohorts of related genes to ensure that the transitions from proliferation to differentiation to

maturation occur smoothly and cohesively.

5.6 Conclusions: The studies presented herein provide new knowledge on functions of pRb and
p107 as important regulators of multiple aspects of neuron maturation through cell-cycle
independent mechanisms. We show a role of pRb/p107 in regulating radial migration of upper
layer neurons through cell autonomous mechanisms, independent of the role this pathway is
known to have in apoptosis. We show that pRb/p107 are required for normal development of the
commissural plate and for normal growth of commissural axons. The role of these proteins in
axon growth and guidance is multifaceted, with implication in regulating neurite extension,
expression of guidance molecules and axon fasciculation. We go on to find the protein levels of
guidance cues Netrin and Neuropilinl are influenced by loss of pRb/p107 and suggest how this
could be involved in the observed developmental defects. This work has revealed novel
functions of the pocket proteins and supports the hypothesis that the pRb pathway is involved in
coordinating cell cycle exit with later developmental stages through cell cycle independent
mechanisms. Our results open new avenues of future research to understand basic
developmental mechanisms as well as help explain causes behind developmental abnormalities

in humanes.
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Appendix A

In Utero Electroporation Collaborations

At the beginning of PhD studies, | visited the lab of Freda Miller at the University of Toronto to learn
how to perform in utero electroporation. | then returned to the University of Ottawa and proceeded to
establish this procedure in the lab of Dr. Ruth Slack. Since then, | have entered into numerous
collaborations with other members of the Slack lab, with other labs at the University of Ottawa, and with
labs in other universities. In general, my part in these collaborations is to instruct my collaborators on
plasmid preparation, perform the in utero electroporations, assist with tissue collection and harvesting and
aid with data collection, analysis and interpretation. The figures in this this appendix represent the results

of these collaborations, presented in chronological order.
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The Rb/E2F Pathway Modulates Neurogenesis through Direct Regulation of
the DIx1/DIx2 Bigene Cluster

Noél Ghanem, Matthew G. Andrusiak, Devon Svoboda, Sawsan M. Al Lafi, Lisa M. Julian, Kelly A.
McClellan, Yves De Repentigny, Rashmi Kothary, Marc Ekker, Alexandre Blais, David S. Park, and
Ruth S. Slack.
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Figure Al-1: E2F7 represses DIx2 expression in vivo. In utero electroporation of a dual cassette
containing both E2F7 and GFP, and an empty vector containing GFP alone in the ventral forebrain at
E13.5. a—d, In situ hybridization performed with a DIx2 probe on coronal sections at E15.5 and showing
loss of DIx2 expression in E2F7-electroporated brains (b; arrows) compared with control brains (c, d).
Insets in a and c¢ represent the non-electroporated contralateral side. A-D, Anti-GFP staining of brains
electroporated with E2F7-GFP (A, B) and GFP alone (C, D). A-D' are merged images of a—d and A-D,
respectively. 4”-D", Double immunostaining with anti-DIx2 (red) and anti-GFP (green) showing little
colocalization of the two proteins in E2F7 electroporated brains (B'’; inset) compared with GFP controls
where many cells are DIx2+/GFP+ (D"; inset).

The purpose of this experiment was to determine if E2F7 regulates DIx2 expression. The decrease in
DIx2 indicates the E2F7 represses DIx2 expression in ventral neural precursors. In this collaboration, |
performed the in utero electroporations and harvested the tissue. | also aided in data collection, analysis
and interpretation.
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E2f3 Isoforms Differentially Regulate the Pluripotency Factor Sox2 to
Balance Neural Precursor Maintenance and Neurogenesis.

Lisa Julian, Renaud Vandenbosch, Cathy Packenham, Matt Andrusiak, Angela Nguyen, Kelly McClellan,
Devon Svoboda, David S Park, Gustavo Leone, Diane Lagace, Alexander Blais and Ruth S Slack.

GFP
control

GFP-E2f3
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Figure Al-2: E2F3b promotes maintenance of stem cell identity in neural precursor cells. The
lateral cortex of wild type mice was electroporated with pCig2 or pCig2-E2F3b at E13.5 and collected at
E15.5. Brains were stained for GFP+ (green) to mark electroporated cells and Sox2 (red) to mark stem-
like cells in the VZ. Yellow cells indicate co-labelled GFP/Sox2 cells. The increase in Sox2/GFP co-
expression suggests that expression of E2F3b promotes the maintenance of stem-like characteristics at the
expense of neural differentiation in electroporated cells.

The purpose of this experiment was to determine expression of E2F3a/b isoforms alter NPC cell fate. The
increase in Sox2/GFP co-labelling in E2F3b electroporated brain indicates the E2F3b promotes
maintenance of the stem cell identity. In this collaboration, | performed the in utero electroporations and
harvested the tissue. | also aided in data collection, analysis and interpretation. These results were not
included in the final paper.
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Interaction and Antagonistic Roles of NF-kB and Hes6 in the Regulation of
Cortical Neurogenesis.

Laurent Methot, Robert Hermann, Yeman Tang, Rita Lo, Hosam Al-Jehani, Sumit Jhas, Devon Svoboda,
Ruth S. Slack, Philip A. Barker and Stefano Stifani.
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Figure Al1-3: NF-xB signaling is important to prevent premature neuronal differentiation in the
developing neocortex in vivo. (A to C) Double-label immunofluorescence analysis of GFP and either
nestin (A), Sox2 (B), or BIII-tubulin (BIII-tub) (C) expression 48 h after in utero electroporation of E13.5
mouse embryos with either a bicistronic plasmid expressing both IkBaM and GFP or the empty vector
expressing GFP alone. Bottom rows, high-magnification views of the areas indicated by rectangles in the
right-hand panels. Where shown (when IkBaM was used), dotted lines roughly demarcate the GFP*
electroporated area in the VZ. Hst, Hoechst. Scale bar, 100 um. (D) Quantification of the fraction of GFP*
cells coexpressing nestin, Sox2, or BIII-tubulin. Results are shown as the means + standard errors of the
means (SEM) (*, P < 0.05; **, P < 0.01; n = 5 electroporated embryos per condition; t test). (E)
Quantification of the fraction of GFP* cells coexpressing nestin, Sox2, or BIII-tubulin 48 h after in utero
electroporation of E13.5 embryos with either a bicistronic plasmid expressing both IKK3-DN and GFP or
the empty vector expressing GFP alone. Results are shown as the means + SEM (***, P <0.001; n =3
electroporated embryos per condition; t test).

The purpose of this experiment was to determine if electroporation of IkBaM, in inhibitor of NF- kB
influences neural differentiation as determined by co-expression of GFP with BIII-Tubulin or Sox2.
Ectopic expression of BIII-Tubulin and loss of Sox2 in the ventricular zone indicate premature
differentiation in brains electroporated with pCig2- IxkBaM compared to an empty pCig2 plasmid. In this
collaboration, I performed the in utero electroporations and harvested the tissue. | also taught Laurent
Method, from the lab of Stefano Stifani in the Montreal Neuroscience Institute at McGill University, how
to perform in utero electroporation.
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Phosphorylation of Jipl on residue Thr 205 regulates radial migration during
brain development.

Dianbo Qu, Doo Soo Im, Devon Svoboda, Roger Davis, Ruth S Slack and David S Park.

The following represents two of several experiments in an unpublished study designed to investigate the
effect of INK-interacting protein (Jip1) on neural migration. The activity of Jip1 on CDKS5 is dependent
on phosphorylation of Jipl on threonine residue 205. The Jip1-T205D mutant represents a constitutively
active form of Jip1, while the Jip1-T205A mutant represents a dominant negative form of Jip1. In this
collaboration, I performed the in utero electroporations, instructed by collaborators in plasmid

preparation, tissue collection and immunostaining, and aided in data analysis and interpretation.

Figure Al-4: Jipl phosphorylation regulates radial migration. The lateral cortex of wild type mouse
embryos was electroporated at E14.5 with an empty p-Cig2 plasmid (GFP only), pCig2-Jipl (Jipl WT),
pCig2-Jipl-T205A mutant (T205A) or pCig2-Jip1-T205D mutant (T205D). Brains were collected at
E16.5 (A) or E18.5 (B). Sections were stained for GFP+ (green) and Tbrl (red) to mark the lower
cortical layers to provide reference for the location of GFP+ cells. For E16.5 brains (A) the number of
GFP+ cells located in the intermediate zone (1Z, below Thbr2 staining) and within the cortical plate (CP —
within Tbrl layer) were quantified. For E18.5 brains (B), GFP+ cells were defined as being located in the
1Z, in the lower cortical layers (within Thrl) or in the upper cortical layers (above Thrl). At both
timepoints, expression of Jip1-T205A was found to delay neuroblast migration. * = p < 0.05.
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Figure Al1-5: Jipl phosphorylation does not regulate cortical lamination and final neuron location.
The lateral cortex of wild type mouse embryos was electroporated at E14.5 with an empty p-Cig2 plasmid
(GFP only), pCig2-Jipl (Jipl WT), pCig2-Jip1-T205A mutant (T205A) or pCig2-Jip1-T205D mutant
(T205D). Brains were collected 7 days after electroporation. The percentage of GFP+ cells in upper
cortical layers (C1-3), layer IV (C4) and lower cortical layers (C5-6) were quantified. No difference in
the location of GFP+ cells electroporated with different Jip1 constructs was detected. This suggests that
the defects in radial migration shown at earlier time points represent delays in migration which are
corrected with time.
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Pocket proteins p107 and p130 regulate neural differentiation through the
DREAM complex.

Devon S Svoboda, Joelle Azzi, Mireille Khacho, Ruthann Duivesteyn, David S Park and Ruth S Slack.

In addition to the work presented in this dissertation, I have led the in vivo portion of a study aimed at
determining the role of DREAM in neural stem cell maintenance, neurogenesis and differentiation in the
developing and adult mouse brains. DREAM is a repressive transcriptional complex composed of
p107/p130, E2F4/5, DP and the MuvB core. Formation of DREAM is regulated by phosphorylation of
Lin52, a member of the MuvB core, by DYRK1A. When Lin52 is unphosphorylated, the DREAM
complex cannot form. Instead, the MuvB core binds with B-Myb and FoxM1 and promotes the
transcription of pro-proliferation genes. Alternatively, when Lin52 is phosphorylated by DYRK1A, it
binds to p130 or p107 (but not pRb) and E2F/DP to form the DREAM complex. The DREAM complex
then binds to E2F responsive elements in gene promotors of pro-proliferation genes and represses
transcription through the recruitment of chromatin remodeling proteins. The DREAM complex is an

evolutionarily conserved complex present in all cell types investigated in mammals and invertebrates.

In this project, DSS performed all electroporations and managed the mouse colony. DSS also advised
MSc candidate JA and honors student RD. Immunohistochemistry, data collection and data analysis for
the electroporation studies was performed by DSS and JA. Other parts of this project not shown here
include characterization of the p107/p130 double knock out embryonic brain, performed by RD and DSS,

and in vitro experiments, performed by JA, MK and DSS.
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Figure Al-6: Electroporation of p130 promotes neural migration or differentiation. The lateral
cortex of wild type mouse embryos was electroporated at E13.5 with an empty p-Cig2 plasmid (GFP
only) or pCig2-p130. Brains were collected at E15.5 (A) or E17.5 (B). Sections were stained for GFP+
(green) and Dapi (blue) to distinguish the ventricular zone (VZ) subventricular zone (SVZ) and cortex
based on cell density. For E15.5 brains (A) the VZ was subdivided into VZ1 adjacent to the ventricle and
VZ?2 adjacent to the SVZ according to Sox2 staining (not shown). The percentage of GFP+ cells in each
layer was quantified. At both time points, expression of p130 was found to promote the progression of
neuroblasts towards the cortical plate. It is not yet known whether this is due to promoting neurogenesis
and neural differentiation or increasing the rate of neural migration. * = p < 0.05; ** = p < 0.01; ***=p <
0.001
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Figure Al-7: Electroporation of DREAM pathway proteins regulates neural migration or
differentiation. A) The lateral cortex of wild type mouse embryos was electroporated at E13.5 with an
empty p-Cig2 plasmid (GFP only) or pCig2-DYRK1A. Brains were collected at E15.5 and stained for
GFP+ (green) and Dapi (blue) to distinguish the ventricular zone (VZ) subventricular zone (SVZ) and
cortex based on cell density. The VZ was subdivided into VZ adjacent to the ventricle and upper VZ
(UVZ) adjacent to the SVZ according to Sox2 staining (not shown). Quantification of the percentage of
GFP+ cells in each layer shows that expression of DYRK1A, which promotes phosphorylation of Lin52
and formation of the DREAM complex, promotes progression of neuroblasts out of the VZ. B) The lateral
cortex of wild type mouse embryos was electroporated at E13.5 with an empty p-Cig2 plasmid (GFP
only), pCig2-Lin52 or pCig2-Lin52-S28A, a phospho-incompetent mutant. Brains were collected at
E15.5 and stained for GFP+ (green), Ki67 (blue) and Sox2 (red) and Dapi (not shown) to distinguish the
ventricular zone (VZ) subventricular zone (SVZ) and cortex. Although this is preliminary data with only
one animal per plasmid so far, electroporation the dominant negative form of Lin52 seems to prevent the
progression of neuroblasts into the cortical plate. It is not yet known whether this is due to promoting
neurogenesis and neural differentiation or increasing the rate of neural migration. * = p < 0.05
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DEVON S SVOBODA

Snapshot
e PhD Candidate at the University of Ottawa
e 5 peer reviewed publications
e 10 Academic Honors

Education

2009 — present Doctorate of Philosophy
University of Ottawa, Department of Neuroscience
Thesis Supervisor: Dr. Ruth S Slack
Title of Project: The Unique Role of Pocket Proteins in Cortical Migration and
Axon Guidance.

