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Abstract

During brain development, young neurons closely associate with radial glia while
migrating from the ventricular zone (VZ) to the cortical plate (CP) of the neocortex. It has
previously been shown that gap junctions are needed for this migration to occur properly, but
the precise mechanism responsible is unclear. Using reverse transcription-polymerase chain
reaction, western blot analysis, and immunohistochemistry, we found that among the family
of gap junction proteins, connexin (Cx) 26, Cx36, Cx37, Cx43, and Cx45 were expressed in
the mouse neocortex. In addition Cx43 and Cx26 were highly expressed in the radial glia and
migrating neurons. Therefore, to examine the role of Cx43 in neuronal migration, we used
Cre recombinase, driven by the nestin promoter, to conditionally knock-out a floxed coding
DNA of the Cx43 gene in mice. Radial glia in the VZ normally express Cx43. They undergo
divisions that produce neurons, and serve as migratory guides for the daughter cells that they
produce. Based on histological analysis, we proposed that removing Cx43 from radial glia
alters the normal lamination of the mouse neocortex. To monitor newborn neurons, we
introduced a plasmid containing green fluorescent protein driven by a neuronal (Tal tubulin)
promoter into the embryonic neocortex using in utero electroporation. The majority of
transfected migrating neurons remained in the VZ/intermediate zone (1Z) of the Cx43
conditional knock-out (Cx43cKO) animals, whereas in Cx43"" mice, neurons migrated
through the 1Z into the CP, indicating that deletion of Cx43 from nestin-positive cells
disrupts neuronal migration. We were able to rescue migration of Cx43cKO neurons by
electroporating a cytomegalovirus-Cx43 expression plasmid into the embryonic cortex. In
contrast, a C-terminal truncated form of Cx43 failed to rescue migration. In addition,
Cx43K2%8% mice, in which Cx43 lacks the last 125 amino acid residues of the C-terminal
tail, gave results similar to those seen with the Cx43cKO mice. Furthermore, we conducted
experiments with more specific deletions within the C-terminal tail, and found that a narrow
region of 47 amino acid residues is required in directing neuronal migration. This study

illustrates that full length Cx43 is required for neuronal migration in the neocortex.
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Chapter 1

Historical Review, Objectives, Rationale &

Hypothesis



1.1 Historical Review

In the “Historical Review” section of this thesis, I will first discuss the development
of the cerebral cortex, the different regions of the forebrain and the process of neurogenesis.
This will be followed by a discussion of the importance of radial glial cells in neurogenesis,
how neurons are made, the modes of neuronal migration, and the formation of the neocortex.
Gap junctions have been proven to be important factors during brain development. Therefore,
I will discuss the structure and regulation of gap junctions, and then the role of the most
abundant gap junction protein, known as connexin43 in proliferation and neuronal migration,
then following up by introducing the objectives, rationale, and the hypothesis of this thesis.
Questions regarding the role of connexin43 in neuronal migration are raised, followed by the

approaches that are taken to address these questions.

1.1.1  Development of the Cerebral Cortex

The forebrain is the most fascinating and complex part of the mammalian nervous
system. The mature mammalian forebrain is composed of about 200 billion neurons and
many times more glial cells. The precise anatomical structure of the forebrain including the
six-layered neocortex is the result of sophisticated and highly organized cell proliferation,
neuronal migration, and differentiation. Intriguingly, such an intricate cellular structure
develops during a brief span, seven to ten days in rodents for instance, with variations among
different species (Shimada and Langman, 1970; Caviness, 1982; Smart and Smart, 1982;
Miller, 1986).

In early development, the forebrain, known as the prosencephalon, is generated
from the most rostral part of the brain (Eagleston et al., 1990). The diencephalon and the
telencephalon comprise the two major regions of the prosencephalon. Furthermore, the
telencephalon is composed of the dorsal telencephalon and the ventral telencephalon. As the
forebrain matures, the cererbral cortex and the hippocampus develop from the dorsal
telencephalon. At the same time, the striatum and globus pallidus, known as the basal ganglia,
arise from the ventral telencephalon. At the final stage of forebrain development, bilateral
foldings of the prosencephalon give rise to the olfactory bulbs and cortical domains (Le
Douarin, 1986; Cobos et al., 2001; reviewed in Rubenstein et al., 1998).



Recent molecular genetic studies have provided evidence for the involvement of a
number of control genes in the process of brain development (Harland, 1997; Hemmati-
Brivanlou and Melton, 1994). It has been shown that specific developmental genes are
necessary for the generation of the brain’s subdivisions. These genes are expressed in
committed cells within the forebrain (Rubenstein et al., 1994), midbrain and cerebellum
(Joyner, 1996), and hindbrain (Guthrie, 1996). They control the regionalization, proliferation,
differentiation and migration of cells along the dorso-ventral axis (DV), and the anterior-
posterior (AP) axis. For example, the Emx genes are expressed in the proliferative zone of the
dorsal telencephalon, and provide boundaries between dorsal and ventral telencephalon
(Mallamaci et al., 1998). However, ventral telencephalon contains DIx-expressing post-
mitotic cells leaving the ventricular zone. Hence, this gene might be involved in regulating
the differentiation and migration in that region (Bang and Goulding, 1996). Furthermore,
secreted sonic hedgehog protein is expressed in the mid-ventral cells of the forebrain and is
responsible for the differentiation of the basal ganglia, whereas locally, peptide growth
factors induce the dorsalization of cells (Doniach, 1995; Roelink et al., 1994; Jessel &
Lumsden, 1997). The regionalization within the brain domains takes place at an early
embryonic (E) period (E8.5-E13) which is the time of neurogenesis.

The process of brain development is generally the same among species. The
neocortex originates from the dorsal telencephalon of the embryonic forebrain, and it is
arranged into six separate layers of neurons that run parallel to the cortical surface. At the
onset of neurogenesis, the embryonic cerebral ventricles contain a layer of proliferative cells,
also known as ventricular zone (VZ) which gives rise to neural precursor cells (Fig. 1.1). The
precursor cells later give rise to cortical neurons (Rakic, 1982). Indeed, the neural precursor
cells exist in two zones. The first zone is the VZ and the second proliferative zone, called the
sub ventricular zone (SVZ), appears above the VZ. Recent advances in molecular and cell
biology techniques have identified two neural precursor cell types, which include the radial
glial cells that are formed in the VZ, and intermediate progenitor cells that are formed in the
SVZ. Both these types of neural precursor cells are responsible for generating all of the

neurons in the embryonic cerebral cortex (Walsh and Cepko, 1990; Noctor et al., 2004).
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Figure 1.1 The schematic structure of the developing neocortex. The neocortex is
divided into five zones: ventricular zone (VZ), subventricular zone (SVZ), intermediate zone
(12), cortical plate (CP), and the marginal zone (MZ). The medial ganglionic eminence
(MGE), the lateral ganglionic eminence (LGE), and the striatum are the major sources for
interneurons, which migrate to all regions of the brain, including the cerebral cortex.
Modified from Huang, 2009.



1.1.2  Origin of the Radial Glial Cells

Neurons and glial cells are the two major cell types of the mammalian neocortex.
They originate from the neuroepithelial cells lining the neural tube (Rakic, 1972). During
development, neuroepithelial cells undergo both symmetric and asymmetric cell divisions
(Noctor et al., 2001). Before the onset of neurogenesis, neuroepithelial cells go through
symmetric divisions to expand in the lateral ventricles. However, during neurogenesis,
neuroepithelial cells switch to asymmetric cell divisions in order to generate radial glial cells
and intermediate progenitor cells. Later during neurogenesis, both radial glial cells and
intermediate progenitor cells divide asymmetrically to give rise to daughter cells which later
become neurons (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004). The nuclei
of neuroepithelial cells undergo interkinetic nuclear migration (INM) while dividing. INM is
a phenomenon where the nuclei of neuroepithelial cells translocate up and down the apical-
basal axis. Indeed, during the S and G1 phases, the nuclei move to the basal side and move
back to the apical side in the G2 phase, and stay at the apical side when undergoing mitosis
(Takahashi et al., 1993; Tamai et al., 2007). The purpose of INM during each phase of cell
division is to regulate cell fate. INM exposes the cell nuclei to neurogenic and proliferative
apical-basal polarity signals. For example, cells with nuclei in the apical location where
Notch signals are enriched, divide symmetrically and become proliferative, whereas cells
with a basal nuclear location where Delta signals are increased, become neurogenic (Del
Bene et al., 2008).

With the onset of neurogenesis, neuroepithelial cells differentiate into the related
radial glial cells. Radial glial cells were first identified by Rakic (1971), and have a unique
morphology based on Golgi staining (Rakic, 1971; Choi and Lapham, 1978). It was found
that radial glia are bipolar cells spanning the entire thickness of the cerebral wall with one
attachment at the ventricular surface, and the other attachment projecting to the pial surface.
It was also determined that their somas are located close to the ventricular surface of the
neural tube (Bentivoglio and Mazzarello, 1999). Similar to neuroepithelial cells, radial glial
cells undergo INM during division. In neuroepithelial cells, the nuclei migrate up and down
between the apical and pial surface. In contrast, the nuclei of radial glial cells are confined to
the portion of the cell in the VZ during INM (Takahashi et al., 1993). A number of studies
have provided evidence of the proliferation of the radial glia (Chanas-Sacre et al. 2000;



Misson et al., 1988; Noctor et al., 2008). Studies have shown that radial glial cells can be
regarded as neural stem cells because they produce more radial glial cells by symmetric
division, and can also produce one radial glia and one neuron through asymmetric division
(Miyata et al., 2001; Noctor et al., 2001). In vitro studies have shown that signaling
molecules such as Notch can determine the fate of these radial glial cells. For example,
overexpression of Notch can cause a neurogenic radial glial cell to adopt a gliogenic fate
instead (Gaiano et al., 2000). By monitoring the clonal pattern of individual radial glial cells
it was observed that these cells undergo three types of cell division from the beginning to the
end of neurogenesis. The first type is a symmetric cell division allowing radial glial cells to
expand in the VZ, the second type is an asymmetric cell division so that the cells produce
neurons, and the last type is a symmetric cell division in order to increase the number of
neurons during cortical neurogenesis. This last symmetric cell division expands the size of
the neocortex (Cai et al., 2002; Cubelos et al., 2008; Pontious et al., 2008).

During early neurogenesis, 80% of radial glial cell divisions occur in the VZ, and
the other 20% occur in the SVZ which is the layer above the VZ that appears at later stages
of neurogenesis (Boulder Committee, 1970; Levitt et al., 1983; Rakic, 1988). Furthermore,
lineage analysis performed in mammalian striatum and chick optic tectum also indicated that
radial glia can not only self-renew, but also they may give rise to other cell types (Gray &
Sanes., 1992; Halliday and Cepko., 1992). All major cell types in the CNS including neurons,
astrocytes and oligodendrocytes originate from radial glial cells (Reid et al., 1995; Noctor et
al., 2001; Gotz et al., 2002; Malatesta et al., 2003).

Mutations in genes that are critical for cell division during neurogenesis cause
abnormalities in the development of the cerebral cortex. Type I lissencephally, also known as
smooth brain is a genetic disorder due to mutations in the LIS1 gene (Sicca et al., 2003). LIS1
is normally expressed in the VZ cells and is associated with the dynein and dynactin motor
protein complex thus regulating the mitotic cell division (Smith et al., 2000; Dujardin et al.,
2003). Any mutation in the LIS1gene disrupts normal cell division and migration of
projection neurons and interneurons (McManus et al., 2004). Patients with type 1
lissencephally have been reported to have small brains, thus implying a defect in cell
proliferation (Norman et al., 1995). In addition, in utero RNAI and live cell imaging studies

have shown that LIS1 knockdown causes the migrating multipolar cells to accumulate in the



VZ and the SVZ. Therefore, based on this study, LIS1 is an important factor for the exit of
cells from the multipolar stage so that they return to the normal pattern of neuronal migration
(Tsai et al. 2005).

1.1.3  Markers that are Expressed in Radial Glial Cells

At the beginning of neurogenesis, the radial glial cells begin to express specific
markers that distinguish them from neuroepithelial cells and can also be used for cell
identification. An example of one of these markers is the presence of cytoplasmic glycogen
granules, predominantly in the subpial endfeet (Choi and Lapham, 1978; Bruckner and
Biesold, 1981). Moreover, glycogen granules are present during neurogenesis and persist into
adulthood when radial glial cells differentiate into astrocytes (Gadisseux and Evrard, 1985).
Glial-fibrillary acidic protein (GFAP) is an immunohistochemical marker that is used to label
radial glial cells in rodents, but it is only present at later stages of differentiation (Dahl et al.,
1985; Sancho-Tello et al., 1995). Other markers for radial glial cells include vimentin, which
is also present in mature astrocytes of mammals (Pixley and De Vellis, 1984), nestin, present
in radial glia and in multipotential neural stem cells (Hockfield and McKay, 1985),
monoclonal antibody RC1 (Edwards et al., 1990), and RC2 (Misson et al., 1988), the brain
lipid binding protein (BLBP; Feng et al., 1994), and astrocyte—specific glutamate transporter
(GLAST; Shibata et al., 1997). Approximately four days before the beginning of astroglial
markers GLAST and BLBP expression (Hartfuss et al., 2001), and as early as E9, nestin and
RC1-/RC2-immunoreactivity may be present in the radial glial cells of the mouse neocortex
and spinal cord (Misson et al., 1988). The expression of nestin is sustained in radial glial
cells until their postnatal differentiation into astrocytes. Nestin continues to be expressed in
the GLAST and BLBP positive radial glia until their postnatal differentiation into astrocytes.
As a result it is evident that there are a number of markers whose expression we can employ
to distinguish radial glial cells from their neuroepithelial precursors.

Immunohistochemical studies detected the presence of radial glial cells as early as
E9 in the mouse spinal cord and neocortex. One of the reasons that radial glial cells appear
early during neurogenesis is that they give rise to neurons. As will be seen in the following
sections, radial glial cells act as scaffolding for the migration of neurons from the VZ to the

surface of the cerebral cortex (Rakic, 1990; Misson et al., 1991).



In most mammals, following the completion of neuronal migration, radial glial cells
differentiate into astrocytes, therefore their presence is limited to the prenatal period
(Schmechel and Rakic, 1979; Levitt and Rakic, 1980, Cameron and Rakic, 1991; Misson et
al., 1991). This transition is accompanied by distinct morphological changes so that bipolar
radial glial cells differentiate into multipolar astrocytes (Pixley and De Vellis, 1984; Marin-
Padilla, 1995). In 1989, Voigt labelled radial glial cells in the cerebral cortex of ferrets with
fluorescent tracers and detected these tracers in multipolar astrocytes at the completion of the
neurogenesis period (Voigt, 1989). In rodents, once the radial glia differentiate into
astrocytes at an early postnatal stage, there is a transition in the expression of intermediate
filament proteins; nestin, vimentin, RC1, RC2 are lost, and GFAP is expressed instead
(Hockfield and McKay, 1985; Culican, 1990). Some radial glial cells never differentiate into
astrocytes, thus persisting into adulthood. These exemptions include Bergman glia, located in
the developing and adult cerebellum, Mdller glia in the retina, and radial glia present in the
dentate gyrus of the adult hippocampus (Eckenhoff and Rakic, 1984; Rickmann et al., 1987;
Cameron et al., 1993).

Taken together, at around E9, the bipolar radial glial cells originate from the
neuroepithelial cells in the developing neocortex. They then begin to express a number of
markers that separates them from their precursor cells. At the end of neurogenesis, the radial

glial cells differentiate into multipolar astrocytes.

1.1.4  Origin of the Intermediate Progenitor Cells

In 1973, Smart conducted a quantitative study on the VZ and the SVZ proliferation,
and reported that proliferation in the SVZ appeared as early as E11 (Smart, 1973). In addition,
time-lapse imaging, retroviral labelling, and immunohistochemical studies have shown that
secondary proliferative populations, known as intermediate progenitor cells originate from
the radial glial cells in the VZ (Noctor et al., 2004; Kriegstein et al., 2006; Pontious et al.,
2008). These cells are produced by both symmetric and asymmetric cell divisions. In
asymmetric cell divisions, a radial glial cell divides to produce another radial glia and an
intermediate progenitor cell. In symmetric cell divisions, an intermediate progenitor cell self-
renews thus producing two copies of itself (Noctor et al., 2008). Intermediate progenitor cells

express different molecular markers than neuroepithelial cells and radial glial cells. They



express T box brain 2 (Tbr2) and neurogenin 2 (Ngn2) (Englund et al., 2005), and they do
not express GLAST (Malatesta et al., 2003). At approximately E15 in the mouse dorsal
telencephalon, the intermediate progenitor cells that are born in the VVZ translocate their
nuclei to the SVZ where they divide symmetrically one more time to give rise to neurons.
Later in development, these neurons migrate toward the pial surface (G6tz and Huttner,
2005; Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004). Taken together, the
intermediate progenitor cells are derived from the radial glial cells in the VZ. They give rise
to a smaller population of neurons that migrate to the surface of the brain to settle in the

proper layers of the CP.

1.1.5  Origin of Pyramidal Neurons

There are two major types of neurons in the CNS. They include pyramidal neurons
and interneurons. Pyramidal neurons are the most abundant, making up almost 80% of the
total neuronal population in mammals. They originate from the dorsal telencephalon of the
embryonic cortex, and migrate radially to form the cortical layers. Furthermore, these
neurons use glutamate as a neurotransmitter and form excitatory synapses with other cortical
areas, thalamus, striatum, brainstem, and spinal cord. The other 20% of the neuronal
population is composed of interneurons. They arise in the ventral telencephalon and migrate
tangentially to the neocortex. These neurons use y-aminobutyric acid (GABA) as a
neurotransmitter and make inhibitory synapses with other neurons of the neocortex
(Anderson et al., 1997; Tan et al., 1998; Marin and Rubenstein, 2001).

In 2000, Malatesta and colleagues found that a large proportion of radial glia at E14
and E16 of the mouse neocortex gave rise to neurons (Malatesta et al., 2000). Another group
confirmed these results by conducting in vivo experiments. They used a combination of time-
lapse video imaging with GFP lineage tracers in order to show that radial glial cells divide
and generate neurons at mid neurogenesis, E15-E16 (Noctor et al., 2001). The authors
characterized the progeny of single GFP-labelled radial glial cells and were able to observe
that the majority of the progeny were neurons, as expected. Furthermore, they observed that
each radial glial cell divides asymmetrically at the VZ following INM, thus giving rise to one
neuron and one radial glial cell per cell cycle (Noctor et al., 2001). Supporting previous

findings, Miyata and colleagues (2001) conducted time-lapse video imaging experiments to



monitor individual radial glial cells from E14 cortical cultures that were labelled by a
fluorescent tracer called Dil. The study showed that during asymmetric division in the VZ,
radial glial cells give rise to pyramidal neurons. They also discovered that radial glial
processes are not lost during cell division. This is important during development because
newly born neurons use these radial processes to migrate out of the VZ and into their final
location (Miyata et al., 2001).

Each population of radial glial cells is destined to generate only neurons, or
astrocytes or oligodendrocytes. However, during neurogenesis, there are small proportions of
radial glial cells that can give rise to all three of these cell types (Malatesta et al., 2003).

As previously stated, intermediate progenitor cells also give rise to neurons
(Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004; Pontious et al., 2008).
Intermediate progenitor cells are generated in the VZ, and then they translocate to the SVZ
after multiple cell divisions. In the SVZ, intermediate progenitor cells first become
multipolar and then undergo one more round of symmetrical cell division resulting in two
immature neurons. These immature neurons leave the SVZ and migrate to the CP where they
differentiate and form specific cortical layers (Anthony et al., 2004). The SVZ continues to
generate neurons and persists into adulthood. The neurons that are generated in the SVZ are
GABAergic interneurons that migrate to the olfactory bulb as chains via the rostral migratory
stream (Luskin, 1993). Although both radial glial cells and intermediate progenitor cells give
rise to neurons, the majority of these neurons are derived from radial glial cells (Anthony et
al., 2004).

During neurogenesis, post mitotic neurons leave their birth place in the VZ and
migrate to the pial surface where they settle. This neuronal migration plays a vital role in the
formation of the very intricate brain as it occurs in a highly ordered fashion. At this stage,
any disturbances including environmental factors, detrimental genetic mutations, or
proliferation defects can lead to faulty neuronal migration. Mental retardation, epilepsy, and
severe learning disabilities can result from these abnormalities. Understanding how cell
migration occurs in the forebrain is therefore crucial to discerning the mechanisms
underlying its normal and pathological development (Aicardia, 1994; Guerrini and Filippi,
2005).
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1.2 Migration Modes of Cortical Neurons

In general, two types of neuronal migration occur during the development of
neocortex: i) radial guided neuronal migration, in which immature neurons between E11 and
E18 leave the VZ and follow the scaffolding radial fibers to migrate toward their destination
in the CP; and ii) tangential migration, in which interneurons do not use the radial fibers to
migrate, and instead they follow migrational cues and other axons to migrate parallel to the
pial surface and reach their final location (Lavdas et al., 1999; Nadarajah et al., 2001).

1.2.1 Radial Glial Guided Neuronal Migration

At around E11 in the mouse neocortex, the first generation of neurons leave the VZ
and migrate above the VZ to form a layer called the preplate (Fig. 1.2). At E13, the next
generation of neurons migrate out of the VZ and divide the preplate into the two separate
layers called the marginal zone (MZ) and the subplate (Angevine and Sidman, 1961; Rakic,
1972). The MZ forms the layer | of the mature cerebral cortex and it consists of Cajal-
Retzius cells (Konig et al., 1981; reviewed in Parnavelas, 2002). These cells secret Reelin, an
extracellular matrix glycoprotein that regulates the laminar organization of the cerebral
cortex (Hirotsune et al., 1995). At this stage the intermediate zone (1Z) appears, which
contains only axons that are perpendicular to radially migrating neurons. Between E13 and
E18, multiple generations of neurons leave the VVZ and establish themselves in different
layers (Layers I1-V1) just beneath the MZ and form the cortical plate (CP). This process is
completed in an inside-out manner meaning that the first neurons to arrive make up the
deeper layers and the newer generations make up the more superficial layers (Hatten, 1999,
Nadarajah et al., 2001, 2003). At the end of neurogenesis, most of these migrating neurons
differentiate into pyramidal neurons once they have positioned themselves into the specific
layers (Chan et al., 2001; Gorski et al., 2002).
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Figure 1.2 Schematic illustration of rodent neocortical formation. A, In the ventricular
zone (VZ), radial glial cells undergo interkinetic nuclear migration (purple cells), and give
rise to daughter cells that become newborn neurons. B, Radial migration: at E10, the first
generation of neurons migrates away from the VVZ along radial glial cells and forms the
preplate. The preplate is composed of Cajal-Retzius neurons (yellow cells) which form the
marginal zone (MZ), and subplate neurons (pink cells). In the meantime, the intermediate
zone (1Z) appears which contains tangentially migrating neurons (green cells). C, In the
following days, a subsequent set of neurons migrate from the VZ to populate the definitive
cortical plate (blue cells). Therefore, at E18, the developing neocortex consists of the VZ, 1Z,
CP, and the MZ. Modified from Kriegstein and Parnavelas, 2003.
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Abnormalities in certain genes that are involved in neuronal migration cause
disruptions in the formation of cortical layers. For example, doublecortin (DCX) plays an
important role in the proper lamination of neurons during migration. DCX associates with
and stabilizes the dynamics of microtubules in migrating and differentiating neurons (Bielas
and Gleeson, 2004; Schaar et al., 2004; LoTurco, 2004). Mutations in DCX cause the post-
mitotic neurons leaving the VZ to accumulate in the white matter and form a band of neurons
beneath the CP. Therefore, this abnormality in the formation of the neocortex causes a
disease, known as double cortex (Gleeson et al., 1999; Ramos et al., 2006).

1.2.2  Modes of Radial Migration

There are two types of radial glial guided cell movement in the developing
neocortex called ‘locomotion’ and ‘somal translocation’. At early stages of neurogenesis,
migrating neurons use a type of cell movement called ‘somal translocation’ (Miyata et al.,
2001; Nadarajah et al., 2001, 2003). In this type of migration, neurons translocate from the
VZ to the CP with a long leading process and a short trailing process that becomes shorter as
they move up to the CP (Brittis et al., 1995; Morest, 1970; Nadarajah and Parnavelas, 2002).

In 2001, Nadarajah and co-workers used time-lapse video imaging on cortical slices
in order to observe the movement of migrating cells. In the study, the authors showed that the
migrating neurons undergoing somal translocation have a long leading process that is
attached to the pial surface, and a short trailing process that extends from the VZ.

Somal translocation seems to be the prominent mode of migration in different areas of the
CNS. For example, in 1998, Meyer and colleagues analyzed the movement of migrating
neurons from the VZ to the preplate in the rat cerebral cortex, and observed that the cells
used the mechanism of somal translocation in order to migrate toward the preplate. Similar
observations have been made in the retina and spinal cord (Brittis et al., 1995; Snow et al.,
1995).

In 1974, Rakic used serial section electron microscopy to reconstruct the three-
dimensional morphology of migrating neurons present in the I1Z at late stage of primate
cortical development. These migrating neurons were bipolar with a thick leading process
toward the pial surface, and a thin trailing process facing the VZ. Also, they were in close

contact with radial glial fibers. As previously mentioned, the bipolar radial glial cells span
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the entire thickness of the cerebral wall. Therefore, based on his observations Rakic
suggested that the migrating neurons follow the fibers of radial glial cells to reach their final
destination in the CP. Many studies have supported this model, with both in vitro
(Edmindson and Hatten, 1987; Fishel and Hatten, 1991; Hatten, 1993) and in vivo
experiments (Anton et al., 1996). These studies have shown that the majority of newborn
neurons in the cerebral cortex do use radial glial fibers as scaffolding for migration. This type
of migration is referred to as ‘locomotion’, because the short leading process of the migrating
neuron is not attached to the pial surface, and can thus move freely. This locomotion of
migrating neurons is short and quick, and then it becomes slower as the neurons move close
the surface of the brain (Nadarajah et al., 2001).