2007 -9 Master’s of Science
Queen’s University, Department: Anatomy and Cell Biology GPA: 88.8
Thesis Supervisor: Dr. Michael D Kawaja
Title of Project: Proteomic Analysis of the Superior Mesenteric Ganglion and
Liver of Spontaneously Hypertensive Rats

2003 -7 Bachelor’s of Science
Cornell University, Department of Animal Science
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Clarkson University, Department of Biology
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Pocket proteins (pRb, p107 and p130) are well studied in their role of regulating cell cycle progression.
Increasing evidence suggests that these proteins also control early differentiation and even later stages of
cell maturation, such as migration. However, pocket proteins also regulate apoptosis, and many of the
developmental defects in knock out models have been attributed to increased cell death. Here, we
eliminate ectopic apoptosis in the developing brain through the deletion of Bax, and show that pocket
proteins are required for radial migration independent of their role in cell death regulation. Following
loss of pRb and p107, a population of cortical neurons fails to pass through the intermediate zone into the
cortical plate. Importantly, these neurons are born at the appropriate time and this migration defect
cannot be rescued by eliminating ectopic cell death. In addition, we show that pRb and p107 regulate
radial migration through a cell autonomous mechanism since pRb/p107 deficient neurons fail to migrate
to the correct cortical layer within a wild type brain. These results define a novel role of pocket proteins
in regulating cortical lamination through a cell autonomous mechanism independent of their role in

apoptosis.

© 2013 Elsevier Inc. All rights reserved.

Introduction

Activating neurogenesis is a promising strategy for rehabilitating
damage following traumatic injury or neurodegenerative disease.
However, to use this therapeutic tool effectively it is crucial to
understand the mechanisms which regulate neuronal birth and
maturation. The retinoblastoma protein (pRb), together with its two
family members p107 and p130, controls cell cycle progression and
terminal mitosis (Ferguson and Slack, 2001; Giacinti and Giordano,
2006). However, it remains unclear whether the pocket protein
family plays additional roles in later stages of neuron maturation,
such as terminal differentiation and migration.

During normal brain development, proliferating neural precursor
cells in the ventricular and subventricular zones exit the cell cycle
and migrate dorsally through the intermediate zone, into the cortical
plate (Nowakowski et al., 2002). The first neurons born are the Cajal
Retzuis cells of layer I (Garcia-Moreno et al., 2007), which guide later
born migrating neurons through secretion of Reelin (Honda et al,
2011). These neurons migrate radially to the top of the cortical plate
and reside in an “inside-out” pattern with the youngest neurons in
the uppermost layers.

* Corresponding author. Fax: +1 613 562 5434.
E-mail addresses: rslack@uottawa.ca, jmaclaur@uottawa.ca (R.S. Slack).
! Current address: VisualSonics Inc, Toronto, Ont., Canada M4N 3N1.

0012-1606/$ - see front matter © 2013 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ydbio.2013.09.015

It is now well established that pocket proteins regulate both
proliferation and cell death. In addition, increasing evidence
suggests that cell cycle proteins also influence later stages of brain
development (Nguyen et al.,, 2006; Tury et al., 2011), such as
cortical plate formation (Ferguson et al., 2005; McClellan et al.,
2007). Understanding developmental phenotypes in knockout
models is complicated by increased apoptosis following pRb
deletion through the E2F1/p53 pathway; thus it is often unknown
whether a defect in cell maturation is due to a novel function of
pRb or is an indirect result of this ectopic cell death. For example,
Ciavarra and colleagues found a defect in pRb-null cardiomyocyte
maturation, yet were able to completely rescue the phenotype by
preventing apoptosis through expression of the anti-apoptotic
protein Bcl2 (Ciavarra and Zacksenhaus, 2010). In contrast, Chen
et al. found that rescuing cell death and through E2F1 deletion
does not rescue maturation defects in amacrine cells in the
developing retina (Chen et al., 2007). Cell death has been shown
to cause severe developmental defects in pRb null animals in the
retina (Chen et al.,, 2004), cerebellum, (Feddersen et al., 1995;
Padmanabhan et al., 1999; Marino et al., 2003), and the Organ of
Corti (Sage et al., 2006). Similarly, in cases where morphological or
functional defects were reported in pRb-null cells (Lee et al., 1994;
Sage et al., 2006), it was often not possible to determine whether
these differentiation defects were a secondary result of the
increased cell death or represented a separate Rb function. Finally,
we have previously shown that pRb deletion led to a defect in
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cortical lamination, where the delineation between the cortical
plate and the intermediate zone was obscured; we were unable to
determine whether this phenotype resulted from the established
role of pocket proteins in cell death (Ferguson et al., 2005;
McClellan et al., 2007). As examples of cell death dependent and
independent developmental defects have been reported following
loss of pocket proteins, the role of pRb and p107 in neuron
maturation independent of cell death therefore remains an unan-
swered question in the field.

In the present study, we asked whether radial migration in the
developing cortex is modulated by pocket proteins, independently
from their role in cell death regulation. The pRb/p107 double
mutants were used to avoid compensatory effects of p107 in pRb
deficient tissues (Marino et al., 2003; Chen et al., 2004; Berman
et al., 2009). The contribution of apoptosis in the cortical migration
phenotype observed in pRb/p107 double mutants, was evaluated
by crossing these mice with animals carrying a null allele for Bax, a
key apoptotic protein (Gavathiotis et al., 2012). Here we show a
defect in the migration of cortical neurons lacking pocket proteins
pRb and p107, which could not be attributed to failed cell cycle exit
or unchecked apoptosis. Notably, deletion of Bax did not rescue
the defect in radial migration, despite the fact that apoptosis was
returned to wild type levels. Furthermore, we show that pocket
proteins regulate radial migration through cell autonomous
mechanisms since in utero electroporation of Cre leads to migra-
tion defects in p107/pRb deficient neurons in the context of an
otherwise healthy brain. Overall, we show that pRb and p107 play
an essential role in the regulation of radial migration, independent
of their role in apoptosis.

Materials and methods
Mice

pRb/p107 DKO mice were generated by crossing floxed Rb-F19
(Vooijs et al., 1998; Marino et al., 2000) with p107 germline
knockout mice (LeCouter et al., 1998). DKO mice were then crossed
with Emx1-cre mice (Jackson Laboratories) to delete pRb specifi-
cally in the dorsal telencephalon. Mice were maintained on a
mixed C57/BI6/FVBN/Sv129 background and genotyped according
to standard protocols with previously published primers for Rb
(Jacks et al., 1992) and p107 (LeCouter et al., 1998). pRb f/f; p107
—|— females were crossed with pRb f/+; p107 +/—; Emx1-Cre+
males to generate wild type pRb f/+; p107 +/—; Emx1-Cre+
(WT), pRb f/f; p107 +/—; Emx1-Cre+ (RBKO), pRb f/+; p107
—[—; Emx1-Cre+ (p107KO) and double knock out pRb f/f; p107
—[—; Emx1-Cre+ (DKO) littermates. For embryonic time points,
the time of plug identification was counted as embryonic day 0.5
(EQ.5). Due to pRb autoregulation (Shan et al., 1994), pRb expres-
sion in heterozygous mice is similar to that of wild-type controls.
DKO-Bax — [ — mice were bred by crossing pRb f/f; p107 —/— mice
with Bax —/— mice (Jackson Laboratories) to generate pRb f/f;
p107 —/—; Bax —/— females. These females were crossed with
pRb f/+; p107 +/—; Bax +/—; Emx1-Cre+ males. These mice
were also on a mixed C57/BI6/FVBN/Sv129 background. All experi-
ments were approved by the University of Ottawa’s Animal Care
ethics committee, adhering to the Guidelines of the Canadian
Council on Animal Care.

Tissue fixation and cryoprotection

Pregnant female mice were killed with a lethal injection of sodium
pentobarbitol. PO pups were killed by decapitation. Embryos were
dissected and fixed overnight in 4% PFA in PBS, pH 74, and
cryoprotected using a sucrose gradient of 10%, 15% and 20% in PBS.

Brains were frozen, and 14-um coronal cryosections were collected on
Superfrost Plus slides (12-550-15; Fisher Scientific).

BrdU labeling and immunohistochemistry

To mark neurons born at E13.5, a single intraperitoneal injec-
tion of BrdU (dissolved in 0.007 N/NaOH in 0.9% NaCl; 50 mg/kg
body mass) was given to timed pregnant females at E13.5. Injected
females were euthanized at E17.5 or pups were collected on the
morning after birth (PO).

For all cell counts, images were taken from matching tissue
sections, cut at equivalent locations along the rostro-caudal axis of
the brain on the first section where a complete anterior commis-
sure was visible crossing the midline. Images were taken from a
portion of the cortex in between the dorsomedial and ventrolat-
eral cortex, just as the cortex begins to slope downwards. For total
cell counts, slides were treated with the Dako antigen retrieval
protocol according to the manufacturer's protocol for 30 min and
treated with combinations of the following antibodies: Cux1
(layers II-1V (Nieto et al., 2004); 1/100; Santa Cruz), FoxP1 (layers
II/IV (Ferland et al., 2003); 1/750; Abcam), Ki67 (1/100; Cell
Marque), Nestin (1/500; Abcam), SatB2 (layers II-IV (Britanova
et al,, 2008); 1/500; Abcam), Tbr1 (layer V/VI (Hevner et al., 2001);
1/1000; Abcam). Once equivalent sections of the cortex were
identified and imaged, a 200 pm wide column of cortical tissue
(450 um for FoxP1 counts) was delineated within the image,
extending vertically from the top of the cortical plate down
through the ventricular zone. All cells expressing the marker of
interest within this column were counted and binned according to
their anatomical layer. Cortical layers were identified as follows:
layer Il was defined as being marked by Cux1 and/or Satb2, but not
by FoxP1. Layer III/IV was identified as expressing FoxP1 but not
Tbr1. Layers V/VI were defined as expressing Tbr1. For total cell
counts, cells were counted as being located either in the upper
layers (II-IV) or lower layers (V/VI). For BrdU counts, BrdU
detection was performed according to Ferguson et al. (2002),
followed by Dako treatment for 15 min. Slides were then treated
with combinations of the same antibodies, colabeling with anti-
BrdU (1/250; Accurate Chemical and Scientific Corporation). All
cells labeled with BrdU+, and with Foxp1 or SatB2 for co-labeling
studies, were counted in 150 um column of the cortex extending
vertically from the top of the cortical plate through the ventricular
zone, as described above. One-way ANOVA with Bonferroni was
performed for all graphs in every figure. Significant differences
were assessed at values of p < 0.05. Four or five animals were used
for each genotype at each age.

For Cajal Retzius cell counts, equivalent rostro-caudal sections
were stained with Reelin (1/1000; Abcam) and Calretinin (1/500;
Swant), two markers of Cajal Retzius cells. Six images of layer I of
the cortex were taken from three different brain sections at 40 x,
covering a total distance of 1400 um for each embryo. Only cells
positive for both Reelin and Calretinin were counted. Cells from
the six images were totaled for each animal, and totals for animals
of the same genotype were averaged. Four to six animals were
used for each genotype.

TUNEL staining

Apoptotic cells were detected in equivalent rostro-caudal brain
sections at E17.5 by TUNEL using the Terminal Transferase Recom-
binant Kit (Roche Applied Science) together with dUTP-16-Biotin
(Roche Applied Science) according to the manufacturer’s protocol.
In each brain, 6 fields of view were counted at 20 x and the total
number of TUNEL positive cells was totaled for each animal. Fields
of view were located in the same part of the cortex in each animal
to ensure consistency. One-way ANOVA with Bonferroni was

289



D.S. Svoboda et al. / Developmental Biology 384 (2013) 101-113 103

performed to compare the mean numbers of TUNEL-positive cells
and significant differences were assessed at values of p < 0.05.

Western blots

Protein was isolated from the dorsal cortex or ganglionic
eminence at E15.5 and western blot analyses performed as
previously described (Ferguson et al. 2002) with antibodies
directed toward pRb (1/1000; PharMingen), p107 (1/1000;
Santa Cruz), Bax (1/1000; Santa Cruz) and g-actin (1/5000; Sigma).