It should be noted that newer generation of radially migrating neurons use the
mechanism of somal translocation at earlier stages of neocortical development when the
cerebral wall is thin. However locomotion of later born neurons occurs at later stages. The
existence of two modes of radial guided glial migration is due to the expansion of the
cerebral wall so that migrating neurons need more than one mechanism to reach their final
location (Nadarajah et al., 2001).

In general, the pattern of radial guided neuronal migration in the cerebral cortex can
be summarized into four steps: i) post-mitotic neurons leave the VZ and move along the
radial fibers to reach the SVZ; ii) in the SVZ, migrating neurons adopt a multipolar
morphology to extend their protrusions in all directions while becoming stationary for 24
hours; iii) at this step, the multipolar neurons turn toward the VZ and move back into the VZ.
The reason for this retrograde movement might be that these neurons need to obtain
informational cues regarding their fate from factors that are present in the VVZ. These cues
may provide information about which lamina they should settle in once they reach the CP
(Bittman et al., 1997); iv) neurons lose their multipolar morphology, extend a long leading
process toward the surface of the brain and ascend to the CP along the radial glial fibers
(Noctor et al., 2004); v) once the leading processes of migrating neurons reach the MZ, they
receive a stop signal from Reelin that is secreted by the cells in the MZ. Subsequently, the
migrating neurons dissociate from the radial glial fibers and form the cortical layers
(Nadarajah et al. 2002).
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1.2.3  Signaling Molecules that Are Involved in Radial Migration in the Neocortex

The formation of the neocortex requires precise migration of neurons from the VZ
into the CP. Each wave of newborn neurons migrates past the earlier wave and forms a more
superficial lamina until the six-layered neural structure of the CP is properly established in an
‘inside-out” manner. In this process, radial glial cells play a critical role in neuronal migration
as they are in close contact with the neurons (Rakic, 1972).

Increasing evidence has suggested that a number of signaling molecules allow for
the interactions between radial glial cells and migrating neurons in order to facilitate
neuronal migration. For example, astrotactin is expressed by migrating neurons and binds to
the receptors located at the membrane of the radial glial cells, thus providing neuron-glia
adhesion necessary for migration (Zheng et al., 1996). Laminin is expressed in the VZ,
subplate and the MZ of the developing neocortex. The expression of laminin in the radial
glial cells provides attachment between the cells and the migrating neurons, thus enhancing
neuronal migration (Hunter et al., 1992). In addition, neuregulins are membrane proteins that
are expressed by cortical neurons and promote neuronal migration (Anton et al., 1997).
Neuregulins bind to their receptors which are present on the cortical neurons, and increase
the length of leading and trailing processes, thus promoting neuronal migration. Neuregulins
also elicit growth and development of the radial glial cells via induction of BLBP on the
surface of radial glial cells. BLBP in turn modulates the cell surface of radial glia by
elongating the fibers thus facilitating the migration of neurons along these fibers.

Conversely, other signaling molecules cause neuronal migration to stop. For
example, Reelin is a glycoprotein that is secreted by the Cajal-Retzius cells of the MZ.
Reelin binds to very-low-density lipoprotein receptor (VLDLR) and low-density lipoprotein
receptor-related protein 8 (LRP8) on migrating neurons. Through these receptors, Reelin
sends a stop signal to migrating neurons. In fact, this action of Reelin depends on the Reelin-
a3p1 integrin interactions. Integrins are transmembrane receptors that mediate adhesions
between neurons and glia. Reelin binds to a3p1 integrin in a complex including VLDLR and
LRP8 to alter neuron-glia adhesion. The formation of this complex enables the dissociation
of migrating neurons from the radial glia so that they cease migration and reside in the CP
and beneath the MZ (Hirotsune et al., 1995; Dulabon et al., 2000).
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Accumulating investigations have shown the requirement of certain genes that are
critical for the proper migration of neurons to the cerebral cortex. For example, deletion of
Reelin from the Cajal-Retzius cells of the MZ causes a defect in the normal lamination of
migrating neurons. In the absence of Reelin, neurons accumulate in an abnormal ‘outside-in’
pattern in the cerebral cortex. This means that the first wave of neurons accumulates above
the CP and the following waves of neurons end up residing beneath the previous neurons
(Ogawa et al., 1995; D’Arcangelo et al., 1995). One of the best animal models to study this
abnormal migration is the Reeler mice in which the Reelin gene is mutated, and therefore the
CP appears inverted (Caviness, 1982).

The Filamin A (FLNA) gene encodes a protein that is expressed in the VZ cells.
FLNA has been shown to be associated with F-actin cytoskeleton and stress fibers, thus
crucially involved in the regulation of cell shape, formation of filopodia and migration (Fox
and Walsh, 1990). Following mutations in the FLNA gene, postmitotic neurons fail to leave
the VZ, and instead they accumulate in that region thus leading to an abnormal condition,
known as periventricular heterotopia (Fox et al. 1998). It should be noted however, that a
fraction of neurons migrates normally out of the VVZ and forms a proper multi-layered CP. In
humans, the mutation in FLNA is associated with epilepsy and reading disorders (Dobyns et
al., 1997; Sheen and Walsh, 2003; Chang et al., 2005). Therefore, FLNA is a potentially

important gene that is required for neuronal migration.

1.2.4  Tangential Migration

Pyramidal neurons that reside in the neocortex use the mode of radial glial guided
migration to reach the CP. However, some neurons, especially GABAergic inhibitory
interneurons, move tangentially and perpendicular to the radial glial fibers to reach their final
position (Walsh and Cepko, 1992; DeDiego et al., 1994; O’Rourke et al., 1995). Interneurons
do not migrate along the radial glial fibers, and instead they obtain migrational cues from
surrounding axons to reach their destination in different regions of the forebrain (DeDiego et
al, 1994; Lavdas et al., 1999). A group of interneurons that originate in the medial ganglionic
eminence of the ventral telencephalon migrate tangentially to the SVZ, lower 1Z, and the MZ
of the developing neocortex (Lavdas et al., 1999; Wichterle et al., 2001, Xu et al., 2003).

Then, from these regions, these interneurons change directions and migrate radially toward
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the CP where they differentiate (Tanaka et al., 2003; Ang et al., 2003). These findings were
also confirmed by an in vivo study using real-time imaging of glutamate decarboxylase 67
green fluorescent protein (GAD67—GFP) knock-in mice. GAD-67 was used to visualize the
GABAergic neurons. The data showed that at developmental stages E15.5-E17.5, the GFP-
positive cortical interneurons first entered the SVZ, the 1Z, and the MZ of the neocortex, and
then migrated to the CP along the radial glial fibers (Tamamaki et al., 2003). Another group
of neurons is derived from the VVZ of the lateral ganglionic eminence and the striatum.
During neuronal migration, these neurons migrate to the SVZ, and then tangentially migrate
toward the olfactory bulb where they differentiate into interneurons (De Carlos et al., 1996;
Anderson et al., 1997). Additionally, a group of researchers conducted a time—lapse imaging
study on cortical slice cultures and observed that a subset of tangentially migrating neurons
undergo a third mode of migration, called ‘ventricle—directed migration’. After these neurons
reach the SVZ, they turn downward and move back to the VZ, where they pause briefly.
Then the neurons reverse direction and migrate radially to the CP. The reason for ventricle-
directed migration might be that the VZ contains cues regarding positional information for
the cortical migrating neurons (Nadarajah et al., 2002).

There are also different signaling molecules that serve as guidance cues for the
axons of the tangentially migrating neurons. For example, Netrin is an attractive cue that
binds to the receptors present on the surface of the growth cone of migrating neurons and
ensures their migration in a dorsal-ventral direction (Serafini et al., 1996). In contrast to
Netrin, a repulsive axonal guidance, known as Slit, binds to the Robo receptors that are
expressed in the commissural axons. Slit then prevents the ipsilateral neurons from crossing
over the midline to the contralateral side during their migration (Kidd et al., 1998).
Additionally, Semaphorin is a chemorepulsive signaling molecule that is expressed in the
striatum. Semaphorin-3A sends signals to guide the migrating interneurons that are
originated in the medial ganglionic eminence so that they do not go through the striatum, and

instead they migrate to the neocortex (Chen et al., 2008).
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1.2.5 The Role of Actin Cytoskeleton and Membrane Proteins in Neuronal Migration

During cell migration, the formation of membrane ruffling at the leading edge of the
migrating neuron is required in order to move the cell forward. This is accomplished through
the coupling of actin filaments to the binding proteins, thus activating the downstream
signaling pathway. For example, integrins are single-pass transmembrane proteins that lock
the actin cytoskeleton to the extracellular matrix. This action of integrins is mediated via an
actin binding protein, known as cortactin. Cortactin has been shown to become tyrosine
activated by the SH3 domain of Src tyrosin kinase at its C-terminal domain following
integrin activation. Phosphorylation of cortactin translocates this protein from the cytosol to
the membrane. Then, cortactin binds to and activates actin polymerization proteins, called
WASP and actin related proteins, called ARP2/3. Src, ARP2/3, and WASP complex
stimulate Rac and Cdc42 of the Rho GTPase family, which in turn elicit actin remodeling at
the leading edge of the migrating neurons, thus creating membrane protrusions such as
lamellipodia and filopodia. These membrane protrusions that are produced by Rho GTPase
family adhere to the extracellular matrix at the integrin based focal contacts in order to
initiate and maintain cell motility (Vuori and Ruoslahti, 1995; Small et al., 2002; Hall, 2005).

Furthermore, another family of actin binding proteins that regulates neuronal
migration is myosin Il. During cell motility actin and myosin Il accumulate in the rear of the
nucleus and push the nucleus forward. In addition, the cooperation of actin and myosin Il
helps the trailing process of the migrating cells to retract, thus facilitating neuronal migration
(Bellion et al., 2005).

Accumulating investigations have shown that multi-cellular events such as
interactions between radial glia and migrating neurons through adhesion molecules, as well
as activation of the receptors that provide signaling pathways are required for the proper
migration of neurons to their final destination. For example, cadherins are transmembrane
proteins that mediate cell-cell contact. Cadherins bind to a complex of proteins in the
cytoplasm, called p120 catenin, which in turn binds to actin cytoskeleton and links it to the
extracellular matrix. P120 catenin modulates the activity of Rho GTPase family, and
reorganizes the actin filaments at the leading edge, thus enhancing cell motility (Noren et al.,
2000). Additionally, a member of tight junction proteins, known as Zona occluden-1(ZO-1)
links the actin cytoskeleton to occludin, which is a transmembrane protein. The C-terminal
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domain of ZO-1 interacts with the actin cytoskeleton and the N-terminal domain of ZO-1
contains the occludin binding site. Therefore, ZO-1 might have implications in the assembly
of actin filaments at the tight junctions (Fannings et al., 1998). Moreover, junctional proteins
such as gap junctions are multi-pass transmembrane proteins that are involved in cell
migration (Fushiki et al., 2003). Aberrations in gap junctions during development have been
associated with CNS abnormalities, such as mental retardation and stroke (Aicardia, 1994;
Nakase et al., 2004). Therefore, the work of this thesis is focused on the role of gap junctions

in neuronal migration and cortical development.
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1.3 Gap Junctions

Gap junctions are specialized intercellular membrane channels that provide for the
direct intercellular exchange of small metabolites, ions, nutrients and second messengers less
than 1200 Da, such as Na*, K*, Ca**, IP5, ATP, and CAMP (Bennett et al., 1991; Evan and
Martin, 2002; Makowski et al., 1977; Spray et al., 1991). Due to their large pore size gap
junctions are not selective with regard to the passage of the small metabolites and ions in
each cell (Gilula et al., 1972; Pitts and Simms, 1977; Goodenough, 1980). A group of
researchers characterized gap junctions by their appearance in electron micrographs as two
adjacent membranes separated by a 2-nm space (Brightman and Reese, 1969). These
channel-like structures allow for the direct cytoplasmic continuity between the adjacent cells
and, thus, provide a direct intercellular gap junctional communication (Goodenough et al.
1980). Also, different gap junction protein constituents have different physiological roles
(Flagg-Newton and Loewenstein, 1980; White et al., 1985, Spray and Bennett, 1985). For
example, connexin26 that exists in the cochlear connective tissue of the inner ear, provides
the KCI spatial buffering through membrane channels in order to balance the endolymphatic
fluid, whereas during a stroke, it has been proposed that reactive astrocytes remove toxins

away from cells via connexin43 (Martinez et al., 2009; Nakase et al., 2003).

1.3.1  Structure of Gap Junctions

Each gap junction channel consists of two hemichannels called connexons (Fig. 1.3).
In turn, each connexon is composed of six protein subunits termed connexins (Cx). Cxs
comprise four transmembrane domains, two extracellular domains, and three cytoplasmic
domains [(C-terminal, N-terminal, cytoplasmic loop) Kumar and Gilular, 1996]. The third
transmembrane domains of the six Cxs come in close contact, and make up the wall of the
pore in each connexon. Each extracellular loop contains three cystein residues forming
intramolecular disulfide bonds that link the two extracellular loops. One extracellular loop
(EX1) connects the first and the second transmembrane domains (M1 to M2); the other
extracellular loop (E2) connects the M3 to M4. In addition the extracellular loops are
responsible for the docking of connexons located at the two adjacent cells (Yeager and
Nicholson, 1996). In general, the size of the cytoplasmic loop region, and the length of the

carboxy terminal tail in each Cx is unique, although Cxs share many similar features (White
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et al, 1995). Cxs are encoded by a multi-gene family consisting of 21 members in the human
and 20 members in the mouse genome (Willecke et al., 2002). Cxs are abundantly expressed
in vertebrates, during development and in adulthood. Cxs are named according to cDNA
cloning from the tissue of origin and their approximate molecular weight in kiloDaltons. For
example, Cx26 and Cx43 refer to the Cxs with molecular weight of 26 kDa and 43 kDa,
respectively (Beyer et al., 1987). Cxs are expressed in all tissues with the exception of
spermatocytes, thrombocytes, and adult skeletal muscle cells.