In utero electroporation

Pups of pregnant DKO females were electroporated at E13.5
with a plasmid containing Cre fused to GFP under control of the
pPCAAG promoter. The fused Cre was used so that GFP would be
localized to the nucleus to facilitate image analysis. Plasmids were
prepped using the Qiagen Megaprep Kit, diluted to 2 pg/ul in
sterile H,O and mixed with trace amounts of Trypan Blue dye. The
plasmid was injected into the lateral ventricle of the brain using an
Eppendorf Femtojet Microinjector and electroporated into the
dorsolateral cortex using a BTX ECM 830 Square Wave Electro-
porator. Animals were sacrificed 4 days later at E17.5. For analysis,
electroporated sections at equivalent rostro-caudal levels of the
brain, relative to the corpus callosum and anterior commissure,
were selected. Tissue sections were treated with hot, non-boiling
citric acid for 15 min and then stained with antibodies against GFP
(1/4000; Abcam), FoxP1 (1/750) and Tbr1 (1/500). Amplification
was performed on the GFP signal using the Avidin-Biotin Complex
(ABC) kit according to the manufacturer’s protocol (Vector Labora-
tories). Briefly, following binding of secondary IgG, slides were
treated with 3% H,0, for 30 min, followed by incubation with ABC
complex for 1 h. Finally slides were exposed to the Fluorescein
Tyramide Reagent (Perkin Elmer) for 10 min. For counts, all GFP+
neurons which had reached the cortex were counted in two
sections per brain. Neurons were binned according to whether
they were found in layers II, (defined as being dorsal to FoxP1
staining), layer III/IV (within the Foxpl+ layer) or layer V/VI
(within the Tbr1+ layer). GFP+ cells below the cortex were
counted but not included in calculations since there was no
difference between genotypes.

Results

PRb/p107 double knock out (DKO) embryos exhibit a defect in cortical
lamination in vivo

We have previously described minor defects in cortical lamina-
tion following loss of pRb in the developing brain (Ferguson et al.,
2005; McClellan et al., 2007). However, members of the pocket
protein family are known to compensate for each other in knock
out models (Chen et al., 2004; Haigis et al., 2006; Berman et al.,
2009), so the full role of pocket proteins in radial migration has
never been defined. To characterize the role of pRb and p107 in
establishment of the cortical plate, we examined the cortical layers
of pRb f/f; p107 — /| —; Emx1-Cre+ double knockout (DKO), pRb f/f;
p107+/—; Emx1-Cre+ single knock out (RBKO), pRb f/+;p107 —/—;
Emx1-Cre+ (p107KO) and pRb+/f; p107+/—; Emx1-Cre+ wild
type (WT) brains at E17.5, with the use of cortical layer-
specific markers. Deletion of pRb and p107 was confirmed via
Western blot at E15.5 (Fig. 1A, B). Cortical layers were defined
according to the following method: the delineation between the
intermediate zone and the cortical plate was defined as the clear
line between high cell density and low density according to Dapi
staining (Fig. 1C, D white and red lines), while the delineation

between upper and lower layers was defined as the top of Tbr1
staining. Where relevant, layer Il was defined as expressing Cux1
but not FoxP1, while layer III/IV was defined as expressing FoxP1
but not Tbhr1. In DKO animals, where low levels of Tbr1 staining
sometimes extended into the upper cortical layers, or there was a
scattering of Tbr1+ cells in the upper layers, the delineation
between layers was defined as the top of intense, high cell density
Tbr1l staining. In WT, p107KO and RBKO brains, upper layer
markers FoxP1 (layers III/IV) and SatB2 (layers II-1V) (data not
shown) were confined to their expected locations. In DKO brains,
however, a population of cells expressing these upper layer
markers was found below the cortical plate in the intermediate
zone, with a corresponding 34.4% decrease in the average number
of FoxP1+ neurons in the upper layers of the cortical plate (Fig. 1C, F).
Note that FoxP1 is normally only expressed in mature neurons
which have reached their final location (Ferland et al., 2003).
Cortical lamination in p107KO brains was indistinguishable from
that in WT brains (data not shown). These observations suggest
that pRb and p107 play a necessary role in radial migration and
cortical lamination.

As FoxP1 cell numbers were decreased in the DKO cortical
plate, we further investigated whether pocket proteins have a
specific role in the development of the upper cortical layers.
To test this, we asked whether layer Il formed normally, using a
more comprehensive upper layer marker CuxlI (layers II-1V), which
in our wild type mice is found above FoxP1 staining. Our results
revealed a 50% decrease in the number of Cux1 cells in layers I[I-1V
of DKO brains compared to WT animals (Fig. 1C, E). Cux1 counts
could not be done in layers V/VI since recently born neurons
migrating through this area express Cux1 (Nieto et al., 2004) and
could not be differentiated from misplaced neurons, which failed
to migrate correctly.

Interestingly, there was no difference in the number of Tbr1+
neurons in layers V/VI (defined by Dapi staining), although there
was an increase in the number of Tbr1+ neurons in the IZ and the
Tbr1l layer appeared disorganized in DKO brains (Fig. 1C, G).
Consistent with the layer specific changes in neuron number, the
thickness of the upper layers is reduced in DKO brains relative to
WT brains, with no change in the thickness of the lower layers
(Fig. 1D, H). The total thickness of the cortical plate was not
different between WT and DKO brains since there was a non-
significant increase in the thickness of the subventricular zone in
the DKO to compensate for the decrease in thickness of layers II-IV
(Fig. 1D, H). As the upper layer neurons are visibly split into two
populations, with an associated drop in the number of layer II
neurons reaching the cortical plate, the migration phenotype in
these later born neurons in DKO brains is much more striking and
severe than in the early born neurons in the layer V/VI. For this
reason, we chose to focus our studies on the formation of layers II-1V.
These findings suggest that the pocket proteins pRb and p107 are
required for the proper migration or specification of upper cortical
layer neurons.

One potential explanation for this defect in lamination is that
radial migration is delayed due to a delay in cell cycle exit. If
neurons migrate normally following a delayed cell cycle exit, the
defect should be corrected with further development. To deter-
mine if these migrating neurons reach their layer II/IV destination
at a later age, we examined cortical lamination two days later at
PO. At this later time point, misplaced FoxP1+ neurons were still
found in the intermediate zone of DKO, but not RBKO or WT brains
(Fig. 2A, D). Importantly, the numbers of FoxP1+ cells in the
intermediate zone at PO and at E17.5 were similar, with 256 + 40
FoxP1+ cells in DKO brains at E17.5, and 293 + 43 FoxP1+ cells in
this same region at PO, indicating that there is not even a small
rescue of this phenotype. Furthermore, there was still a 33%
decrease in the number of FoxP1 neurons (Fig. 2D) and a 41%
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Fig. 1. Cortical neurons are mislocalized in Rb/p107 double knock out (DKO) mice. (A-E) Expression of cortical layer markers was examined in pRb f/+; p107 +/— (WT), pRb
f/f; p107 +/— (RBKO) and pRb f/f; p107 —/— (DKO) brains at E17.5. Deletion of pRb and p107 expression in the E15.5 cortex was confirmed in the Emx1-cre model by
Western blot (A). pRb deletion was specific to the dorsal telencephalon as expected, since it was not deleted in tissue collected for the ventral telencephalon (B). (C) Brains
were stained for Cux1 (blue; marker of layer II), FoxP1 (red; marker of layer III/IV), Tbr1 (green; marker of layer V/VI) and Dapi (gray; nuclear stain). Low power Dapi images
are provided to illustrate gross anatomy of the cortical plate (D). We observed a population of cells expressing FoxP1 in the intermediate zone of DKO embryos (arrow), but
not WT or RBKO embryos, with a concurrent decrease in the number of FoxP1+ neurons in layers II-1V of the cortex in DKO brains relative to both RBKO and WT brains (F)
(layers II-1V were defined as being above the Tbr1+ layers; layers V/VI were defined as expressing Tbr1). Cells were counted in a 450 pm wide (FoxP1) or 200 pm wide (Cux1
and Tbr1) column of cortex extending from the top of the cortical plate to the ventricular zone. The delineation between the cortical plate and intermediate zone, defined
using Dapi staining, is shown with a white line (red line in the Dapi panel). An inset is provided below the merged images to show nuclear staining in greater detail. There
was a similar decrease in the number of cells expressing Cux1 in DKO brains compared to both WT and RBKO brains (E). Tbr1 cells were found to be disorganized and
increased in the intermediate zone but there was no change in the number of Tbr1 cells in the cortical plate (G). Thickness of the upper cortical layers was found to be
decreased in DKO brains compared to WT brains (H) with no difference in thickness of lower layers. Three to five embryos were used for each phenotype. C=Cortex
[Z=Intermediate Zone SVZ=Subventricular Zone Error bars show standard deviation. ***p < 0.001; **p < 0.01; *p < 0.05. (A) Scale bar=100 um and (B) scale bar=200 pm.
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Fig. 2. Cortical neuron mislocalization is not corrected. To determine whether the migration defect was due to a delay in migration, expression of cortical layer markers was
examined at PO. Brains were stained for Cux1 (blue; marker of layer II), FoxP1 (red; marker of layer III/IV), Tbr1 (green; marker of layer V/VI) and Dapi (gray; nuclear stain)
(A). Low power Dapi images are provided to illustrate gross anatomy of the cortical plate (B). The population of FoxP1+ cells in the intermediate zone of DKO embryos seen
at E17.5 (Fig. 1) was still present at PO (arrow), and there was still a decrease in FoxP1+ cells (D) and Cux 1+ cells (C) within the cortical plate. Cells were counted in a
450 um wide (FoxP1) or 200 um wide (Cux1 and Tbr1) column of cortex extending from the top of the cortical plate to the ventricular zone. The delineation between the
cortical plate and intermediate zone, defined using Dapi staining, is shown with a white line (red line in the Dapi panel). An inset is provided below the merged images to
show nuclear staining. Thickness of the upper cortical layers was found to be decreased in DKO brains compared to WT brains (F) as shown at a lower magnification (10x)
Dapi image (B). C=Cortex [Z=Intermediate Zone SVZ=Subventricular Zone Three to five embryos were used for each phenotype. Error bars show standard deviation.

*p <0.001; **p < 0.01; *p <0.05. (A) Scale bar=100 pm and (B) scale bar=200 pm.

decrease in the number of Cux1 neurons (Fig. 2C) in the upper
layers of DKO brains relative to WT brains, as well as a 40%
decrease in thickness of the upper layers (Fig. 2F). As seen at E17.5,
there was an increase in the thickness of the subventricular zone
in DKO brains to compensate for this decrease in the thickness if
the upper layers. Again, there was no detectable decrease in the

number of Tbr1 neurons within layer V/VI, although there was an
increase in Tbr1+ neurons in the intermediate zone (Fig. 2E).
Although it would have been useful to determine if cortical
lamination was corrected at P7, when migration is complete in
the mouse, this was not possible due to neonatal lethality of the
DKO pups. Together, these findings show that the misplacement of
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the cortical neurons in DKO brains is not due to a delay in
migration. Again, since delayed migration due to delayed cell cycle
exit would have been corrected, this data also indicates that the
errors in migration in the DKO are unlikely to result simply from
delayed cell cycle dynamics in affected cells.

Pocket proteins are required for radial migration of upper layer
neurons

To resolve whether the Foxp1+ cells in the DKO intermediate zone
were fated for the cortical plate, we performed a birthdating assay to
determine if these neurons had exited the cell cycle at a time
appropriate for neurons of the upper cortical layers. Pregnant mothers
were injected with BrdU at E13.5 and embryos were collected at E17.5
or PO. BrdU injection was done at E13.5 because, on our mouse
background strain, this time point revealed the highest level of
colocalization with upper layer markers, while later injections at
E15.5 targeted neurons still migrating through the intermediate zone.
We then analyzed the location of neurons born at E13.5 to determine
whether these neurons had migrated into the cortex or remained
stalled in the intermediate zone. In WT and RBKO brains, 78.6 + 8%
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and 83.9 + 11% of the BrdU+ cells were found in the cortical plate,
respectively, while only 43.7 + 5% of the BrdU+ cells reached the
cortical plate in the DKO brains (Fig. 3A, B). Due to variation in BrdU
labeling between litters, total BrdU+ cell counts for all layers ranged
from 248 + 46 (average + SD) cells in DKO brains, 186 + 74 in RBKO,
and 250 + 102 in WT. At PO, 97.6 + 2% of BrdU+ cells reached the
cortical plate in WT brains, but only 51.8 + 1% of BrdU+ cells reached
the same destination in DKO brains (Fig. 3E, F). Total cell counts ranged
between 208 + 24 in DKO, 177 +27 in RBKO and 149 +40 in WT.
Similar results were found when the locations of double stained
BrdU+ /SatB2+ (Fig. 3C, G) or BrdU+ [FoxP1+ (data not shown) cells
were quantified, with 91 4+ 33 FoxP1+ /BrdU+ and 133 + 43 SatB2+/
BrdU+ total cells counted per brain regardless of genotype or age.
There was no difference in the percentage of BrdU+ cells which co-
labeled with SatB2 at either E17.5 or PO, indicating that the identity of
the cells born at E13.5 is similar in WT and DKO brains (Fig. 3D, H).
These results show that the misplaced Foxpl+ cells in the inter-
mediate zone of DKO brains were born at the correct time for upper
layer cortical neurons, but were unable to migrate to the correct
location. This evidence supports the hypothesis that pocket proteins
play a direct role in regulating radial migration.

WT inset

DKO inset

(npag/L91)
19sU]|

Fig. 4. Assessment of cell cycle exit in misplaced neurons of DKO brains. (A) To determine if misplaced neurons in the intermediate zone inappropriately express the cell
cycle marker Ki67, pregnant females were injected at E13.5 and pups collected at E17.5. Sections were stained for BrdU incorporation (green), Ki67 (blue) and SatB2 (red). The
percentage of BrdU+ cells, born 4 days prior to tissue collection, which do not stain for Ki67 were quantified (B). Cells were counted in a 450 um wide strip of cortex
extending from the top of the cortical plate to just above the subventricular zone. In both WT and DKO brains, at least 97% of the BrdU+ neurons did not express Ki67,
indicating that they have left the cell cycle. High magnification insets (right side of A) show examples of a BrdU~+ /Ki67- neurons (arrowheads) and BrdU— /Ki67 + neurons
(arrows). Overlay is shown with SatB2 staining to show the location of the layers. Three to five embryos were used for each phenotype. Error bars show standard deviation.

*p < 0.05. Scale bars=100 pm.
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Misplaced neurons in the DKO intermediate zone have exited the cell
cycle

Many of the developmental phenotypes described in pRb
mutants result from defects in cell cycle exit, even in cells
expressing markers normally associated with terminal differentia-
tion (Chen et al., 2004; Haigis et al., 2006; Berman et al., 2009).
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To determine whether the migration defect in DKO embryos
results from misplaced neurons having failed to exit the cell cycle,
we injected pregnant mothers with BrdU at E13.5 and collected
brains at E17.5, as described above, and examined whether BrdU +
neurons expressed the cell cycle progression marker Ki67. We
found that 98 + 0.4% of BrdU+ cells in DKO brains no longer
expressed Ki67 (Fig. 4), compared to 99.8 + 0.1% of BrdU+ cells in
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Fig. 5. The migration defect in DKO brains is not due to increased cell death. To determine if the migration defect is due to increased apoptosis, cortical lamination was
examined in DKO;Bax —/— brains at E17.5. (A,B) TUNEL staining was used to confirm that the increase in cell death seen in DKO brains was returned to wild type levels in
DKO;Bax —/— brains. (C) Deletion of Bax in cortical tissue was confirmed by Western blot at E17.5. (D) Cortical lamination was examined by staining for Cux1 (blue; marker
of layer II-1V), FoxP1 (red; marker of layer III/IV), Tbr1 (green; marker of layer V/VI) and Dapi (gray; nuclear stain). The delineation between the cortical plate and
intermediate zone, defined using Dapi staining, is shown with a white line (red line in the Dapi panel). The population of FoxP1+ cells in the intermediate zone of DKO
brains is maintained in DKO;Bax—/— brains (arrow). Quantification of FoxP1 cells (F), Cux1+ cells (E), and cortical thickness (G) showed no difference between DKO and
DKO;Bax brains, indicating that rescuing cell death failed to rescue these phenotypes. Quantifications were done the same way as those described in Fig. 1. Error bars show

standard deviation. ***p < 0.001; **p < 0.01; *p < 0.05. Scale bars=100 pm.
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WT brains (203 + 55 cells counted per brain). Although there are
significantly more Ki67+ /BrdU+ cells in DKO brains, these cells
represent such a small percentage of the total BrdU+ cells that
they could not account for the observed migration phenotype.
Furthermore, the 2% of BrdU+ cells which do express Ki67 were
evenly distributed throughout the cortex and intermediate zone,
rather than concentrated in the intermediate zone like the mis-
placed FoxP1+ neurons. Together, the observations that radial
migration does not correct with time and that misplaced neurons
have exited the cell cycle by E17.5, suggest that the defect in
migration in DKO brains is not due to ectopic proliferation or a
failure to exit the cell cycle.

Inhibition of cell death does not rescue the migration defect in DKO
neurons

PRb loss has been shown to lead to increased apoptosis which
may cause or accentuate many of the phenotypes described in
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RBKO mutants (Lee et al., 1994; Feddersen et al., 1995; Chen et al,,
2004; MacPherson et al., 2004; Berman et al., 2009; Wu et al,,
2009; Ciavarra and Zacksenhaus, 2010), while in other cases
maturation defects are cell death independent (Chen et al,
2007). It remains an outstanding question whether pocket pro-
teins regulate post-mitotic cell maturation directly or if this role is
attributable to the role of pRb in apoptosis. We have previously
shown that the defect in radial migration in the RBKO mutant
coincides with a decrease in Cajal Retzius cells (Ferguson et al.,
2005; McClellan et al., 2007). However, it remains unknown
whether the defect in radial migration shown in Figs. 1 and 2 is
a result of deregulated apoptosis following loss of pRb and p107, or
whether these pocket proteins regulate radial migration directly.
To determine whether migration is impaired in DKO brains due to
increased apoptosis and subsequent loss of a crucial migratory
signal, we crossed the pRb/p107 DKO mice with Bax —/— mice to
generate DKO;Bax —/— mice and examined cortical lamination at
E17.5. First, we used TUNEL staining to confirm that the increased
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Fig. 6. Pocket proteins regulate radial migration through a cell autonomous mechanism. (A,B) To determine if the migration defect correlated with a decrease in Cajal Retzius
cells, WT, RBKO, DKO and DKO;Bax — [ — brains were stained for Reelin (green) and Calretinin (red) at E17.5. All double labeled cells in the marginal zone (MZ) were counted
in a total of 1400 um per brain (B). Scale bars=50 um. (C) To determine if pocket proteins regulate radial migration cell autonomously, pRb f/f;p107 —/— and pRb f/+;
p107 —/+ embryos were electroporated in utero at E13.5 and brains were collected at E17.5. The location of GFP+ neurons was quantified according to cortical layer. Layer II
was defined as being above FoxP1 staining (red), layer III/IV was defined as within FoxP1+ staining, above Tbr1+ (blue) and layer V/VI was defined as within the Tbr1+
layer (D). We show that a portion pRb/p107 deficient neurons fail to reach layer II but instead remain in layer III/IV. (E) Cajal Retzius cells were normal in all electroporated
brains, which emphasizes that Reelin signaling is not involved in this migration defect. ***p < 0.001; **p < 0.01; *p < 0.05. Scale bars=100 pm.
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levels of cell death seen in DKO brains was rescued to wild type
levels following deletion of Bax (Fig. 5A-C). We then asked if
cortical migration was rescued in DKO;Bax —/— brains by staining
for layer specific markers. Deletion of Bax did not rescue the
migration defect, as no differences in cortical lamination or layer
specific cell counts could be found between DKO and DKO;Bax—[—
embryos (Fig. 5D-G) (counts were performed as described for
Fig. 1). Specifically, DKO;Bax—/— brains have an average of
302 + 36 FoxP1+ neurons stalled in the intermediate zone, with
a corresponding 35% decrease in the number of FoxP1+ neurons
in layers II-IV compared to WT. There is a 50% decrease in the
number of Cux1+ cells in the upper layers and a 30% decrease in
cortical thickness compared to WT, as seen in absence of pRb/p107
alone. Loss of Bax alone could therefore not account for these
phenotypes, as there was no difference in FoxP1 or Cuxl1 cell
number or localization, or cortical thickness between Bax+/+ and
Bax —/— brains (these brains were wild type for pRb and p107)
(Fig. S1). This evidence indicates that apoptosis cannot account for
the migration defect in DKO embryos and that pocket proteins
influence cortical lamination and neuron migration through a
mechanism that is independent from its role in regulating neuron
survival.

Pocket proteins regulate cortical migration through a combination of
cell autonomous and environmental mechanisms

Given that the migration defect could not be rescued by inhibition
of apoptosis, we next asked whether pocket proteins regulate radial
migration through a cell autonomous mechanism, or whether the
migration defect is the result of a failing environment. We have
previously shown a decrease in Cajal Retzius cells in pRb mutants
(Ferguson et al.,, 2005; McClellan et al., 2007). As we had hypothe-
sized that loss of the migratory signal Reelin from these Cajal Retzius
cells might account for the lamination defect in RBKO brains, we
asked whether there was a further decrease in Cajal Retzius cells in
DKO and DKO-Bax—[— brains. Surprisingly, Cajal Retzius cells were
similarly decreased in both RBKO and DKO embryos, but the
migration defect is specific to DKO brains. Staining with two markers
of Cajal Retzius cells, Reelin and Calretinin, revealed a 65% and 58%
decrease in DKO and RBKO, respectively, which was not rescued by
Bax deficiency (also a 65% decrease in DKO;Bax — [ — brains) (Fig. 6A,
B). These results show that Cajal Retzius cell loss cannot explain the
migration phenotype and that pocket proteins regulate migration
through an alternative mechanism.

The radial glial scaffold provides structural support for migrat-
ing neurons. To determine whether defects in this scaffold are
responsible for the migration phenotype in DKO brains, we asked
whether this scaffold is intact in DKO brains by staining for Nestin.
We found that the glial scaffold appeared normal in both DKO and
WT brains (Fig. S2), indicating that these cells are unlikely to be
involved in the migration defect in DKO brains.

Cortical migration depends on a complex array of environ-
mental factors, such as secreted migratory cues (e.g. Reelin), intact
radial glial scaffolding, as well as cell autonomous factors, such as
migratory cue receptors and regulation of cytoskeletal dynamics.
To further pursue the mechanism by which pocket proteins
modulate cortical migration, we asked whether their role in
migration was cell autonomous. To address this question, we
performed in utero electroporation to track the migration of Rb/
p107 deficient neuroblasts in the context of a healthy environ-
ment, where migratory cues remain intact. Embryos (Rbf/f;
p107—/— and Rbf/+; p107+/—) were electroporated with Cre-
GFP at E13.5, and brains were collected 4 days later at E17.5. The
efficiency of Cre mediated recombination was confirmed both
in vivo and in vitro (data not shown). The location of GFP+
neurons relative to cortical layer markers FoxP1 and Tbrl was

analyzed. In WT brains, 65.8 +8.7% GFP+ neurons migrated to
layer II, and 23.9 + 7.1% were found in layer III/IV (Fig. 6C, D). In
DKO brains, however, only 43.2 + 7.6% of GFP+ neurons reached
layer II, with 40.4 + 4.9% of GFP+ neurons scattered throughout
layers III/IV. A minimum of 250 cells were counted for each brain.
Layer Il was defined as being above the FoxP1+ layer, while layer
IlI/IV was defined as being within the FoxP1+ layer, above the
Tbr1+ layer. There was no difference in the number of GFP+
neurons in the intermediate zone between the two phenotypes,
and no defect was seen in electroporated RBKO brains (data not
shown). Unlike in conditional knockouts (Fig. 6A), here there was
no difference in the number of Cajal Retzius cells between pRb f/f;
p107 —/— and wild type electroporated brains (Fig. GE). Given that
PRb/p107 deficient neurons failed to migrate correctly in a healthy
environment, we conclude that pocket proteins are essential to
modulate radial migration through a cell autonomous mechanism.

Discussion

In this study, we evaluated the role of pocket proteins pRb and
p107 in the regulation of radial migration in the developing cortex.
Our results support a number of conclusions. First, we present a
novel defect in radial migration which is specific to the pRb/p107
DKO brains. We then show that this defect is not due to unchecked
cell death, despite the importance of pocket proteins in regulating
apoptosis. Finally, we show that pRb and p107 regulate radial
migration through a combination of cell autonomous and non-cell
autonomous mechanisms. These results are summarized in Table 1.
Together, our results describe a novel function of pocket proteins in
regulating cortical plate formation in the developing brain.

PRb and p107 are required for radial migration in the developing
cortex

PRb is known to play a variety of roles during brain development,
namely control of cell cycle progression, apoptosis and early fate
specification (Jacks et al, 1992; Ferguson and Slack, 2001;
MacPherson et al, 2004; Vanderluit et al, 2004; McClellan and
Slack, 2006; Wu et al., 2009; Ghanem et al., 2012). Indeed, we have
shown that pRb regulates early differentiation factors and tangential
migration in ventrally derived neurons (Ferguson et al., 2005;
Andrusiak et al, 2011; Ghanem et al, 2012), independently of its
role in proliferation. pRb was also shown to be involved in cortical
lamination as deletion of pRb caused the normally well-organized
delineation between cortical plate and intermediate zone to become
indistinct (McClellan et al., 2007). However, p107 has been shown to
compensate for loss of pRb in various models (Marino et al., 2003;
Chen et al., 2004; Haigis et al., 2006; Berman et al., 2009). Pocket
proteins may therefore have additional roles in neuron maturation
which could not be detected in single knock-out models. To address

Table 1
Phenotype Summary.