Connexons containing only a single isoform of Cx are called homomeric, while
those containing different Cxs are called heteromeric. Two connexons comprised of the same
types of Cx proteins can form a homotypic channel between cells, whereas two connexons
comprised of different Cx proteins can form a heterotypic gap junction channel (Elenes et al.,
2001; Elfgang et al., 1995; White et al., 1995; reviewed in Bruzzone et al., 1996).
Heterotypic channels consisting of diverse Cxs have distinct permeabilities, which may affect
the function of the gap junction channels in a particular cell type compared to the

corresponding homotypic channels (Elfgang et al., 1995).

1.3.2  Regulation of Gap Junctions by Phosphorylation

Except for Cx26, all Cxs are phosphoproteins. Phosphorylation of Cxs is necessary to
regulate their formation and function (Saez et al., 1990; Traub et al. 1989). A variety of
kinases and phosphotases including sarcoma tyrosine kinase (Src), protein kinase C (PKC),
protein kinase A (PKA), and mitogen-activated protein kinases (MAPKS) are needed to
regulate the trafficking, assembly and disassembly, degradation, and channel gating of Cxs
(Berthoud et al., 2000; Hossain et al., 1998; Lamp and Lau, 2000; Musil and Goodenough,
1991). Cx43, which is the most studied Cx, contains several sites for phosphorylation in its
C-terminal region (Fig. 1.4). For example, studies have shown that phosphorylated tyrosine
residues in the C-terminal region of Cx43 form binding sites for the SH2 and SH3 domains
of Src tyrosine kinase. First, Src binds to Cx43 through an SH3 domain and phosphorylates
Cx43 on the proline residues including P274, P277, P280, and P283. Then, Src subsequently
binds to Cx43 via an SH2 domain and phosphorylates Cx43 on the Tyr265 site. These series
of phosphorylation events lead to the closure of gap junction channels (Lin et al., 2001).

Therefore, Src appears to be an important physiological factor to regulate Cx43.
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Figure 1.3 Schematic diagram of gap junction proteins. Top: Gap junctions are formed
by the association of two hemichannels (connexons) in the apposing plasma membranes of
neighboring cells. Each connexon is composed of six protein subunits called connexins.
Bottom: Each connexin is composed of four transmemebrane domains (M1-M4), two
extracellular loops (E1-E2), each containing three cystein residues which are important for
docking, and a cytoplasmic loop (CL). The amino (NT) and the carboxy terminus (CT) are

located at the cytoplasmic side. Modified from Bruzzone et al., 1996.
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Protein kinase C (PKC) has also been shown to phosphorylate Cx43 on its Ser368
binding site and to inhibit the function of gap junctions (Lampe et al., 2000; Lampe and Lau,
2000). Similar findings have been reported in the analysis of cardiomyocytes where co-
immunopercipitation experiments showed association between PKC and Cx43. In those
experiments, a mitogen and cardioprotective protein, fibroblast growth factor 2 (FGF-2),
induces PKC phosphorylation of Cx43 which leads to the closure of gap junctions (Doble et
al., 2000). In contrast to PKC, cAMP-dependent protein kinase A (PKA) has been reported to
phosphorylate Cx43 on the Ser364 residue and enhance gap junction assembly (Tenbroek et
al., 2001).

Moreover, mitogen-activated protein kinsase (MAPK) has been demonstrated to
modulate the activity of Cx43 following phosphorylation. Epidermal growth factor (EGF),
FGF, and platelet-derived growth factor (PDGF) have been shown to activate MAPK via an
intracellular kinase pathway (ERK1/2) which is followed by phosphorylation of Cx43 and
concomitant inhibition of gap junction channels (Doble et al., 1996; Hossain et al., 1998; Yao
et al., 2000).

1.3.3  Gap Junctions and Interacting Proteins

There are several interacting proteins at gap junctions, any of which could be involved in the
gating, assembly, formation, and function of gap junctions. These interacting proteins can be
found at the cell-cell junctions, and include: Zona occludens-1 protein (ZO-1), cadherins,
claudin, NOV/CCNS3, and cytoskeletal proteins (Hertig et al., 1996; Giepmans and
Moolennar, 1998; Giepmans et al., 2001; McLeod et al., 2001; Perez-Moreno et al., 2003).
Co-localization of actin filament fibers and Cxs has been shown in a variety of cell types (Lo
et al. 1996; Wall et al., 2007; Yamane et al., 1999). Also, co-immunopercipitation
experiments have linked Cx43 to a-actinin at regions of cell-cell contact in cardiac neural
crest cells (Xu et al., 2006). Thus, a-actinin might be a good scaffolding candidate to link gap
junctions to the cytoskeleton. Furthermore, as mentioned above, several Cx protein isoforms
bind to the membrane associated guanylate kinase (MAGUK) family, such as ZO-1. In fact,
Z0-1 has been shown to co-localize and interact with the C-terminal region of Cx43.

It has been demonstrated that removal of the four amino acids (amino acids 379-
382) inhibits the binding (Giepmans et al., 2001).
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Figure 1.4 Schematic diagram of Cx43 protein and interacting protein modules. There

are three cystein residues that link the extracellular loops. Microtubule binding sites on the
C-terminal tail are K, V, G, P, and R. Src homology 2 domain (SH2) binds phospho-tyrosine
residues. Src homology 3domain (SH3) is another binding site that binds phospho-tyrosine
residues of the C-terminal domain. ZO-1 homology domain (PDZ) binds the last four amino

acid residues of the C-terminal domain of Cx43. Modified from Giepmans, 2004.
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Co-immunopercipitation studies have shown that ZO-1 provides an interaction
between gap junctions and the membrane cytoskeletal protein, a-spectrin (Toyofuku et al.
1998).

1.3.4  Gap Junctions in the Developing Cerebral Cortex

Gap junctions have been demonstrated to be highly expressed during the
development of the brain, and are implicated in the proliferation of radial glial cells,
differentiation and migration of neurons (Lo, 1996). Of the 20 Cx genes expressed in the
mouse genome (Willecke et al, 2002), five of them have been shown to be highly expressed
in the embryonic brain including Cx26, Cx36, Cx37, Cx43, and Cx45 (Nadarajah et al.,
1997). The most important gap junction protein isoforms in the developing brain are Cx43
and Cx26. In vitro and in vivo studies have shown that during early neurogenesis,
proliferative radial glial cells that are located in the VZ are extensively coupled by Cx43 and
Cx26 to exchange signaling molecules (Bittman et al., 1997; LoTurco and Kriegstein, 1991;
Miragall et al., 1997; Nadarajah et al., 1998, Duval et al., 2002). Immunocytochemical
studies have shown Cx26 and Cx43 to be implicated in the coupling of neuroepithelial cells
in the VZ of the embryonic brain (Dermietzel et al., 1989; Bittman and LoTurco, 1999). Of
note, gap junctional coupling decreases after two weeks postnatally, to be replaced by
chemical synapses which emerge once neurons become differentiated (Arumugam et al.,
2005; Kandler and Thiels, 2005). In addition, the expression pattern for each Cx is different
during the development of the cerebral cortex. The expression of Cx26 and Cx43 increases at
the peak of neurogenesis (E14-E16), and decreases as neurogenesis progresses (Dermietzel et
al., 1989; Nadarajah et al., 1997). Therefore, it seems appropriate to consider that the
expression of gap junctions is developmentally regulated.

In the embryonic stage, Cx26 is expressed only in radial glial cells as demonstrated
previously by using double immuno-labelling for Cx26 and radial glial markers such as
nestin. However its expression is confined to MAP-2 positive neurons postnatally (Bittman
and LoTurco, 1999; Nadarajah et al., 1997). In contrast, radial glial cells sustain Cx43
expression during embryonic stages and after differentiating into astrocytes in postnatal
stages (Dermietzel et al., 1989). As newborn neurons reach their final location in the CP and

differentiate, they no longer express Cx43, rather they begin to express Cx36. The expression
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of Cx36 increases in neurons for the first two postnatal weeks, and then decreases
substantially (Prime et al., 2000; Bahrey and Moody, 2003). Cx45 is also expressed in
neurons during the embryonic gestation period, and its expression peaks at postnatal day (P)
1 with a considerable decrease at P14 (Maxeiner et al., 2003). Together, these studies suggest
that Cxs are highly expressed at early stages of neocortical development, and the expression

of each Cx subunit appears to be regulated throughout the development of the cerebral cortex.

1.3.4.1 Function of Gap Junctions in the Developing Cerebral Cortex

During the past couple of decades, accumulating evidence has allowed investigators
to shed light on understanding the properties of gap junctions. In general, the functional
properties of gap junctions may be classified into four categories including: intercellular
communication, hemichannel-mediated release of ions and small metabolites into the
extracellular space under physiological conditions, cell-cell adhesion, and intracellular
signaling via the C-terminus of the Cx subunit (Lin et al., 2002; Elias et al., 2007; Belliveau
et al. 2006).

During neurogenesis, gap junctional coupling in radial glial cells appears to be
regulated at all phases of the cell cycle. For instance, VZ cells uncouple when they undergo
M-phase. They re-couple through S-phase and G,-phase, and stay coupled until the M-phase
(Bittman et al., 1997). In addition, coupling is high in S-phase in early neurogenesis, but low
in late neurogenesis. Therefore, it is reasonable to consider that in late neurogenesis,
uncoupling decreases the number of cells that enter S-phase because they are required to stop
proliferating, become postmitotic, and subsequently migrate away from the VZ into the CP.
Interestingly, the expression of Cx26 is seen mostly in dividing VZ cells during M-phase to
Gi-phase, but in contrast, during S-phase to G,-phase dividing cells mostly express Cx43.
Although, cells uncouple during M-phase, the expression of Cxs is not reduced (Bittman and
LoTurco, 1999). Together, these studies suggest that during neurogenesis, Cxs may control
cell division, since the coupling is regulated through all phases of the cell cycle.

In addition to gap junctional coupling, the presence of gap junction hemichannels
which mediate intercellular Ca** propagation has been demonstrated in neighboring radial
glial cells (Weissman et al., 2004). Weissman and colleagues showed the propagation of

spontaneous Ca”* waves among cortical radial glia. In the developing cortical VZ, Cx43
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hemichannels release ATP into the extracellular space which binds to purinergic P2Y;
receptors on adjacent radial glial membranes. This event causes an activation of 1P
mediating release of Ca®* from intracellular stores. The majority of radial glial cells initiating
Ca®*" wave propagation were undergoing DNA synthesis (Weissman et al., 2004). Blocking
of the Ca®* wave propagation by gap junction blockers reduced the rate of proliferation
(Cotrina et al., 1998; Fillipov et al., 2003; Weissman et al., 2004). Thus, during neurogenesis,
the hemichannel activity of Cx43 may regulate proliferation in radial glial cells. Furthermore,
over expression of Cx43 and Cx32 in PC12 cell treated with NGF has been shown to enhance
neurite outgrowth (Belliveau et al., 2006). The presence of hemichannels in PC12 cells
causes the release of ATP into the extracellular space which binds to the P2Y; receptors. This
event leads to an increase in the intracellular Ca®* concentration as mentioned above, and a
subsequent increase in neurite length in PC12 cells. Therefore, hemichannels might have a
functional role in mediating neurite extension and migration.

Increasing lines of evidence have reported that adhesion between neighboring cells
is another factor by which Cx43 exerts its action. In a study by Lin et al. (2002), the
implication of Cx43 expression on the adhesiveness and the invasion of malignant C6 glioma
cells was investigated. An aggregation assay conducted by the authors showed that C6
glioma cells transfected with Cx43 formed substantially larger aggregates compared to
untransfected cells, which indicated that Cx43 expression was associated with an increase in
the adhesiveness between C6 glioma tumor cells and the astrocytes. Furthermore,
transplantation of glioma aggregates expressing Cx43 into the striatum of a normal brain
resulted in an increased migration of glioma cells on the astrocytic syncytia compared to
normal glioma cells. Thus, overexpression of Cx43 in brain tumor cells acted on adhesion
sites to enhance their invasiveness (Lin et al., 2002).