WT RBKO DKO DKO;Bax—/—

FoxP1+ neurons in IZ - - ++ ++
Thinning of Cux+ layer - +  ++ ++
BrdU+ cells in 1Z — — ++ ND
Loss of CR cells - + + +

GFP+ neurons in layer III/IV following [UE  — — + ND

Negative sign indicates not observed,+indicates mild phenotype, and + + indi-
cates severe phenotype.

[Z=Intermediate Zone, CR=Cajal Retzius, ND=Not done, IUE=in utero
Electroporation.
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this issue, we used the pRb/p107 double knock out (DKO) mouse to
test the hypothesis that pocket proteins have more extensive roles in
radial migration in the developing brain.

Here we show a defect in radial migration in DKO brains with a
concurrent decrease in the number of upper layer neurons within
the cortical plate. Our data implies that the phenotype in DKO
brains is due to a primary defect in migration rather than the
result of a delay in cell cycle exit for two reasons. First, if the
misplaced neurons were migrating normally but were delayed
because they exited the cell cycle late, they would continue
migration and approach their destination at PO (Fig. 2), which
does not occur. Second, the misplaced neurons do not express the
cell cycle marker, Ki67 (Fig. 4); at E17.5, only 2% of the migrating
population exhibited ectopic proliferation. Together, these findings
suggest that the defect in radial migration does not result from
failed cell cycle exit. Whether this migration defect results from
other cell cycle related mechanisms, such as delayed exit, disrup-
tion of polarity or impaired precursor differentiation cannot be
determined at this time and requires further investigation.

In this study we have focused on the migration defect in the
upper layers neurons of DKO brains. However, there is also a defect
in lamination in the lower layers as seen by the increased Tbr1 +
neurons in the IZ of RBKO and DKO at E17.5 (Fig. 1). Interestingly,
this defect appears to be distinct from that seen in the upper
layers, since there is no decrease in the number of Tbr1+ neurons
which reach the cortical plate in DKO brains, as is seen with
FoxP1+ and Cux1+ neurons. Likewise there is no difference in the
thickness of the lower cortical layers between DKO and WT brains.
For these reasons, the defect in formation of layers V/VI cannot
result solely from Tbr1+ neurons failing to migrate through the
intermediate zone. An alternate possibility is that pocket proteins
control the relative rates of proliferation during development such
that neurogenesis is increased early when layers V/VI are formed,
but later slows when layers II-IV are formed. This increase in
neurogenesis would then account for the increased Tbr1+ neu-
rons in the intermediate zone, rather than, or in addition to, a
defect in migration of these neurons. At this point it is only
possible to conclude that pocket proteins regulate formation of
upper cortical layers differently than the formation of lower
cortical layers and further analysis is required to understand the
responsible mechanisms.

Pocket protein regulation of radial migration does not depend on cell
death

PRb was first identified as a tumor suppressor and has been
extensively studied in its role in regulation of cell division and
apoptosis (Chen et al., 2004; Lazzerini Denchi and Helin, 2005;
Giacinti and Giordano, 2006; Ciavarra and Zacksenhaus, 2010;
Gordon and Du, 2011; Manning and Dyson, 2012). Ectopic cell
death has been shown to contribute to many developmental
phenotypes in pRb knockout models (Feddersen et al., 1995;
Marino et al., 2003; Chen et al., 2004; MacPherson et al., 2004;
Sage et al,, 2006; Berman et al., 2009; Ciavarra and Zacksenhaus,
2010). Increased apoptosis found in pocket protein knock out
models is primarily due to deregulated E2F1 activity and subse-
quent activation of the p53 pathway (Macleod et al., 1996;
Lazzerini Denchi and Helin, 2005; Wu et al., 2009), although
increased apoptosis has been found to sometimes be p53 and
even E2F1 independent in the retina (MacPherson et al., 2004;
Chen et al,, 2013). pRb has also been shown to be crucial for
survival in post-mitotic neurons (Andrusiak et al., 2012). This dual
role of Rb in regulating both cell proliferation and death has
obscured our understanding of other important developmental
roles of pocket proteins. It was therefore unclear whether the

migration phenotype in the DKO brains was due to death of
cells providing regulatory signals necessary for radial migration,
or whether it represented a primary migratory function of pocket
proteins. To resolve this question, we eliminated this ectopic
apoptosis through deletion of the apoptotic regulator Bax
(Gavathiotis et al., 2012) in the DKO and determine whether the
defect radial migration persisted. Surprisingly, despite the fact that
cell death was successfully restored to wild type levels in the DKO;
Bax—/— brains (Fig. 5A), none of the migratory phenotypes
described in DKO brains were rescued by Bax deletion (Fig. 5D-G;
Table 1). The FoxP1+ cells are still present in the intermediate zone
of these DKO;Bax — [ — brains and the upper cortical layers were still
thinner, indicating that this migration defect does not result from
apoptosis. Furthermore, a migration defect was observed in GFP+
neurons following in utero electroporation of Cre (see below);
because these neurons migrate in a healthy environment, and have
clearly survived, cell death does not seem to be involved. This shows
that, in the developing brain, pocket proteins regulate migration and
apoptosis through separate, independent mechanisms.

Pocket proteins have a cell autonomous role in radial migration

We have previously shown that Cajal Retzius cells are decreased
in the RBKO mouse and hypothesized first, that these cells were lost
to apoptosis, and second that their loss was responsible for the
minor defect in radial migration. However, we show here that
deletion of Bax fails to rescue these Cajal Retzius cells (Fig. 6A) and
that there was no difference in the number Cajal Retzius cells
between RBKO and DKO mice (Fig. 6B). There are two possible
explanations for the absence of Cajal Retzius cells in DKO brains;
these cells could either be lost through an alternative apoptotic
pathway or there could be a defect in their differentiation following
loss of pRb and p107. Further experimentation is necessary in order
to distinguish between these scenarios. More importantly, the fact
that both RBKO and DKO brains show the same decrease in Cajal
Retzius cell number while only DKO brains have a migration defect
implies that the loss of Cajal Retzius cells cannot explain why a
subset of DKO neurons fails to pass through the intermediate zone.

Radial migration is dependent on numerous factors which can
be categorized as being either cell autonomous or non-cell
autonomous. Here we show that pocket proteins control radial
migration through a cell autonomous mechanism independent of
environmental factors through the use of in utero electroporation,
as the pRb and p107 deficient neurons failed to migrate correctly
through a healthy cortical plate. It should be noted that these
animals are genome knockouts for p107. However, since there is
no migration phenotype following p107 deletion (data not shown)
and there is no apparent defect in cortical lamination in non-
electroporated regions of the pRb flox/flox;p107 —/— electropo-
rated brains, we conclude that the defect requires the loss of both
pRb and p107 in GFP+ neurons.

Following pRb deletion in electroporated pRb flox/flox;p107 —/
— brains, GFP+ neurons reach the cortical plate but are highly
disorganized, while in DKO Emx1-Cre brains the misplaced neu-
rons fail to migrate past the intermediate zone. One possible
explanation for this difference is that pRb and p107 regulate
migration through a combination of cell autonomous and non-
cell autonomous mechanisms. In electroporated brains, the pRb/
p107 deficient neurons may have been able to reach the cortex
since environmental support was still intact, while in the full
cortex knockout both environmental and cell autonomous
mechanisms were compromised. For example, it is possible that,
in the DKO;Emx1-Cre+ cortex, the cell autonomous defect makes
these neurons more sensitive to the drop in Reelin and this
contributes to their failure to migrate through the intermediate
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zone, while in the RBKO cortex the low levels of Reelin are
sufficient. Another possibility is that the time required for Cre to
be expressed, excise pRb and for pRb target genes to become
deregulated, allows neurons electroporated at E13.5 have time to
pass through the intermediate zone and into the cortical plate
before migration is disrupted. Further experimentation is required
to fully understand the mechanism through which pocket proteins
regulate cortical migration.

These results represent the first description of a cell autono-
mous role of pRb in radial migration in the developing cortex. We
have shown in previous work that pRb is involved in tangential
migration of ventrally derived immature interneurons, also in a
cell autonomous manner through regulation of the Netrin receptor
Neogenin (Ferguson et al., 2005; McClellan et al., 2007; Andrusiak
et al., 2011). When considered together, these studies suggest that
neither phenotype is a single phenomenon but that pRb may
regulate migration in a wide variety of cell types. It remains to be
determined whether pocket proteins control migration in non-
neural cells, or whether migration is regulated through similar
mechanisms in different cell types. Further exploration into the
mechanisms through which pocket proteins regulate cell migra-
tion in various tissues will greatly increase our understanding of
how this protein family influences both normal development and
tumor formation.

In conclusion, these results demonstrate that pocket proteins
are required for radial migration. This is achieved through a
combination of cell autonomous and environmental factors which
are independent of cell death. These finding strongly support our
hypothesis that pocket proteins are important in later stages of
neuron maturation through mechanisms independent of their role
in cell cycle progression or apoptosis.
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Genetic deletion using the Cre-Lox system in transgenic mouse lines is a powerful tool used to study protein function. However, except in

very specific Cre models, deletion of a protein throughout a tissue or cell population often leads to complex phenotypes resulting from multiple
interacting mechanisms. Determining whether a phenotype results from disruption of a cell autonomous mechanism, which is intrinsic to the cell
in question, or from a non-cell autonomous mechanism, which would result from impairment of that cell’s environment, can be difficult to discern.
To gain insight into protein function in an in vivo context, in utero electroporation (IUE) enables gene deletion in a small subset of cells within the
developing cortex or some other selected brain region. IUE can be used to target specific brain areas, including the dorsal telencephalon, medial
telencephalon, hippocampus, or ganglionic eminence. This facilitates observation of the consequences of cell autonomous gene deletion in the
context of a healthy environment. The goal of this protocol is to show how IUE can be used to analyze a defect in radial migration in a floxed
transgenic mouse line, with an emphasis on distinguishing between the cell autonomous and non-cell autonomous effects of protein deletion.

By comparing the phenotype resulting from gene deletion within the entire cortex versus IUE-mediated gene deletion in a limited cell population,
greater insight into protein function in brain development can be obtained than by using either technique in isolation.

Video Link

The video component of this article can be found at http://www.jove.com/video/51983/

Introduction

Radial migration is a central process to early cortical development. It depends on a variety of cell autonomous factors, such as correct mitotic
exit and neuronal differentiation, cell polarity, regulation of cytoskeletal dynamics and expression of transmembrane receptors as well as non-
cell autonomous factors, such as formation of the radial glial scaffold and secretlon of migratory guidance molecules'™. Since disruption of any
of these mechanisms can impair neuronal migration in a transgenic mouse model 48 , determining the underlying cause of a defect in migration
can be a complex and difficult process. In utero electroporation (IUE) can be used to complement and S|mpI|fy interpretation of the phenotype of
a genetic knock-out model and thereby elucidate important mechanisms required for radial mlgratlon

In utero electroporation (IUE) is the process by which a plasmid carrying both a gene of interest and a reporter is injected into the ventricle

in the brain of a mouse or rat embryo and then drawn into the cells lining the ventricle through use of an electric current'?", This allows the
investigator to analyze the effect of up or down regulatlon of a gene of interest in development or function of electroporated neurons. Following
IUE, brains can be processed for immunohistochemistry ™ 7o electrophysmlogy 5 or cell culture "®"". The major advantage of IUE is that is
allows for highly specific manipulation of gene expression. Furthermore IUE can be used to target a specific region of the developing brain
through a directed current (Figure 2). IUE can also be used to target a specific cell type through injection of plasmlds carrylng genes under
control of various promoters or plasmid activation systems (tetracycline induced gene expression is an example) .

IUE can be used in conjunction with the Cre-Lox mediated gene excision system a2z A plasmid containing a gene encoding the message for

the Cre protein can be electroporated into an embryo homozygous for the floxed allele (in which the gene or specific DNA regions are flanked

by two loxP sites for Cre mediated DNA recombination). Cre will then induce recombination of the gene of interest specifically in electroporated
neural precursors, generating a knock-out of the floxed allele.The effect of protein knockdown on neural migration and development within
individual neurons can then be studied. Electroporation of Cre induces recombination in only a small population of affected cells, leaving the
supporting environment intact. In contrast, tissue specific expression of Cre under control of a cell type specific promoter, occurs throughout

the entire tissue so that both migrating neuroblasts and the surrounding environment could be affected. Thus, juxtaposition of these two
approaches can determine whether a given migration defect is due to cell autonomous or cell non-autonomous mechanisms. Defective migration
in both experimental systems suggests that the observed phenotype results from a cell autonomous mechanism; normal migration following
electroporation of Cre with defective migration in a tissue specific Cre model indicates that the gene of interest is acting through a non-cell
autonomous mechanism.

Copyright © 2015 Journal of Visualized Experiments January 2015 | 95 | e51983 | Page 1 of 11


http://www.jove.com
http://www.jove.com
http://www.jove.com
mailto:ssvob026@uottawa.ca
mailto:rslack@uottawa.ca
http://www.jove.com/video/51983
http://dx.doi.org/10.3791/51983
http://www.jove.com/video/51983/

302

L]
lee Journal of Visualized Experiments www.jove.com

IUE can also be used to perform rescue experiments by electroporating potential interacting genes into knock out animals 7910 For example,

an investigator could attempt to rescue a migration phenotype in a transgenic model by electroporating a downstream target and determining

if the migration defect is corrected in the electroporated neurons. This has the additional benefit that a successful rescue indicates that normal
migration can be restored by manipulating protein expression in a specific neuron, even though the surrounding environment is still deficient for
the targeted gene. Again, this approach is more time and cost effective than crossing or generating transgenic lines, with the added benefit of
determining whether the defective mechanism is cell autonomous.

IUE can be used to track migrating neurons through electroporation of a reporter plasmid into knock out embryos (Figure 4C). As only the
neurons lining the ventricle at the time of surgery are electroporated "7 |UE can be used to follow the neurons born at a specific time with the
advantage of visualization of their morphology in vivo.

Finally, it is possible to use IUE to target brain regions such as the medial or dorsal telencephalon, hippocampus or ganglionic eminence
(Figure 2). This gives researchers the power to investigate gene function in a specific area independent of complications resulting from protein
knockdown in neighboring structures.

Retinoblastoma protein (pRb), p107 and p130 comprise the pocket protein family and are well established regulators of cell cycle exit. However,
there is increasing evidence that these proteins also regulate cell cycle independent aspects of neural development. As we have previously
shown, pRb and p107 play a crucial role in both tangential 42 and radial migration €, Here, we demonstrate the role of pocket protein family
members pRb and p107 on neural migration fto exemplify the use of in utero electroporation of Cre in a transgenic model. In summary, IUE
provides a powerful way of analyzing cell autonomous effects of gene deletion (or overexpression). When combined with tissue specific knock
out models, IUE can provide additional information regarding the mechanisms controlling neural migration.

NOTE: All experiments were approved by the University of Ottawa’s Animal Care ethics committee, adhering to the Guidelines of the Canadian
Council on Animal Care.

1. Pre-surgical Preparation and Materials

1. Plasmid Preparation:

1. Prepare plasmids using the Qiagen MegaPrep according to the manufacturer’s protocol. Innoculate at least 400 ml of LB broth with
transformed bacteria to ensure a high DNA yield and incubate overnight.

2. Resuspend plasmid in 100-200 pl TE to a final concentration of at least 5 pg/ul. Aliquot DNA and store at -20 °C. If the concentration is
too low, do not precipitate and resuspend as this can add impurities. Start over with a new preparation.

3. Before surgery, dilute a single plasmid (Cre-GFP for example) to 2 ug/ul in sterile water with 1 pl of 0.1% (w/v) Fast Green dye per 10
or 20 pl of diluted plasmid solution. If GFP and the gene of interest are to be co-electroporated on separate plasmids, inject the GFP
plasmid and the plasmid carrying the gene of interest at a ratio of 1:4 to maximize the likelihood that all cells marked with GFP are co-
electroporated with both plasmids.

2. Pull glass microcapillary tubes (1 mm outer diameter - hereafter referred to as needles) on a standard needle puller, using a single step pull at
62 °C.

3. Autoclave a surgical pack containing the following: needle holders, wound retractor, forceps, scissors for surgery, scissors for needles,
stapler, staples, gauze, wound covers, surgical drapes (Figure 1A, B; Materials Table).

4. Collect other required tools: Electroporator, Femtojet Microinjecter, Tweezertrodes (5 or 7 mm), saline, suture, 5 ml syringe (Materials Table).

2. Prepare Mouse for Surgery

1. For pain management, inject a timed-pregnant mouse with Buprenorphine (0.05 mg/kg body weight) one hour before surgery. Apply this
protocol to mice timed anywhere from embryonic day 12.5 (E12.5) to E17.5.

2. Use microloader pipette tips to back-load pulled needles with the plasmid solution. Do not fill all the way into the tip of needle yet as this will
cause the needle to become clogged.

3. Anaesthetize mouse using 2-5% isoflurane gas with 1 L/min O,. Once immobile, place in face mask and apply ointment to eyes to prevent
drying. Inject with 1 ml saline (0.9% NaCl) subcutaneously in back.
NOTE: When working with isoflurane gas, use a gas scavenger to recapture excess gas and prevent it from escaping into the room.

4. Shave abdomen. Wash abdomen with Chlorohexadine scrub, rinse with water, and apply a final prep solution of chlorohexadine and 70%
ethanol. Cover mouse with sterile drape or gauze to cover fur but leave abdomen exposed (Figure 1C, D).

3. In utero Electroporation

1. Make an incision in the skin over the abdomen between the lower teats. Pull the skin away from the underlying muscle layer by tearing the
connective tissue, then cut through the peritoneum into the abdominal cavity along the linea alba. Insert the wound retractor to pull the edges
of the wound apart.

2. Remove the uterus from the abdominal cavity and lay it out as shown (Figure 1E).

1. If different pups are to be injected with different plasmids (such as GFP vs. GFP with the gene of interest), count the pups on each side
and decide which ones and how many to inject with each plasmid. Replace one side of the uterus back into the abdomen to keep the
embryos warm and lubricated. Immediately moisten the exposed uterus with saline (preferably warmed to body temperature).
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2. If injecting all pups with the same plasmid (such as when injecting Cre-GFP into transgenic embryos) only remove one horn of the
uterus at a time.

Put a loaded needle in the grip head of the injection wand and carefully cut the tip with a pair of small surgical scissors or fine forceps. Cut the
tip so the needle stays as long as possible while still allowing fluid to pass through (Figure 1Ji-iv).

1. Adjust length of injection (in seconds) and injection pressure on the microinjector so that a small yet easily visible droplet of 0.1-0.2 pl
appears on the tip of the needle when the foot paddle is pressed. Keep the volume of this droplet as consistent as possible between
different needles.

NOTE: this step is crucial for embryo survival (see discussion).

2. Use the following injection parameters for the Femtojet: injecting pressure (pi) = 250-300 hPa; injection time (ti) = 0.8-1.2 sec;

compensation pressure = 10-50 hPa. If required, adjust these parameters to accommodate variation between needles.

Select an embryo and gently position it on its back, head tilted upward (Figure 1F).

NOTE: This may require turning or shifting the embryo; be careful not to apply too much pressure and avoid rupture of the amniotic sac while
manipulating the embryo.

Once the embryo is in place, locate the ventricle, which presents as a crescent shaped shadow parallel to the sagittal sinus. Touch the tip of
the needle to the uterus above the ventricle at a slight angle and guide the needle through the uterine wall. The amount of pressure required
depends on the sharpness of the needle. Push the needle through the cortex into the ventricle.

NOTE: Although there is rarely any additional detectable resistance, the embryo’s head is often pushed away slightly and then recoils as the
needle passes through the cortex into the ventricle.

Pump the foot paddle to inject the plasmid solution. Continue to pump until a green area is visible and conforms to the arc shape of the
ventricle (Figure 1G). In young embryos (E12.5 to E14.5) the dye will often diffuse into the contralateral ventricle.

NOTE: The number of pumps depends on the diameter of the needle tip, the age of the embryo (and resulting size of the ventricle) and the
desired injection volume. Keep volume injected as consistent as possible between embryos.

Inject three or four embryos. Keep all exposed embryos moist with saline throughout procedure.

Go back to the first embryos injected and place the paddles such that the positive electrode will draw the plasmid into the desired region of
the brain (Figure 1H). Angle the negative electrode so that the shortest path between the electrodes passes directly through the structure
targeted for electroporation (Figure 2).

Once the paddles are in place, apply the shock. Depending on the age and size of the embryos, use 5 pulses of 35-50 V (see Table 1). Use
the following electroporation parameters: pulse length of 5 msec with a pulse interval of 950 msec. Repeat with all injected embryos.

Cut the tip of new pre-loaded needle as in step 3.3 as the last needle likely dried and clogged during step 3.9. Inject the next set of three or
four embryos with either the same plasmid or a different plasmid and then apply the shock as in step 3.9. When all the pups in one side of the
uterus are injected, remove the second side of the uterus from the female’s abdomen and then replace the completed side to keep it warm.
Return both sides of the uterus to the female being careful to keep the surface moist with saline and not to apply too much pressure to
prevent trauma to the amniotic sacs. Suture the muscle layer closed using a simple continuous stitch. Staple the skin closed. If staples are
not available, suture the skin with a simple interrupted stitch. (Figure 1I)

While suturing, progressively turn down the isoflurane to allow the pregnant female’s anesthesia to lighten.

NOTE: This will expedite arousal of the dam after the surgery is complete; keeping the female anesthetized for as short a time as possible will
improve embryo survival. Total surgery time, starting from when the female is first anaesthetized, should be approximately 30 min.

4. Aftercare

1.

Place the sutured female in an incubator or on a heating pad to recover from anesthesia. Bed her on clean bedding and place a standard
recovery gel in the cage maintain hydration. For pain management following surgery, give the female three doses of Buprenorphine (0.05 mg/
kg body weight) at 8 hr intervals following surgery, then four additional doses at 12 hr intervals.

5. Harvesting Brains

NOTE: Brains can be harvested at any age up to adulthood. The following applies for collecting brains prior to birth. Note that once pups
are born, the order within the uterus is lost, so either every pup in the litter must be injected with the same plasmid, or another method of
differentiating between control and experimental animals must be devised.

1.

Prepare cold (4 °C), filtered 4% paraformaldehyde (PFA) prior to euthanizing female.
Euthanize the female using an intraperitoneal injection of a lethal dose of sodium pentobarbital (100 mg/kg body weight) and cut open
abdomen. Pull out both sides of the uterus and lay out as when pups were initially injected.
1. In the case where all pups received the same plasmid, such as when injecting Cre into a transgenic litter, embryo order is not
important, therefore cut the uterus out of the female and place in PBS.
2. If pups were injected with different plasmids, be sure to locate each pup, noting any dead pups, and determine which ones were
injected with control and experimental plasmids before removing the uterus from the female. Be careful to keep track of which pup
belongs to which group after the uterus is in PBS.

Remove each pup individually, decapitate with sharp scissors or a razor blade and place the head in PBS. In the case of transgenic mice,
collect tissue samples for genotyping and keep each head separate, such as in a 12-well plate.

Under a dissecting scope, remove the brain from the skull, being careful not to nick the cortex or tear the midline. Using a fluorescent
microscope, check to see if brains have a GFP+ patch, indicating that they were electroporated successfully.

Fix brains by immersion in PFA at 4 °C overnight.

NOTE: Check brains for expression of GFP prior to fixation since PFA often quenches the signal.
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6. Cryoprotect brains through immersion in 20% sucrose for at least three days prior to freezing. Use a sucrose gradient of 10%, 15% and 20%
(24 hr in each solution) to prevent tissue damage due to osmotic pressure. Store frozen brains at -80 °C and cut on a cryostat at 10-14 pm
thick sections.

6. Co-staining with anti-GFP

NOTE: If antigen retrieval is necessary in order to co-stain with anti-GFP, it is important to use a gentle antigen retrieval protocol that does not
compromise the GFP signal. Some antigen retrieval protocols are too harsh to use in conjunction with GFP staining (even with an antibody
against GFP). A basic citric acid pre-treatment prior to application of the primary antibody is successful for most epitopes 2

1. Make a 0.01 M solution of citric acid in ddH,0. pH to 6 using a calibrated pH meter.
Heat citric acid in staining chamber in microwave or water bath until citric acids reaches 75-80 °C. Put slides in staining chamber for 10-15
min. Maintain temperature as stable as possible.

3. Wash slides in PBS 3x for 3 min at room temperature. Apply the primary antibody and proceed with immunostaining according to a standard
protocol.

4. Validate Cre mediated excision by co-labelling for GFP and the gene of interest to confirm knock down (Figure 3A).

Representative Results

Different regions of the brain can be targeted for electroporation by varying the orientation of the paddle electrodes over the embryo’s head
(Figure 2). For all parts of the forebrain, the plasmid is injected into the lateral ventricle (the hind brain can be targeted by injecting into the
fourth ventricle). In general, place the electrodes so that the straight line between them passes through the region of interest, with DNA being
drawn toward the positive electrode. To target the lateral cortex (Figure 2A), place the positive electrode on top of the green crescent, with a
slight rostral angle. For the medial cortex (Figure 2B), switch the orientation so that the positive electrode is over the contralateral non-injected
ventricle, this time with an even larger forward angle. To target the hippocampus (Figure 2C), place the positive electrode over the contralateral
side, but instead angle the positive electrode caudally (electroporations must be done at an age when the neural precursors are still part of the
cortical hem, prior to migration to the final location of the hippocampus). To target the ganglionic eminence (Figure 2D) place the paddles on the
embryo in line with the ears, with the positive electrode slightly lower than the negative electrode. Representative images of these electroporated
regions are shown in Figure 2.