Based in part on its expression in a variety of tissues, Cx43 is the most studied Cx
protein. For this reason, many researchers have examined the interactions of its C-terminal
region with cytoplasmic proteins, including cell signaling molecules, scaffolding proteins,
and membrane receptors (Ai et al., 2000; Xu et al., 2001; Fu et al., 2004; Giepmans, 2006).
For example, Cx43 has been shown to interact with N-cadherins of adhesion junctions and
modulate neural crest cell motility. Cx43 and N-cadherin form a complex at the plasma

membrane of neural crest cells. The complex binds to P-120 catenin, also involved in
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modulating cell motility (Noren et al., 2000). In turn, through a series of signaling cascades,
P-120 catenin modulates the activity of Rho GTPase, and neural crest cell motility by
rearranging the actin cytoskeleton (Xu et al., 2001). These findings, which indicate the ability
of Cx43 to modulate catenin signaling and thereby regulate cell growth, represent another

role of Cx43 independent of their classical channel forming role.

1.3.4.2  Gap Junction Association with CNS Disturbances

Accumulating evidence has suggested the involvement of gap junctions in CNS
diseases, including stroke, epilepsy, mental retardation, Alzheimer’s disease, and Parkinson’s
disease (Aicardia, 1994; Nagy et al., 1996; Rufer et al., 1996; Nakase et al., 2004; Guerrini
and Filippi, 2005).

1.3.4.21  The Association of Cx43 with Neuronal Migration

Furthermore, over the past several years, investigators have used in vitro models to
elucidate the close relationship between cell migration and Cx43 expression during
development, which is also the main focus of this thesis. For example, studies on the
expression of Cx43 in cardiac neural crest cells have reported a close association between
their migratory properties and Cx43 expression (Li et al., 2002; Lo et al., 1999; Reaume et al.,
1995). Cardiac neural crest cells of Cx43 knockout mice show reduced motility and
directionality. In contrast, overexpression of Cx43 in the same cells showed increased
directionality and speed (Xu et al., 2006).

A study by Fushiki and co-workers showed that embryonic mice with the total
deletion of Cx43 expression display significant accumulation of BrdU labelled cells in the 1Z
of the neocortex. This finding demonstrated an aberrant neuronal migration in these mice,
whereas in wild-type littermates, migrating neurons establish themselves in the CP (Fushiki
et al., 2003). Therefore, Cx43 was shown to be critical for the process of neuronal migration

during brain development.

1.3.4.2.2  The Association of Cx43 with Cell Proliferation
Disturbances in neuronal migration have also been shown in mice with conditional

deletion of Cx43 driven by Cre expression under the human GFAP promoter (Wiencken-
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Barger et al., 2007). Neuronal migration was disturbed in these mice and this defect was
mostly dependent on their genetic background and the lack of Cx43 expression. The authors
reported that the conditional knockout mice on a 129SVEV background had a smaller cortex,
cerebellum, and hippocampus as a result of decreased proliferation in the VZ and SVZ.
However, mice on a C57BI/6J background appeared normal. The phenotype dependence on
the genetic background might be explained by epigenetic factors. In mice with 129SVEV
background, the epigenetic changes on the other Cx genes such as Cx30 might prevent them
from being used to make proteins. Therefore, following deletion of Cx43 from the radial glial
cells, the very low level of compensation by other Cx proteins may result in a more sever
defect in these mice. In cerebellum, the delamination of Purkinji cells was suggestive of the
failure to form radial fibers needed for neuronal migration. Additionally, ectopic granule
cells were incapable of migrating radially to the internal granule layer, resulting in the
increased thickness of the external granular layer. Thus, the authors suggested Cx43 as an
important factor in the development of the cortex, cerebellum, and hippocampus (Wiencken-
Barger et al., 2007).

Total knockout of Cx43 is neonatal lethal due to abnormalities in heart development,
preventing researchers from conducting a comprehensive study of the developmental effects
of such a deletion. In addition, in these mice, Cx43 is deleted from all cell types, making it
difficult to investigate the effect of cell-specific deletion of Cxs in neuronal migration and
neocortical development. Therefore, in this thesis, to shed light on the role of Cx43 in
neuronal migration, and to avoid problems of the neonatal lethality associated with Cx43 null
mice, we have made conditional knock-out (Cx43cKO) mice, produced by crossing Cx43 1™
mice (Theis et al., 2001), with nestin—Cre mice, driving the expression of Cre recombinase in
radial glia (Bérubé et al., 2005).

Furthermore, most investigators have used rat models to study the expression of Cxs
during development. Thus, in this thesis, it became imperative that the expression of Cx
protein isoforms in the mouse model be established prior to analysis of complete and
conditional knockout studies.

30



1.4 Objectives, Rationale and Hypothesis

During embryonic development, extensive gap junctional coupling exists between
cells suggesting that direct cell to cell communication is involved in many processes
including proliferation, neuronal migration, differentiation, and development of the cerebral
cortex (Lo., 1996; Nadarajah and Parnavelas, 1999; Kriegstein et al., 2006). Connexins that
make up gap junction channels are differentially expressed during embryonic and postnatal
maturation of the nervous system suggesting that gap junction communication plays an
important role during various stages of development. While many Cxs are expressed in the
developing brain, regional distribution and function of these Cxs remain to be determined. A
proper understanding of the role of these Cxs in the developing brain requires an
unambiguous characterization of their spatial and temporal pattern of expression. Thus, the
general purpose of these studies was to first characterize the expression of developmentally
associated Cxs, and to then examine the role of Cx43 (the most abundantly expressed Cx in
the developing brain) in the murine model during neuronal migration and cortical
development. Based on the previous works of others (see Historical Review), it was generally
hypothesized that functional gap junctions contribute to the proper development of the
cerebral cortex; thus deletion of Cx genes expressed in radial glia and newborn neurons will
perturb neuronal migration and cortical development.

The purpose of the first study in this thesis was to examine and characterize the
temporal and spatial expression of Cxs at the time points E14, E16, and E18 of mouse
neocortex. In the VZ of the developing neocortex, radial glia, the cells that give rise to and
then guide the newborn neurons to their final destination in the CP (Rakic, 1972), are
strongly coupled by gap junctions (LoTurco and Kriegstein, 1991; Bittman et al, 1997).
Additionally, newborn neurons are in close contact with radial glia as they migrate to the CP,
suggesting that this Cx is important during neuronal migration. Furthermore, it has been
shown that the expression of Cx43 increases until mid neurogenesis, then decreases as
neurogenesis terminates (Nadarajah et al., 1997), suggesting that Cx43 plays a critical role in
cortical development. It was hypothesized that Cx43 is expressed in all cortical layers of the
cerebral cortex at E14-E18, and that this Cx is expressed in radial glial cells and newborn

neurons.
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The general purpose of the second and third projects was to investigate how
neuronal migration and cortical development are affected by deletion of Cx43 from the radial
glia and newborn neurons. As newborn neurons leave the VZ and migrate to the CP, they
directly interact with radial glia. Previous studies have shown that gap junctions are needed
for this migration to occur properly (Fushiki et al., 2003; Xu et al., 2006; Elias et al., 2007,
Wiencken-Barger et al., 2007), but the exact mechanism responsible for this migration is still
in question. Thus, it is crucial to determine the effects of deletion of Cx43 from the radial
glia and newborn neurons in cortical development. Homozygous Cx43 null mutant mice die
shortly after birth due to cardiac malformation. Therefore, we used the Cre/loxP recombinase
system to be able to assess the effects of cell-specific Cx-knockouts on migration and
development of neurons in mouse neocortex. The methodology used in the following studies
employed in utero electroporation with wild type and transgenic mice during embryonic
stages. The mice have unique advantages and include: Cx43 wild-type; Cx43 null mutant
(Reaume et al., 1995), in which Cx43 is deleted from all cell types; nestin-Cre (Bérubé et al.,
2005); floxed Cx43 (Theis et al., 2001); and Cx43"?*% (Maass et al., 2004) transgenic mice.
Nestin-Cre mice were crossed with floxed Cx43 mice. Therefore, Cx43 was deleted from
radial glial cells expressing nestin. Cx43%?*®%" mice were used since the C-terminal domain
of Cx43 is truncated in these mice. It was hypothesized that in conditional knockout animals,
deletion of Cx43 from radial glia and newborn neurons will result in disruption of neuronal
migration and cortical lamination. Furthermore, when re-introduced to a lateral ventricle of
conditional knockout mice it was hypothesized that disruption in neuronal migration and
cortical development can be corrected by transfecting the brain of embryonic mice with Cx43
constructs.

The ability of Cx43 deletion to affect neuronal migration and cortical lamination
was tested on embryonic mouse neocortex. In addition, the domain of Cx43 which is critical
for neuronal migration was determined. Since Cx43 is extensively expressed in embryonic
neocortex, it should influence neuronal migration during development. Moreover, there is
increasing evidence that the C-terminal domain of Cx43 interacts with kinases, phosphatases,
adhesion molecules, and cytoskeletal anchorage (see Historical Review) suggesting the

involvement of this region of Cx43 in various developmental events like neuronal migration.
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It was hypothesized that the C-terminal domain of Cx43 is required for proper neuronal
migration.

The general purpose of the last study was to investigate the mechanism by which
Cx43 regulates neuronal migration in developing neocortex. As mentioned above, Cx43
interacts with cytoskeletal proteins, NOV/CCNS, kinases, phosphotases, tight junctions and
adherence junctions via interacting with its C-terminal domain. These interacting proteins
regulate the action of Cx43 in a variety of cellular events such as cell proliferation and
migration. Therefore, we conducted experiments with specific deletions within the C-
terminal region of Cx43. It was hypothesized that a central region within the C-terminal

domain of Cx43 is involved in regulating neuronal migration.
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Chapter 2

Expression of Connexins in Embryonic Mouse

Neocortical Development

A version of this chapter has been previously published; Cima Cina, John F. Bechberger,
Mark A. Ozog, and Christian G, Naus (2007) Expression of connexins in embryonic mouse

neocortical development. J Comp. Neurol 504: 298-313.
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2.1 Introduction

In the embryonic brain of mammals, projection neurons originate from the
neuroepithelium which lines the dorsolateral wall of the telencephalon in the ventricular zone
(VZ). At the onset of neurogenesis (=<E11) the neuroepithelial cells transform into radial glial
cells that span the entire wall of the cerebral cortex. These neural precursor cells eventually
give rise to the cells of the cerebral cortex (Anthony et al., 2004; Gotz et al., 2005). Radial
glial precursors located in the dorsal telencephalon generate only pyramidal excitatory
neurons, whereas non-pyramidal inhibitory interneurons originate from their parental radial
glial cells located in the ventral telencephalon. In the mouse model, these neurons can be
seen migrating into the cortical plate (CP) between E11 and E18 (Takahashi et al., 1996).
Two predominant migrational routes exist for the cortical neurons: 1) between E11 and E18
neurons proceed radially from the VZ to the CP along radial glial fibers in a process called
radial migration (Rakic, 1972); 2) interneurons originating from the ganglionic eminence
proceed perpendicular to the radial fibers and parallel to the pial surface, in a process called
tangential migration (Marin and Rubenstein, 2001). In the early stage of neurogenesis, the
first postmitotic cortical neurons migrate radially from the VVZ to form the preplate (E11-
E13). At this time, the intermediate zone (1Z) becomes evident which contains fibers
extending from the ganglionic eminence. The early preplate neurons migrate independently
of radial glial fibers via somal translocation (Nadarajah et al., 2001). The subsequently
generated neurons (between E13-E18) leave the VZ and enter the preplate to form the CP,
dividing this region into the subplate and the marginal zone (MZ). The MZ forms lamina |
and contains Cajal-Retzius cells (Parnavelas, 2002). At the same time, the subventricular
zone (SVZ) containing progenitor cells generated in the VZ and then dividing in the SVZ
becomes apparent. The CP develops in an inside-out manner to become laminae I1-VI of the
mature cortex. The earlier-born neurons reside in the deeper layers (layers V, VI), whereas
later-born neurons occupy the most superficial layers (layers 11, 111) (Haubensak et al., 2004).
These neurons that are born during later neurogenesis rely more on another form of radial
migration, locomotion (Nadarajah et al., 2001). When migrating neurons reach their final
destination, they detach from the radial glia, stop migrating and subsequently start to
differentiate. It is believed that perturbations in neuronal migration into the cerebral cortex

are associated with numerous neurological diseases and disorders in humans, including
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mental retardation and epilepsy (Aicardia, 1994; Guerrini and Filippi, 2005). A possible
etiology for such migrational deficiencies, and thus cerebral cortical malformation, may be
due to aberrant gap junctional intercellular coupling during development. Indeed, a study by
Cepeda et al. (1993) provided indirect evidence to highlight the role of the gap junctions
during brain development. In that study, neocortical tissue was obtained from epileptic
human postnatal brains with different degrees of abnormality, and then the transfer of the
low-molecular-weight fluorescent dye Lucifer Yellow (LY which readily passes through gap
junctions was measured among neurons. The authors observed a significant developmental
decrease in the occurrence of dye coupling. Therefore, in developing human neocortex, with
an increase in age the frequency of dye coupling decreased. Furthermore, among the
youngest group, the incidence of dye coupling was higher in the least abnormal cerebral
cortex and lower in the brains with the highest degree of epilepsy.

Furthermore, in early stages of brain development gap junctions provide direct
transfer of vital ions and signaling molecules between neurons until postnatal stages in which
synaptic formation occurs (Yuste et al, 1992; Peinado et al., 1993). For instance, Connors
and Long (2004) review findings that demonstrate that Cx36 provides gap junctional
coupling among inhibitory interneurons and facilitates the synchronous neocortical activity in
later stages of development. Therefore, these findings provide support for the hypothesis that
gap junctions have a vital role in brain development.