It is important to validate Cre-mediated excision in electroporated brains. The ideal approach is to perform in situ hybridization or
immunohistochemistry against the transcript or protein in question. Unfortunately, as is the case for pRb, reliable probes or antibodies are not
always available against the deleted gene. In these cases, alternative approaches, such as staining for a downstream target regulated by the
deleted gene (Figure 3A) or confirming excision of the targeted allele in electroporated sections by PCR (Figure 3B), can be used. For example,
Figure 3A confirms Cre mediated excision by reproducing a well-documented effect of pRb/p107/p130 gene deletion in electroporated neurons.
Following electroporation of pRb f/f; p107 -/-; p130 f/f neurons with the pCig2-Cre plasmid, these triple knock out GFP+ cells continue to express
the cell cycle progression marker Ki67, which is a known effect following excision of pocket proteinsz5. Control GFP+ neurons electroporated with
the empty pCig2 plasmid do not express Ki67. The Cre plasmid should also be tested in vitro through co-transfection with a plasmid carrying a
reporter gene behind a floxed stop codon, such as the NL-dsRed plasmid (Figure 3C) in a cell line, but this should only be used in combination
with other in vivo techniques.

Due to the variation between electroporated brains, analysis of electroporated neurons requires calculating the percentage of total GFP+
neurons that portray a specific characteristic, such as expression of a protein marker or location within a given cortical layer. It is crucial to
compare electroporated sections from similar anatomical locations within the brain relative to known landmarks. For example, images for Figure
4 were taken at the level of the anterior commissure. Furthermore, due to horizontal migration, images taken near the edge of the electroporated
regions have a higher proportion of mature neurons that have reached the cortex, while images taken near the middle of the electroporated
region have both mature and immature GFP+ cells. To insure consistency, it is important to quantify images selected from similar places within
the electroporated patch.

Following Emx1-Cre mediated deletion of pRb and p107 in pyramidal neurons in the dorsal telencephalon, a population of neurons expressing
the upper cortical layer marker FoxP1 were mislocalized to the intermediate zone (1Z) (Figure 4A). There are significantly more FoxP 1+ cells in
the 1Z of double knock out (DKO) brains compared to control brains with a corresponding decrease in the number of FoxP1+ cells in the upper
cortical layers (above layer V) of DKO brains than found in the upper layers of control brains (Figure 4B). There was no corresponding defect
in the radial glial scaffold (Figure S2 of Svoboda et al., 2012) €. Here we compare expression of cortical layer markers Tbr1, FoxP1 and Cux1

in pRb f/+; p017 +/-; Emx1-Cre + (wild type (WT)) brains to expression of these same markers pRb f/f; p107 -/-; Emx1-Cre + (DKO) brains.
Heterozygote embryos can be used as controls since pocket proteins exhibit autoregulation at the protein level and heterozygote animals are
aphenotypic “°.

It was unclear whether these FoxP1+ cells were found in the IZ because these cells were immature neurons inappropriately expressing FoxP1,
or whether they were earlier born neurons that had failed to migrate. To distinguish between these possibilities, we electroporated GFP into the
wild type (WT) and double knock out (DKO) embryos at E14.5 and tracked the progress of these neurons over 4 days. Although this technique
does not conclusively identify the final cell division, as with BrdU birthdating, it does allow the tracking of newborn neurons since it marks the
discrete set of neurons derived from cells lining the ventricle at the time of electroporation 7. As shown in Figure 4C, all of the GFP+ neurons
reach the uppermost cortical layer in the WT brains, but only a subset of these neurons reach the top of the cortex in DKO brains, indicating
that there is in fact a defect in the migration of upper layer neurons, rather than improper expression of neuronal markers (similar results were
obtained through traditional BrdU birthdating 6).

Neuronal migration is a highly complex process that is regulated by a multitude of interconnected mechanisms 3 Asitis very difficult to
identify the mechanism underlying a migration defect in an uncharacterized transgenic model, distinguishing cell autonomous versus non-
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cell autonomous defects can facilitate phenotype characterization. If following electroporation of Cre-GFP, GFP+ neurons fail to migrate in an
otherwise wild type brain, this indicates that the mechanism disrupted by gene deletion is specific to the electroporated cell. Alternatively, if

the electroporated neurons migrate normally in the wild type brain, this suggests that the cause of aberrant migration in the transgenic embryo
is due to an environmental defect. Following electroporation of Cre-GFP in control pRb f/+; p107 +/- and double knock out pRb f/f; p107 -/-
embryos, GFP+ neurons were found to migrate into the cortex in pRb f/f; p107 -/- brains, but many of these neurons failed reach the upper
cortical layers as they did in control brains (Figure 4D) 6. There were significantly lower percentage of GFP+ neurons within the layer Ill/IV,
marked by expression of FoxP1%,in pRbf/f; p107 -/- electroporated brains than in control brains (Figure 4E). A Cre-GFP fusion protein was
used to limit GFP fluorescence to the cell body and facilitate localization of the neuron to a specific cortical layer. Since the phenotype following
electroporation of Cre is less severe than the phenotype following gene deletion throughout the cortex, this suggests that the original phenotype
shown in Figure 4A is a combination of multiple mechanisms, both cell autonomous and not cell autonomous. Alternatively, it is possible that the
time delay following electroporation, during which Cre is expressed, DNA recombination is performed, pRb is downregulated and the effects are
manifested, is long enough to allow the electroporated neurons to reach the cortex before a migration defect becomes apparent.

It should be noted that the distinction between cell autonomous and non-cell autonomous mechanisms should be interpreted with caution

in brains with high electroporation efficiencies, where 100-200 or more neurons are electroporated in a single 14 ym thick section.If a high
enough proportion of neurons are electroporated, GFP+ neurons may influence each other and create a small microenvironment. To be truly
cell autonomous, migration defects must be detected even when electroporation efficiency is very low (10-30 GFP+ neurons per section). If
necessary, the number of transfected cells can be lowered by decreasing voltage, pulse number or DNA concentration. All of these factors must
be taken into consideration when analyzing the results following electroporation of Cre in a transgenic model.
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Figure 1: Performing In utero electroporation. (A) Sterile surgical set up. (B) Surgical tools from left: fine scissors for cutting needle tips;
stapler; forceps; wound retractor; surgical scissors; needle holder. (C) Prepped pregnant mouse with shaved and disinfected abdomen. (D)
Mouse covered with sterile drape prior to incision. (E) Uterus with E13.5 embryos removed from abdominal cavity. (F) Injecting pups in the
ventricle. (G) Close up of injected pup; note the blue crescent on the embryo’s head indicating that the ventricle was successfully injected with
the plasmid solution (arrow). (H) Paddles are placed to electroporate the lateral cortex. (I) Mouse post-surgery. (J) Preparing sharp needles is a
crucial part of in utero electroporation. Examples of uncut needles (i, iv), good needles (ii, v) and poor needles (iii, vi) are shown at low (i-iii) and
high (iv-vi) magnification. Please click here to view a larger version of this figure.
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A B C D

Image Credit to Bensun Fong

Figure 2: Targeting different brain regions. Diagrams A-D show paddle placement for targeting different regions of the forebrains. The dark
blue circle represents the paddle in front of the embryo while the light blue circle represents the paddle behind the embryo. Positive and negative
electrodes are indicated with the appropriate sign. (A) Electrodes angled to target the lateral cortex. (A’, A”) Example of electroporation of the
lateral cortex, three days after surgery. (B) Electrodes angled to target the medial cortex. (B’, B”) Example of electroporation of the medial
cortex. (C) Electrodes angled to target the hippocampus. (C’, C”) Example of electroporation of the hippocampus. (D) Electrodes angled to
target the ganglionic eminence (GE). (D’, D”’) Example of electroporation of the GE. Please click here to view a larger version of this figure.
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Figure 3: Conflrmlng Cre-mediated gene excision in electroporated neurons. (A) Cre mediated excision can be confirmed by co-staining
for a downstream target of the deleted gene. pRb f/f; p107 -/-; p130 f/f embryos were electroporated with either the empty pCig2 plasmid or the
pCig2-Cre plasmid and stained for GFP and Ki67, a marker of cell cycle entry. Double stained cells were seen in neurons electroporated with
Cre (arrows in inset) but not in neurons electroporated with pCig2 alone (arrowheads). (B) Excision of pRb was also confirmed by performing
PCR with genotyping primers on DNA extracted from the tissue sections removed from the slides. Sections were divided down the midline and
the electroporated side of the section was pooled. The upper band represents the floxed allele and the lower band represents the wild type
allele. The arrow indicates the excised allele in the electroporated side of the brain only. Because pRb f/+; p107 +/- heterozygotes were used as
controls, an excised allele can be seen in the electroporated side of the brain in both the control and knockout brains. (C) Cre-mediated excision
can also be confirmed in vitro using plasmids with floxed stop codons upstream of RFP, such as NL-dsRed. RFP is only expressed in HEK cells
when co-transfected with Cre-GFP in Hek293 cells (bottom row), indicating that excision was successful. Please click here to view a larger

version of this figure.
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Figure 4: Using IUE to study migration in transgenic mouse models. (A) Expression of FoxP1, a marker for layer Ill/IV cortical neurons, was
examined in pRb /+; p107 +/-; Emx1-Cre + (WT), and pRb f/f; p107 -/-; Emx1-Cre + (DKO) brains at E17.5. Overlay includes Cux1 (blue - marker
for layers II-IV) and Tbr1 (green - marker for layers V/VI). A population of cells expressing FoxP1 was observed in the intermediate zone of DKO
embryos (arrow), but not WT embryos, with a concurrent decrease in the number of FoxP1+ neurons in layers II-1V of the cortex in DKO brains
relative to WT brains (B). The white line indicates the delineation between the cortical plate and intermediate zone, which was determined using
DAPI staining (not shown). (C) To trace the migration of a discrete population of late born neurons, WT and DKO embryos were electroporated
with GFP at E14.5 and collected the brains at E18.5. Brains were co-stained with FoxP1 (red) and Tbr1 (blue) to show that GFP+ neurons are
found almost exclusively in layer Il in the WT brain but are delayed in the intermediate zone (1Z) and lower cortical layers in the DKO. (D) To
determine if pRb and p107 regulate radial migration cell autonomously, pRb f/f; p107-/- and pRb f/+; p107-/+ embryos were electroporated with
Cre-GFP at E13.5 and brains were collected at E17.5. The location of GFP+ neurons was quantified according to cortical layer. Layer Il was
defined as being above FoxP1 staining (red), layer Ill/IV was defined as within FoxP1 staining, above Tbr1 (blue) and layer V/VI was defined as
within the Tbr1 positive layer (E). We show that a portion pRb and p107 deficient neurons fail to reach layer Il but instead remain in layer IlI/IV.
The figure has been modified from Svoboda et al., 2012. Please click here to view a larger version of this figure.
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Embryo Age Voltage

E12.5-E13.5 35V

E145-E155 40V

E16.5 45V

E17.5 50V

Table 1: Electroporation voltage by embryo age.

Two of the primary challenges in performing in utero electroporations are 1) preventing embryo lethality and 2) decreasing variability between
electroporations. One of the most important factors in preventing lethality is needle quality, as blunt needles inflict more damage to the embryo.
When cutting the needle, keep the tip as long as possible while still allowing a visible droplet of 0.1-0.2 pl of fluid to appear following a pump of
the foot paddle (Figure 1J). If the needle is too dull or the shaft too short, the resulting tissue damage could kill the embryo. Conversely, if the tip
of the needle is too fine, it will take too long to inject sufficient plasmid volume; leaving the needle in the brain for too long causes damage due
to unavoidable vibrations of the investigator’s hands and slight rotations of the embryo. Furthermore, use a microbeveler to make needles with a
sharp, beveled tips to allow injections into younger, more fragile embryos, although this should not be necessary for embryos E13.5 and older.

The stress level of the pregnant female is another key factor affecting embryo survival. The higher the dam’s stress level, the more likely she
will abort the litter. For this reason it is important to minimize anesthesia time and change housing as little as possible before and after surgery.
The background strain can also affect stress level and it may be necessary to outcross colonies prone to anxiety onto a strain such as CD1,
assuming that the phenotype under investigation is maintained across different background strains.