Gap junctions are intercellular membrane channels that provide cytoplasmic
continuity between adjacent cells and permit the exchange of molecules less than 1,200 Da in
size (Simon and Goodenough, 1998). The structural unit of the gap junction is the connexon,
a proteinaceous cylinder with a hydrophilic channel that is equally contributed in formation
by each of the closely-apposed cells. Connexons, themselves, are composed of proteins
termed connexins (Cx), which are encoded by a multi-gene family consisting of at least 20
members in mammals and are named according to their relative size (Willecke et al., 2002).

In adult mammals, mature neurons show limited to no gap junctional coupling
(Sotelo and Korn, 1978; Peinado et al., 1993). However, during development, neurons can be
seen coupled to one another and to other cell types. While the isoforms Cx26, Cx30, Cx32,
Cx36, Cx37, Cx40, Cx43, Cx45, and Cx47 have been identified in the developing central

nervous system (CNS), neurons themselves have been reported to express Cx36 exclusively,
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as well as the isoforms Cx45, Cx26, Cx43, and Cx32 (Nadarajah et al., 1997; Sohl et al.,
1998; Nadarajah and Parnavelas, 1999; Nagy and Rash, 2000; Rozental et al.., 2000;
Alvarez-Maubecin et al., 2001; Maxeiner et al., 2003). Intercellular coupling between
neurons, via Cx26 and or Cx36 interactions, can be extensive during development. For
instance, neurons have been shown to be coupled with up to 60 other neurons within the VZ
(Connors et al., 1983; LoTurco and Kriegstein, 1991; Yuste et al., 1992; Peinado et al.,
1993).

Other cell types in the developing CNS that demonstrate gap junctional coupling
include astrocytes and radial glia, both of which express Cx43, and Cx26, oligodendrocytes,
which express the isoforms Cx32, Cx29, and Cx47, as well as endothelial cells, which
express Cx37, Cx40, and Cx43 (Dermietzel et al., 1991, 2000; Giaume et al., 1991; Bruzzone
etal., 1993; Traub et al., 1998; Bittman and LoTurco, 1999; Nagy et al., 1999, 2004; Rash et
al., 2001; Theis et al, 2005; Isakson et al., 2006). During development, neurons have been
identified to be coupled to these other cell types via Cx26 and Cx43 interactions.
Specifically, neuronal progenitor cells are coupled to the radial glia in the VZ, lose this
heterocellular coupling as they migrate up the radial glia processes in the CP, where they
then form homocellular coupling and become mature neurons (Nadarajah et al., 1997,
Bittman and LoTurco, 1999; Bittman et al, 2002).

Functional intercellular coupling and Cx expression appears to play an important
role in neuronal migration and cerebrocortical development. Indeed, embryonic mice lacking
Cx43 expression phenotypically present an accumulation of BrdU-positive cells in the
intermediate zone, whereas these cells establish themselves normally in the CP of wild-type
littermates (Fushiki et al., 2003). The availability of null-mutant mice of other Cx isoforms
will allow the role of Cx-specificity on cortical development to be determined. However, as
most studies regarding Cx expression during development have focused on the rat model, it
becomes imperative that the expression of these gap junction proteins in the mouse model be
established prior to detailed analysis of transgenic and knockout studies. Thus, the purpose of
this study was to characterize the expression of developmentally associated Cxs in the

murine neocortex during the time of neuronal migration.
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2.2 Materials and Methods
221 Animals

C57 black/6J mice were maintained in an animal facility with a 12:12-hour light:dark
cycle and were provided food and water ad libitum. The animals were maintained according to
Canadian Council on Animal Care (CCAC) guidelines for the care and use of laboratory mice at the
University of British Columbia. Following mating of adult mice, the day on which a vaginal plug

was identified was considered embryonic day 0 (EO).

2.2.2  RNA Isolation and Reverse Transcription Polymerase Chain Reaction (PCR)

Cortices of adult and embryonic mice at time points E14, E16, and E18 were
isolated, freed of meninges, and chopped into small pieces. Total RNA was extracted using
TRIzol reagent (Invitrogen, Burlington, ON), rinsed twice with 75% ethanol, and quantified
using spectrophotometry at 260 nm. Two micrograms of the RNA was DNase treated and
subsequently reverse-transcribed in a thermocycler. The RT product was amplified (30
cycles) using primers specific for each Cx isoform (Table 1). Glyceraldehydephosphate
dehydrogenase (GAPDH) was used as a positive control to confirm the isolation and RT of
the RNA and to demonstrate relative equal loadings of RT product. The amplified products
were characterized by electrophoresis in a 2% agarose gel containing 0.1% ethidium bromide
and were run in parallel with a 1KB standard (Invitrogen).

2.2.3  Antibodies

The Cx antibodies used in this study are listed in Table 2.2. The Cx26 antibody (Zymed,
San Francisco, CA) was produced in rabbit. The cDNA was originally isolated from mouse
liver cells. The immunogen was a 13 amino acid (aa) synthetic peptide, 214-226 from the C-
terminus of the mouse Cx26 protein. Specificity of the Cx26 antibody has been demonstrated
previously by conducting immunohistochemistry, Western blot, and freeze-fracture replica
immunogold labeling (FRIL) on embryonic and adult liver and brain tissue (Nagy et al.,
2001). The Cx26 antibody detected a single band of 26 kDa molecular weight in brain tissue
using Western blot (Nagy et al., 2001). No band was seen when 250 L of diluted primary
antibody was preincubated with 50 pg of the immunizing peptide using Western blot. We

57



Table 2.1 Primer Sequences Used for RT-PCR Analysis and Mouse Genotyping

) ] Expected
Targer Primer Sequences Sense/Antisense Product References
Size (bp)

5 - TTTGTGTGCAACACAGAGCA-3"/ _

Cx45 5’-CCCACCTCAAACACAGTCCT-3’ 350 Theis et al. (2004)
5"-CCCCACTCTCACCTATGTCTCC-3"/

Cx43 5 ACTTTTGCCGCCTAGCTATCCC-3' 500 Nausetal. (1997)
5"-CTGTCCCCACCCAGTCAACT-3"/

Cx40 3 CGATGGTATCACTGTTTGCC-3 460 Naus et al. (1997)

ox37 5-TGTACCTTGGCTGCCTCTCT-3'/ 296 Simon et al.
5-AGCCTGCATCAGTGCTTTTT-3' (2003)

Cx36 5-GTAGGGGAGACGGTGTACGA-3'/ 498 Schubert et al.
5"-TCGAAACACCACTTGGATGA-3’ (2005)
5-CCATAAGTCAGGTGTAAAGGAGC-3'/

Cx32 5"-AGATAAGCTGCAGGGACCATAGG-3" 550 Sohl et al. (2001)

Cx30 5-GGTACCTTCTACTAATTAGCTTGG-3'/ 544 Guldenagel et al.
5"-AGGTGGTACCCATTGTAGAGGAAG-3" (2000)

Cx06 5-AGGAAGGTGCCACTGAGAAA-3'/ 310 Filippov et al.
5-ACGAGACGCTTCCAGTTTGT-3’ (2003)

GAPDH 5"-AATGCATCCTGCACCACCAA-3"/ 515 Yang et al. (2001)

5 -GTAGCCATATTCATTGTCATA-3’

RT-PCR, reverse transcription polymerase chain reaction; bp, base pairs.

Table 2.2 Connexin Antibodies Used for Western Blotting and Immunohistochemistry

Antibody Type Designation Source

Connexin26 polyclonal c-terminus Zymed, San Francisco, CA

Cat. no. 51-2800
Connexin36 polyclonal cytoplasmic loop Zymed

Cat. no. 51-6300
Connexin37 polyclonal c-terminus Alpha Diagnostics,

San Antonio, TX

Cat. no. Cx37A11-A
Connexin43 polyclonal c-terminus Sigma-Aldrich, Oakville, ON

Cat. no. C6219
Connexin4bs polyclonal c-terminus Chemicon, Temecula, CA

Cat. no. AB1745

showed the specificity of Cx26 by using homogenates of liver and heart. Cx26 was found in

homogenates of liver (positive control) but not in homogenates of heart (negative control)

(Fig. 2.2A).
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The Cx36 antibody (Zymed) was produced in rabbit. The cDNA was originally
isolated from mouse brain cells. A 9-aa synthetic peptide, 296-304, derived from the C-
terminal region of the mouse Cx36 protein, was used as immunogen. The antibody detects a
single band of ~36 kDa molecular weight in developing mouse brain homogenates by
Western blot analysis (Zymed). The specificity of the antibody has been confirmed by using
tissue homogenates of brain and heart. Cx36 was found in homogenates of mouse brain
(positive control) but not in homogenates of heart (negative control) (Fig. 2.2B). For a
negative control experiment, no band was seen in homogenates of brain tissue when 3 pg of
the primary antibody was diluted in 100 pg of Cx36 peptide using Western blot (Rash et al.,
2000). In addition, specificity of Cx36 antibody has been confirmed by lack of
immunoreactivity in the retina of Cx36 knockout mice (Guldenagel et al., 2001).

The Cx37 antibody (Alpha Diagnostics, San Antonio, TX) was produced in rabbit.
The cDNA was originally isolated from mouse blood endothelial cells. The synthetic peptide
used as immunogen covers aa 318-333 of the C-terminus. The antibody detects a single band
of 37 kDa molecular weight in developing mouse brain homogenates by Western blot
(manufacturer’s technical information). The Cx37 immunogenic peptide of mouse is specific
for Cx37 and no significant homology is seen with other Cxs (Hill et al., 2002;
manufacturer’s technical information). We also showed the specificity of Cx37 antibody by
using tissue homogenates of brain and heart (positive control, Fig. 2.2C). For a negative
control experiment, no band was seen when 250 uL of diluted primary antibody was
preincubated with 50 pg of the immunizing peptide using Western blot. In addition, no
staining was seen in blood vessels when Cx37 antibody was incubated with excess
immunogen (Earley et al., 2004).

The Cx43 antibody (Sigma-Aldrich, Oakville, CA) was produced in rabbit using a
synthetic peptide Lys-Pro-Ser- Ser-Arg-Ala-Ser-Ser-Arg-Pro-Asp-Asp-Leu-Glu-lle
conjugated to KLH. The peptide corresponds to a C-terminal fragment of the cytoplasmic
domain of human and rat Cx43, aa residues 363-382, with an N-terminal added lysine. This
Cx43 antibody has been previously studied in adult and developing cerebral cortex
(Nadarajah et al., 1996, 1997). This antibody detects multiple bands of a 43-kDa region by
Western blot analysis on whole brain homogenates (Hossain et al., 1994; Rash et al., 2001,

manufacturer’s technical information). Cx43 was found in tissue homogenates of brain and
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heart (positive control, Fig. 2.2D). Brain sections with preadsorbed antibodies showed no
staining by immunogold labeling (Hofer et al., 1998).

The Cx45 antibody (Chemicon, Temecula, CA) was produced in rabbit. The cDNA
was originally isolated from mouse cardiac cells. The peptide sequence for the immunogen
corresponded to aa 354367 of human Cx45 (manufacturer’s technical information). The
antibody detects a single 46-kDa band with molecular weight in homogenates of different
regions of developing and adult brain by Western blot (Maxeiner et al., 2003). The
specificity of the Cx45 antibody was demonstrated by comparing embryonic brain
homogenates of wildtype and Cx45-deficient mouse. Cx45 was found in brain homogenates
of wildtype mouse but not in brain homogenates of Cx45-deficient mouse using Western blot
(Maxeiner et al., 2003). In addition, Cx45 was found in tissue homogenates of brain and
heart (positive control, Fig. 2.2E). No band was seen when Cx45 antibody was preincubated
with the respective epitope specific peptide fragments (Siu Yi Leung et al., 2002).

The monoclonal nestin (Rat-401) antibody (Cat. no. 556309, BD Biosciences, ON),
was produced in mouse, using aa residues 544—776 as the immunogen (Hockfield and
McKay, 1985). Immunohistochemistry and Western blot analysis on neural tube of E15 rats
showed that the nestin antibody only recognizes radial glial cells and dividing neural stem
cells in the embryonic but not adult rat CNS (Lendahl et al., 1990). This antibody recognizes
a single band of =198 kDa molecular weight in homogenates of developing neural tube cells
by Western blot (Hockfield and McKay, 1985). In addition, similar results were obtained
using lysates from PC 12 cells probed with antirat nestin at concentrations of 2, 1, and 0.5
pg/mL.

The monoclonal MAP-2 antibody (Cat. no. M 4403, Sigma-Aldrich), was produced
in mouse. Rat brain microtubule-associated proteins (MAPSs) were used as the immunogen to
prepare this antibody. The antigenic site for the immunogen was identified as Lys-Asn-Val-
Arg-Ser-Lys-Val-Gly-Ser-Thr-Glu-Asn-lle-Lys-His-GIn-Pro-Gly-Gly-Gly-Arg-Ala-Lys
(Aizawa et al., 1989). While this antibody reacts with all forms of MAP-2, it does not cross-
react with other MAPs or tubulin. Anti-MAP-2 shows elective labeling of dendrites
throughout the brain (Huber and Matus, 1984; manufacturer’s technical information). While

immunoprecipitation and antibody gel staining techniques did not show any crossreacting
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antigen in nonneuronal cells including mouse kidney cells, 3T3, and Hela cells, this antibody

has been shown to be specific for differentiated neurons (Izant and Mclintosh, 1980).