The single biggest limitation to IUE is the inherent variability between electroporations. Each electroporated brain is different due to variations
in injection volume, paddle placement, paddle contact and embryo age. Since needles are variable, it is not possible to inject a fixed volume —
rather the investigator must approximate the size of the green patch to deliver similar amounts to all embryos. Similarly, because the embryo is
floating in a fluid filled sac, it is not possible to systematically measure the location and orientation of the paddles over the embryo’s head, as is
done for stereotactic injections. Finally, slight differences in embryonic age can have significant effects on experimental results. For this reason,
comparison between littermates is recommended.
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The Rb/E2F Pathway Modulates Neurogenesis through
Direct Regulation of the DIx1/DIx2 Bigene Cluster
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During brain morphogenesis, the mechanisms through which the cell cycle machinery integrates with differentiation signals remain
elusive. Here we show that the Rb/E2F pathway regulates key aspects of differentiation and migration through direct control of the DIx1
and D1x2 homeodomain proteins, required for interneuron specification. Rb deficiency results in a dramatic reduction of DlxI and DIx2
gene expression manifested by loss of interneuron subtypes and severe migration defects in the mouse brain. The Rb/E2F pathway
modulates DIx1/DIx2 regulation through direct interaction with a DIx forebrain-specific enhancer, 112b, and the DIx1/DIx2 proximal
promoter regions, through repressor E2F sites both in vitro and in vivo. In the absence of Rb, we demonstrate that repressor E2Fs inhibit
DIx transcription at the DIx1/DIx2 promoters and DIx1/2-112b enhancer to suppress differentiation. Our findings support a model
whereby the cell cycle machinery not only controls cell division but also modulates neuronal differentiation and migration through direct

regulation of the DIx1/DIx2 bigene cluster during embryonic development.

Introduction

During brain development, cell cycle regulation and differentia-
tion are tightly coordinated developmental programs. Cross talk
exists between the cell cycle machinery and differentiation path-
ways to ensure that progenitor populations are maintained and
that differentiation is induced at the time of terminal mitosis
(McConnell and Kaznowski, 1991; Nguyen et al., 2006; Farkas
and Huttner, 2008; Frank and Tsai, 2009). Despite the impor-
tance of the precise coordination of these events, the mechanisms
by which the cell cycle machinery integrates with differentiation
signals remain poorly understood.

The retinoblastoma protein, pRb, is a tumor suppressor gene
that controls the G;-S phase checkpoint during cell cycle regula-
tion (McClellan and Slack, 2006; Chen et al., 2009; Freedman et
al., 2009). Rb regulates the transcription of genes that are re-
quired for DNA replication and cell cycle progression by binding
and inhibiting E2F transcription factors (Burkhart and Sage,
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2008). There are eight E2Fs, five of which can bind Rb (E2F1-5)
and are considered among the classical Rb partners while E2F6—8
are Rb-independent repressors (Dick and Dyson, 2006; Chen et
al., 2009; Lammens et al., 2009). E2F1, 2, and 3 are primarily
transcriptional activators while E2F4 and 5 repress transcription
and induce gene silencing through pocket protein binding (Dick
and Dyson, 2006). E2F7 and E2F8, two atypical E2Fs (Lammens
et al., 2009), can form homo and heterodimers which, in the
absence of pocket proteins, bind and repress E2F target genes.
The expression of E2F7 and 8 is induced by activating E2Fs and
are believed to serve as a fine tuning mechanism to modulate E2F
target gene regulation (Di Stefano et al., 2003; Christensen et al.,
2005; Lammens et al., 2009).

It has been proposed that the Rb pathway may have novel
function(s) that extend beyond cell cycle control (McClellan and
Slack, 2006, 2007). Conditional knock-out studies have suggested
that Rb may have a role in regulating differentiation and migra-
tion (Takahashi et al., 2003; Ferguson et al., 2005; Chen et al.,
2007; McClellan et al., 2007); however, the underlying mecha-
nisms remain unknown. Clearly, indirect cross talk between the
cell cycle machinery and differentiation pathways is essential to
prevent premature differentiation of proliferating progenitors
while promoting differentiation as cell division ceases. If the cell
cycle proteins themselves could directly regulate genes required
for differentiation, these two processes could become intimately
coordinated.

Here we have uncovered a more direct role for cell cycle pro-
teins in neuronal differentiation through the control of DIx1 and
DIx2 homeodomain protein regulation, two key proteins that
specify GABAergic neurons in the brain. Consistent with a deficit
in DIx1/DIx2 gene expression, mice lacking Rb exhibited a pro-
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SUMMARY

The mechanisms through which cell-cycle control
and cell-fate decisions are coordinated in prolifer-
ating stem cell populations are largely unknown.
Here, we show that E2f3 isoforms, which control
cell-cycle progression in cooperation with the
retinoblastoma protein (pRb), have critical effects
during developmental and adult neurogenesis.
Loss of either E2f3 isoform disrupts Sox2 gene
regulation and the balance between precursor
maintenance and differentiation in the developing
cortex. Both isoforms target the Sox2 locus to
maintain baseline levels of Sox2 expression but
antagonistically regulate Sox2 levels to instruct
fate choices. E2f3-mediated regulation of Sox2
and precursor cell fate extends to the adult brain,
where E2f3a loss results in defects in hippocampal
neurogenesis and memory formation. Our results
demonstrate a mechanism by which E2f3a and
E2f3b differentially regulate Sox2 dosage in neural
precursors, a finding that may have broad
implications for the regulation of diverse stem cell
populations.

INTRODUCTION

Stem cell-fate decisions, such as self-renewal, precursor cell
maintenance, and commitment to differentiation have critical
outcomes for embryonic development, tissue maintenance,
tumor suppression, and regeneration. Cortical development
depends on a precisely regulated balance of self-renewal within
stem cell-like apical precursors (APs), production of rapidly
proliferating basal progenitors (BPs), and differentiation of post-
mitotic neurons (Englund et al., 2005; Farkas and Huttner, 2008;
Hutton and Pevny, 2011) (Figure 1A). Identifying mechanisms
that control this balance can inform our understanding of devel-
opmental neurogenesis and, more broadly, reveal stem cell
biological principles extending to embryonic stem cell differenti-
ation, tumor formation, and tissue regeneration.

440 Cell Stem Cell 12, 440-452, April 4, 2013 ©2013 Elsevier Inc.

The pluripotency factor Sox2 is an established regulator of
neural precursor proliferation, self-renewal, and differentiation
during development and is also required for maintenance of
adult stem cell populations in many different tissues (reviewed
in Sarkar and Hochedlinger, 2013). Overexpression of Sox2 in
both mouse and chick embryonic neural precursor cells (NPCs)
results in maintenance of the Sox2* population and defective
neurogenesis (Bani-Yaghoub et al., 2006; Graham et al., 2003).
Conversely, loss of function of Sox2 in neural precursors leads
to precursor loss and reduced or aberrant differentiation, de-
pending on the tissue type and degree of Sox2 loss (Cavallaro
et al., 2008; Favaro et al., 2009; Ferri et al.,, 2004; Graham
et al., 2003; Miyagi et al., 2008; Taranova et al., 2006). Taken
together, these studies reveal that the function of Sox2 is
strongly influenced by dosage; thus, fine-tuning of transcription
from the Sox2 locus is crucial for the generation of the correct
proportion of precursors versus differentiated cell types. Inter-
estingly, a recent study finds that the Cyclin-dependent kinase
inhibitor 1A (p21) binds a Sox2 enhancer region to regulate
Sox2 expression and adult neurogenesis, linking cell-cycle regu-
lation with Sox2-mediated control of neural stem cell (NSC)
expansion (Marqués-Torrejon et al., 2013).

Previous evidence suggests that the cell cycle machinery
plays a key role in regulating the proliferative expansion and
self-renewal capacity of NPCs (Nishino et al., 2008; Ruzhynsky
et al.,, 2007; Vanderluit et al., 2004). However, how specific
cell-cycle regulatory proteins function in this context remains
poorly defined. The retinoblastoma pocket protein (pRb) family
controls cell-cycle progression by binding and inhibiting the
E2f family of transcription factors. E2fs are classified into the
“activator” subclass, which drives proliferation and transcrip-
tion, and the “repressor” subclass, the members of which are
thought to repress gene transcription by modifying chromatin
structure through association with pocket proteins (Asp et al.,
2009). Earlier work has reported that E2f3 is the most highly ex-
pressed E2f family member in wild-type and pRb-deficient
neural precursors (Callaghan et al., 1999), suggesting that it
may be an important regulator of NPC functions. Understanding
how the E2f3 gene functions to regulate the cell cycle is not
entirely straightforward, because the two isoforms (E2f3a and
E213b) expressed from its locus have identical domains impor-
tant for DNA binding, transactivation, and pocket-protein
binding, and only their N termini are unique. Mice lacking both
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Interaction and Antagonistic Roles of NF-kB and Hes6 in the

Regulation of Cortical Neurogenesis
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The involvement of nuclear factor kappa B (NF-kB) in several processes in the postnatal and adult brain, ranging from neuronal
survival to synaptogenesis and plasticity, has been documented. In contrast, little is known about the functions of NF-kB during
embryonic brain development. It is shown here that NF-kB is selectively activated in neocortical neural progenitor cells in the
developing mouse telencephalon. Blockade of NF-kB activity leads to premature cortical neuronal differentiation and depletion
of the progenitor cell pool. Conversely, NF-kB activation causes decreased cortical neurogenesis and expansion of the progenitor
cell compartment. These effects are antagonized by the proneuronal transcription factor Hes6, which physically and functionally
interacts with RelA-containing NF-kB complexes in cortical progenitor cells. In turn, NF-kB exerts an inhibitory effect on the
ability of Hes6 to promote cortical neuronal differentiation. These results reveal previously uncharacterized functions and
modes of regulation for NF-kB and Hes6 during cortical neurogenesis.

evelopment of the mammalian cerebral cortex initiates with

mitotic neural progenitor cells located in the ventricular zone
(VZ) of the embryonic neocortex. These cells initially undergo
symmetric divisions to generate two new undifferentiated progen-
itors. At the onset of neurogenesis, certain neural progenitors be-
gin to undergo asymmetric divisions that generate a new progen-
itor and a neuron. Regulation of the balance between progenitor
maintenance and neuronal differentiation is essential for correct
cortical development, but the mechanisms regulating these pro-
cesses remain incompletely characterized (1, 2).

Hairy/enhancer of split (Hes) transcription factors, including
Hesl and Hes5, are important regulators of the balance between
proliferation and differentiation during cortical neurogenesis.
Hes1 and Hes5 act downstream of the Notch receptors to inhibit
neuronal differentiation and promote maintenance of the undif-
ferentiated progenitor state (3—5). The antineurogenic role of
Notch-induced Hes proteins is antagonized, at least in part, by a
related Hes family member, Hes6, which is not activated by Notch
signaling and instead functions downstream of proteins that pro-
mote neuronal differentiation (6-8).

Functions of the Notch pathway are often modulated by cross
talk with the transcription factor, nuclear factor kappa B (NF-«kB)
(9, 10). NF-kB is a heterodimer that controls the expression of
many genes involved in regulating cell proliferation, survival, and
differentiation during numerous physiological processes (11, 12).
NE-kB dimers are ubiquitously expressed but are usually main-
tained in an inactive state in the cytosol by mechanisms that pre-
vent and/or revert their nuclear translocation, including the asso-
ciation with factors generally referred to as inhibitors of NF-kB
(IkBs). A variety of different stimuli lead to the activation of
NEF-kB by causing the phosphorylation and degradation of IkBs
(13, 14).

NEF-kB is important for nervous system processes like neuronal
survival, dendrite development, synaptic plasticity, and learning
(15-18). Little is known, however, about the involvement of
NF-kB in early stages of brain development. Here, we show that
mouse NF-kB is selectively activated in neocortical neural progen-
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itor cells, where it inhibits neuronal differentiation and maintains
the undifferentiated progenitor state. This effect is antagonized by
Hes6, which interacts physically and functionally with NF-«kB.
This antagonism is bidirectional, since NF-kB suppresses Hes6-
mediated promotion of cortical neurogenesis. Together, these re-
sults reveal a previously uncharacterized function for NF-«kB dur-
ing cortical neurogenesis and provide evidence that mutually
repressive interactions between NF-«kB and Hes6 drive signaling
events that are critical for normal cerebral cortex development.

MATERIALS AND METHODS

DNA plasmids. The following expression and reporter plasmids have
been described previously: pCAGGS-GFP (where GFP is green fluores-
cent protein) (19); pcDNA3-IkBaM (20); pAd-Track-IKKB-DN (where
IKKB-DN is dominant negative form of IkB kinase subunit beta) (21,
22); pCMV2-FLAG-Hes6WT, pCMV2-FLAG-Hes6A55-95, pCMV2-
FLAG-Hes6AWRPW, pCMV2-FLAG-HesIWT, and pEGFP (23, 24);
pCMV-p65/RelA (pCMV-RelA) and pNF-kB-luciferase (25); and pRSV-
B-gal (7, 24). The IkBaM coding sequence was subcloned as an EcoRI
fragment into the EcoRI site of the pCIG2 vector, which contains a cDNA-
internal ribosome entry site (IRES)-enhanced GFP (EGFP) expression
cassette under the control of a cytomegalovirus (CMV) enhancer and
chicken B-actin promoter (26). The IKKB-DN coding sequence was sub-
cloned as a blunt-ended Notl/HindIII fragment into the Smal site of
pCIG2.
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