2.2.4  Protein Isolation and Western Blot Analysis

Protein was isolated from cerebral cortices of E14, E16, and E18 embryonic mice
using radioimmune precipitation lysis buffer (50 mM Tris-HCI, pH 8.0, 1% IGEPAL)
supplemented with Mini Complete protease inhibitors (Roche Applied Science, Laval, QC)
and phosphatase inhibitors (Sigma). Protein concentrations were determined using the BCA
protein quantification kit (Pierce, Rockford, IL). Protein samples (30 pg) were boiled for 2
minutes in SDS sample buffer (pH 8.0) and separated on a 12% polyacrylamide gel in
parallel with molecular weight markers (Bio-Rad Laboratories, Hercules, CA). Subsequently,
the electrophoresed proteins were transferred onto a nitrocellulose membrane (Bio- Rad
Laboratories) at 100 V for 1 hour. The blots were then blocked with 5% dry milk in PBS (pH
7.4, with 1% Tween 20) for 1 hour and subsequently incubated with antibodies against Cx26,
Cx36, Cx43, and Cx45 at 4°C overnight. Following rinsing with phosphate-buffered saline
(PBS), the blots were incubated in horseradish peroxidase-tagged secondary antibody
(Cedarlane Laboratories, Hornby, ON) for 1hour at room temperature followed by incubation
in Super- Signal chemiluminescent substrate (Pierce). The labelled blots were then exposed
to Kodak X Omat x-ray film to visualize antibody binding. To ensure equal loading of
protein samples, the blots were stripped of their Cx antibodies and reprobed for GAPDH

(Cedarlane Laboratories).

2.2.5  Immunohistochemistry

Adult brains as well as embryonic brains obtained from E14, E16, and E18 mice
were fixed by immersion in 4% paraformaldehyde (in PBS, pH 7.4) overnight at 4°C. The
fixed brains were cryoprotected in 30% sucrose, mounted in OCT, and cut into 10 pum
coronal sections using a cryostat. Cut brain sections were mounted on coverslips, blocked for
nonspecific antibody binding with IgG blocking solution (M.O.M. kit, Vector Laboratories,
Burlington, ON) and subsequently incubated in antibodies for Cx26, Cx36, Cx37, Cx43, and
Cx45 at 4°C overnight. Selected samples were double-labelled with the neuronal marker

microtubule associated protein-2 (MAP-2) (Sigma) and nestin (a radial glia marker) (BD
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Biosciences). Laminae II/111 of the mature neocortex and the VZ, the 1Z, and the CP of
embryonic cerebral cortex were processed for imaging. Specificity of the primary antibodies
was assessed by omitting them from the labeling protocol on selected slices. Slices were then
incubated in Alexa Fluor-tagged 1gG antibodies (Molecular Probes, Eugene,OR) for 1 hour
and mounted in ProLong Gold containing DAPI (Molecular Probes). Labeled sections were
examined and analyzed with a Zeiss Axioskop fluorescent microscope and AxioVision 4.2
software (Carl Zeiss, Thornwood, NY). In order to show the distribution pattern of Cxs in
E14-E18, representative figures were produced by combining images into a montage to cover
the thickness from the VZ to the MZ. To generate the final figures, all images were stored as
TIFF files and processed in Adobe Photoshop 7.0 (San Jose, CA). The images were adjusted

to optimize brightness, contrast, and sharpness and then assembled into figures.

2.2.6 Densitometric Evaluations

The density of protein expression Cx26, Cx36, Cx37, Cx43, and Cx45 in four
separate Western blot experiments was measured using Scion image software (Scion Image,
Frederick, MD). The density value for each Cx was normalized to GAPDH. Arbitrary units

were chosen to show the relative density of each Cx relative to other Cxs.

2.2.7  Data Analysis

All experiments were performed at least four times with two repeats per sample. All
values are presented in relative density as mean = SEM and the results were analyzed by one
way ANOVA followed by the Tukey test. A P value < 0.05 was considered statistically
different.
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2.3 Results
2.3.1  Connexins Expressed in the Embryonic Cerebral Cortex

As the majority of neuronal migration in the mouse cerebral cortex occurs between the
developmental stages of E14-E18, we examined the expression of several brain expressed
Cxs at the specific timepoints E14, E16, and E18. RNA was isolated from the cortices at the
three timepoints and subjected to RT-PCR using the primers listed in Table 2.1. Analysis of
amplified RT products revealed that transcripts for Cx26, Cx36, Cx37, Cx43, and Cx45 were
expressed at all three timepoints examined (Fig. 2.1). Transcripts for Cx40, however, were
only observed at the E14 stage and appeared comparatively lower in quantity than transcripts
for most of the other Cxs examined, with the exception of Cx30 and Cx32, both of which
were absent from the embryonic mouse brain at these three stages of development (Fig. 2.1).
Functionality of the Cx30 and Cx32 primers was confirmed using RNA isolated from adult
mouse cerebral cortex and liver, respectively (data not shown). In RT-PCR experiments,
confirmation of RNA isolation, RT, and relative equal loading of the RT product was
confirmed using primers for GAPDH (Vandesompele et al., 2002) (Fig. 2.1). To determine if
the transcripts of the various Cxs identified in the brains of embryonic mice (see above)
translated into protein expression, we performed immunoblot analysis on protein isolated
from the cerebral cortices of E14, E16, and E18 mice (Fig. 2.2A—E). The isoforms of Cx26,
Cx36, Cx37, Cx43, and Cx45 were all expressed in the cortices of mice during the three
stages of development and showed a relatively consistent level of expression (when
compared to each other and GAPDH levels) (Fig. 2.2A-E). Cx26 was detected in cerebral
cortex and the level of this protein appeared similar at all three time points examined. Cx26
was expressed in embryonic liver tissue used as a positive control, whereas embryonic heart
tissue used as negative control was devoid of Cx26 expression (Fig. 2.2A). Cx36 was
expressed at all time points and the level of this Cx protein appeared to be similar at all time
points (Fig. 2.2B). Embryonic heart tissue was used as a negative control for the expression
of Cx36 (Fig. 2.2B). The isoform of Cx37 was detected at a similar level in cerebral cortex at
all three time points examined. The expression of this Cx was also shown in heart tissue used
as a positive control (Fig. 2.2C). Cx43 was identified in cerebral cortex at all time points as

well as in heart (positive control), while it showed an increase from E14 to E18 (Fig. 2.2D).

63



Figure 2.1 RNA transcripts of connexins detected in the developing mouse cortex
from E14-E18. RNA was isolated from cortices of mouse embryos and subjected to RT-PCR
for various Cx transcripts. Cx26, Cx36, Cx37, Cx43, and Cx45 were readily detected at E14-

E18, while Cx40 was present at a low level at E14.
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Figure 2.2 Representative immunoblots showing the detection of Cx proteins
expressed in the developing mouse cortex. A—E: Equal amounts of embryonic liver, heart,
and cortical tissue lysates were immunoblotted and probed with Cx26 (26 kDa), Cx36 (36
kDa), Cx37 (37 kDa), Cx43 (43 kDa), and Cx45 (46 kDa) antibodies, respectively. A: Cx26
was expressed in liver (positive control) and cortical tissue; however, this Cx was absent in
heart tissue (negative control). The expression of Cx26 appeared to be similar at all
timepoints. B: Cx36 was expressed in all cortical tissue but not in heart (negative control).
This Cx expression appeared to be similar at all timepoints. C: Cx37 was expressed equally
at all timepoints. This Cx was also expressed in heart (positive control). D: Cx43 was
expressed in all cortical tissue and its expression was shown to be more abundant at E18.
Heart tissue was used as a positive control. E: Cx45 was expressed at all timepoints. Heart
tissue was used as a positive control. GAPDH was used as a loading control. F:
Densitometric evaluation of Cxs in developing cerebral cortex. The graph represents the
quantification of Cx26, Cx36, Cx37, Cx43, and Cx45 in four independent Western blot
experiments for each of the Cxs as compared with GAPDH. The arbitrary unit shows the
density of each Cx relative to other Cxs. The expression level of Cx43 was significantly
higher than Cx26, Cx36, and Cx37 (n = 4, *P < 0.05).

66



50 kDa 4
37 kDa
26 kDa -| = S

GAPDH -| aup ame = = a=

50 kDa -

36 kDa -

GAPDH -

50 kDa -

37 kDa -

A Cx26

Liver
Heart

GAPDH -

3 & =
= = =
B Cx36
— ——
D —— ——
T
:$ T = B
= = = =
G Cx37
W — —
WD — ——

Arbitrarv Unit

Heart
E14
E16
E18

D Cx43
50 kDa - ow—"y-
13 kDa | (e
37kDa -

GAPDH l----

=

g X &5 =

IR R @
E Cx45

50 kDa -

45 KD - | e ——————
37kDa -

GAPDH -| (il - S s

Heart
E14
E16
E18

MMM MEOm Mo Oom @mm
Cx26 Cx36 Cx37 Cx43 Cx45

67



Cx43 appeared to be the most abundant Cx isoform expressed in the developing cerebral
cortex compared to Cx26, Cx36, and Cx37 (Fig. 2.2F). Cx45 was detected in cerebral cortex
and the level of this protein was similar at all developmental time points examined (Fig.
2.2E). The expression level of this Cx was not significantly different from Cx43 (Fig. 2.2F).
The Western blot data are in agreement with our RT PCR findings showing the expression of
Cx26, Cx36, Cx37, Cx43, and Cx45 in the cerebral cortex at different time points (E14, E16,
and E18). Taken together, these findings

indicate the expression of Cx26, Cx36, Cx37, Cx43, and Cx45 in the embryonic mouse

neocortex during development from E14-E18.

2.3.2  Variations in the spatial expression of Cxs

Examination of Cx expression during development was conducted in the dorsal
telencephalic wall of the E14, E16, and E18 mouse neocortex by immunofluorescent labeling
using antibodies against Cx26, Cx36, Cx37, Cx43, and Cx45. Cx30 and Cx32 were not
detected in any of the embryonic stages examined by immunolabelling, consistent with our
RT-PCR results (data not shown). The expression of Cx26 was observed in the cerebral
cortex throughout development and this Cx was generally evenly distributed among all
cerebral cortical layers (the VZ, the 1Z, and the CP), although there were areas with more
intense labelling in the VZ (Fig. 2.3A-C). The expression pattern of Cx36 in cerebral cortex
appeared to be higher in the CP and the VZ compared to the IZ at E16 and E18, whereas at
E14 the distribution of this Cx was generally even in the three layers of the cerebral cortex
(Fig. 2.4A-C). The results of immunofluorescent labelling for Cx37 revealed a generally
even distribution with a slight decrease from E14 to E18 in the three layers of cerebral cortex
examined (Fig. 2.5A-C). As shown in Figure 2.6, while the expression of Cx43 was
identified in the three stages of development, the labelling pattern of this Cx appeared in a
gradient manner (higher in the VZ and CP and lower in the 1Z) at E16 and E18 (Fig. 2.6 A-C).
The expression of Cx45 was also examined in the cerebral cortex of embryonic mouse by
immunolabeling. As shown in Figure 2.7A-C, Cx45 was expressed in the VZ, the 1Z, and the
CP at all three stages of development examined. The labelling pattern of this Cx appeared to
be comparatively higher at E18 than the other two timepoints (E14 and E16) (Fig. 2.7A-C).

The results obtained from the immunofluorescent experiments are in agreement with the RT-
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Figure 2.3 Immunohistochemical analysis shows that the distribution of Cx26 appears
to be similar throughout development. A representative of the distribution pattern of Cx26 in
cerebral cortical layers. A-C: 10 km cortical slices at different timepoints (E14-E18) were
stained against Cx26 antibody. Cx26 appeared evenly distributed in cerebral cortical layers.
The distribution pattern was similar at all timepoints examined. VZ, ventricular zone; 1Z,

intermediate zone; CP, cortical plate; LV, lateral ventricle. Scale bar = 20 km.
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Figure 2.4 Cx36 is expressed in a gradient manner in the cerebral cortex. A

representative of the distribution pattern for Cx36 in cerebral cortical layers from E14-E18.
A-C: 10 im cortical slices at different timepoints (E14-E18) were stained with the Cx36
antibody. The distribution pattern of Cx36 at E14 appeared to be similar in all cortical layers.
Labeling for Cx36 is distinctly lower in the 1Z than in the VZ and the CP at E16 and E18.
Scale bar =20 t-m.
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Figure 2.5 Cx37 is slightly decreased from E14-E18 of embryonic mouse neocortex.
A representative of the distribution pattern for Cx37 in cerebral cortical layers from E14-E18.
A-C: 10 &m cortical slices at different timepoints (E14-E18) were stained against Cx37
antibody. The distribution pattern of Cx37 appeared to be similar, with a slight decrease from
E14-E18 in all cortical layers. This Cx was expressed at all timepoints examined. Scale bar =
20 m.
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Figure 2.6 Cx43 is expressed in a gradient manner in the cortex. A representative of
the distribution pattern for Cx43 in cerebral cortical layers from E14-E18. A-C: 10 &m
cortical slices at different timepoints (E14-E18) were stained with the Cx43 antibody. The
distribution pattern of Cx43 at E14 appeared to be similar in all cortical layers. Labeling for
Cx43 is distinctly lower in the 1Z than in the VZ and the CP at E16 and E18. Scale bars = 20

Em.
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Figure 2.7 Cx45 immunoreactivity in the cortical layers of E14-E18 of mouse embryo
increases as cortex develops. Cortical slices stained using an antibody against Cx45 showing
punctate immunostaining in the VZ, the 1Z, and the CP. The distribution pattern of Cx45
appeared to be increased from E14 to E18 (A-C). Scale bars = 20 i:m.
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PCR and the Western blot analysis. These findings indicate that Cx26, Cx36, Cx37, Cx43,

and Cx45 are expressed in the neocortex at E14, E16, and E18 during development.

2.3.3  Distribution of Cxs and their Relation to MAP-2-positive Neurons in the
Cortical Plate of the Developing Mouse Cortex at E18

To determine the cellular localization of various Cxs with regard to the neurons in
the CP, we performed double immunofluorescent labelling experiments using MAP-2 (a
neuronal marker) and antibodies against Cx26, Cx36, Cx37, Cx43, and Cx45 in tissue
sections of mouse cerebral cortex at E18. As depicted in Figure 2.8A1-C5, confocal
microscopy images with high magnification revealed punctuate staining of Cx26, Cx36,
Cx37, Cx43, and Cx45 in the CP of E18 mouse cerebral cortex. Cx36 and Cx26 showed high
immunoreactivity associated with MAP-2 positive neurons located in the CP (Fig. 2.8A4—
C5). In contrast, Cx45, Cx43, and Cx37 showed lower immunoreactivity to MAP-2 positive
neurons (Fig. 2.8A1-C3).

2.3.4  Association of Cx26 and Cx43 with Nestin-positive Radial Glia in the Cortical
Plate of Mouse Neocortex Throughout Development

The relation of Cx26 and Cx43 with radial glial fibers in the CP at all three stages of
development was examined. Double immunofluorescent labelling experiments using nestin
and antibodies against Cx26 and Cx43 were performed on tissue sections of mouse cerebral
cortex at E14, E16, and E18. Confocal microscopy images with high magnification showed
punctuate staining of Cx26 and Cx43 with immunoreactivity associated with nestin-positive
radial glia located in the CP at all timepoints (Fig. 2.9A1-B3).

2.3.5 Distribution of Cxs and their Relation to MAP-2-positive Neurons in the
Laminae 11/111 of Adult Mouse Neocortex

To evaluate the localization of various Cxs with regard to the adult neocortex, we
conducted double immunofluorescent labelling procedures to co-localize MAP-2 with Cx26,
Cx36, Cx37, Cx43, and Cx45 in tissue sections of mature neocortex. As depicted in Figure
2.10, confocal microscopy images with high magnification showed punctuate staining of
Cx26, Cx36, Cx37, Cx43, and Cx45 in the laminae 1I/111 of the adult mouse neocortex. The

expression of Cxs was significantly lower compared to the embryonic cortical plate sections
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(Fig. 2.8). Cx36 showed a high association with MAP-2-positive neurons (Fig. 2.10A4-C4),
whereas Cx45, Cx43, Cx37, and Cx26 revealed no localization to neurons (Fig. 2.10A1-C1,
A2-C2, A3-C3, A5-Cb).
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Figure 2.8 MAP-2 labelling of neurons in the cortical plate is also immunoreactive for
Cx26, Cx36, Cx37, Cx43, and Cx45. Double-immunolabeled confocal microscope images of
10 m cortical tissue sections at E18 labeled with MAP-2 (magenta) (left panel: A1-A5) and
antibodies against various Cxs (green) (middle panel: B1-B5). The nuclei of the cells were
visualized by DAPI (blue) and are shown in the overlay images (right panel: C1-C5). Within
the cortical plate, Cx26, Cx36, Cx37, Cx43, and Cx45 punctate immunostaining showed their
distribution associated with MAP-2 positive cells. While Cx36 and Cx26 showed high
immunoreactivity in association with MAP-2 positive cells (A4-C5), Cx45, Cx43, and Cx37

showed very low association with these cells (A1-C3) (arrows). Scale bars =5 km.
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Figure 2.9 Nestin labeling of radial glia in the cortical plate is also immunoreactive
for Cx26 and Cx43. Double-immunolabelled confocal microscope images of 10 k-m cortical
tissue sections labeled with nestin (shown in magenta) and antibodies against Cx26 (left
panel: A1-A3) and Cx43 (right panel: B1-B3) (shown in green). Punctate immunostaining of
Cx26 and Cx43 (arrows) in the cortical plate of E14, E16, and E18 mouse neocortex showed

their expression associated with nestin-positive radial glia. Scale bars =5 km.
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Figure 2.10 MAP-2 labeling of neurons in the adult cerebral cortex is immunoreactive for
Cx36. Double-immunolabeled confocal microscope images of 10 im cortical tissue sections
from laminae I1/111 of mature neocortex labeled with MAP-2 (magenta) (left panel: A1-A5)
and antibodies against various Cxs (green) (middle panel: B1-B5). The nuclei of the cells
were visualized by DAPI (blue) and are shown in the overlay images (right panel: C1-C5).
A4-C4: Within the laminae 11/111 of the mature neocortex Cx36 punctate immunostaining
showed high association with MAP-2 positive cells (arrows), whereas Cx45 (A1-C1), Cx43
(A2-C2), Cx37 (A3-C3), and Cx26 (A5-C5) did not show immunoreactivity with MAP-2

positive neurons. Scale bars =5 km.
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2.4 Discussion

By using RT-PCR, immunoblotting, and immunohistochemistry, we investigated
the expression level and distribution pattern of several connexins at three stages of
embryonic development of the mouse cerebral cortex. The main findings from this analysis
are as follows: 1) Cx26, Cx36, Cx37, Cx43, and Cx45 were highly expressed in the
neocortex at E14-E18, while Cx30 and Cx32 were absent and Cx40 was detected at a low
level. 2) Cx26 and Cx37 showed an even distribution in all three cortical layers of neocortex,
Cx36 and Cx43 were more abundant in the VZ and the CP than in the 1Z of all timepoints

examined, and Cx45 appeared to increase in expression during development.

241  Cx26 Expression in Embryonic Mouse Neocortex

In the present study we detected both Cx26 RNA and protein throughout the
cerebral cortex of the developing mouse embryo, as measured by RT-PCR and Western blot
analysis. Also, our immunofluorescent labelling experiments showed generally even
distribution of Cx26 in the VZ, the 1Z, and CP during embryonic development, with high
immunoreactivity in neurons based on our double immunofluorescent labelling. In contrast,
Cx26 showed no association with neurons in the adult mouse neocortex. Many studies have
investigated the distribution of Cx26 utilizing a variety of techniques including RT-PCR,
Western, and Northern blot analysis as well as immunohistochemistry. However, there exist
conflicting results regarding the expression of this Cx. A study conducted by Fillipov et al.
(2003) showed that in E16 and postnatal stages of mouse neocortex, Cx26 was expressed
only in meninges and not in neurons or astrocytes. This difference may be due to the
techniques we used. Even though extreme care was taken when removing meninges during
dissection, we could still observe the expression of Cx26 in the neocortex. Our results are in
agreement with studies by Dermietzel et al. (1989) and Bittman and LoTurco (1999),
demonstrating the presence of Cx26 during embryonic stages and its expression in the VZ of
E14-E17 mouse neocortex. In another study by Nadarajah et al. (1997) the expression of
Cx26 at E12, E14, E16, and E19 in the rat cerebral cortex was examined and the results
revealed that this Cx was present at all timepoints, with a peak at E16, diminished by the end
of E19. Here, Cx26 has also been shown to be colocalized with the neuronal marker (MAP 2)

and the radial glia marker (nestin) during development, in agreement with previous studies
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showing the expression of this Cx in neurons, astrocytes, and radial glia (Nadarajah et al.,
1997; Bittman and LoTurco, 1999; Nagy et al., 2001; Bittman et al., 2002; Condorelli et al.,
2003). The expression of Cx26 increases during mid to late neurogenesis (around E16),
suggesting its participation in important developmental events such as proliferation and
migration. Furthermore, our immunofluorescent labeling experiments showed low expression

of Cx26 in laminae 11/111 of adult mouse neocortex with no immunoreactivity in neurons.

2.4.2  Cx30and Cx32 are Absent From the Embryonic Neocortex

In the present study we were unable to detect Cx30 and Cx32 in the mouse
neocortex during embryonic development between E14 and E18. Siu Yi Leung et al. (2001),
however, detected Cx32 in cultured midbrain neurons from rat at E14. Differences between
the two studies may reflect different animal models and brain tissues since neocortex is
known to develop extensively after birth. Previous studies have been able to detect Cx30 in
astrocytes and Cx32 in oligodendrocytes and along myelinated fibers only in postnatal and
adult brain. These studies suggest a function for Cx30 and Cx32 in the mature neocortex,
including their role in gap junctional coupling between astrocytes and oligodendrocytes
along myelin fibers to exchange ions and small metabolites (Nadarajah et al., 1997; Nagy et
al., 1999, 2003; Nagy and Rash, 2000; Alverez- Meubecin et al., 2000; Rash et al., 2001).

2.4.3  Expression of Cx36 in Embryonic Mouse Neocortex

We were able to detect both Cx36 RNA and protein expression in the embryonic
mouse neocortex. Previously, by RT-PCR and Northern blot analysis, Cx36 was found in
embryonic mouse forebrain at E9.5-E18.5, with a peak at E15.5 (Gulisano et al., 2000). We
have also shown that this Cx is expressed more abundantly in the VZ and the CP than in the
IZ at E16 and E18. Furthermore, Cx36 immunoreactivity was seen associated with MAP-2-
positive neurons in the CP of cerebral cortex at E18 and laminae II/111 of mature neocortex.
However, the expression of this Cx was significantly lower in mature neocortex compared to
the embryonic cerebral cortex. These findings are in agreement with many previous reports
revealing the presence of Cx36 only in neurons of developing and adult rodent and human
brain and retina (Sohl et al., 1998; Belluardo et al., 2000; Condorelli et al., 2000; Teubner et
al., 2000; Venance et al., 2000; Rash et al., 2001). The presence of Cx36 during embryonic
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stages and its expression exclusively in neurons in the VZ and the CP during embryonic
development suggests that this Cx is involved in coupling between neuroepithelial cells in
the VZ during neurogenesis and between migrating neuron in the CP during corticogenesis
(Gulisano et al., 2000).

2.4.4  Expression of Cx37 in the Embryonic Mouse Neocortex

In the present study we detected both Cx37 RNA and protein at E14, E16, and E18
of embryonic mouse neocortex. This Cx also showed an even distribution in the cerebral
cortical layers at E14-E18, with low immunoreactivity localized to MAP-2-positive neurons
in the CP of E18 mouse neocortex. This Cx was expressed at low levels in mature neocortex,
and showed no association with MAP-2-positive neurons. This finding is confirmed by
previous studies showing the expression of Cx37 in the developing and adult rodent brain.
While some investigators have shown a meningeal and endothelial localization, others found
this Cx to be expressed in spinal cord motoneurons, suggesting their involvement in synaptic
connections between motoneurons during embryonic stages (Willecke et al., 1991; Traub et
al., 1998; Chang et al., 1999; Condorelli et al., 2003).

2.4.5  Cx40 Expression in the Embryonic Mouse Neocortex

We were able to detect Cx40 RNA at a low level in the embryonic mouse neocortex
at E14. A previous study by Chang et al. (1999) showed the expression of this Cx in
embryonic rat spinal cord motoneurons at the mRNA and protein level; thus, Cx40 may be
expressed in spinal cord neurons and not in cortical neurons. Some investigators also showed
this Cx in hippocampal progenitor cells while others found Cx40 in astrocytes, in the
meninges, large blood vessels, or in the retina of postnatal and adult rodent brain (Dermietzel,
1996; Rozental et al., 1998; Guldenagel et al., 2000; Condorelli et al., 2003; Matesic et al.,
2003).

2.4.6  Expression of Cx43 in the Embryonic Mouse Neocortex

In the present study we detected both Cx43 RNA and protein in the embryonic
mouse neocortex from E14-E18. Our immunolabelling experiments show an even
distribution of Cx43 at E14 and a gradient distribution pattern in the VZ and the CP at E16
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and E18. This finding is supported by previous studies (Nadarajah et al., 1997; Fushiki et al.,
2003) that show more Cx43 in the VZ and the CP of E16 mouse neocortex. Our results reveal
an apparent association of Cx43 with some MAP-2-positive cells, as well as expression in
radial glial cells in the cortical plate of mouse at E14, E16, and E18. This Cx was expressed
in the laminae 11/111 of the adult mouse neocortex and showed no association with MAP-2-
positive neurons. This finding is confirmed by previous studies that used a variety of
techniques including immunohistochemistry, freeze fracture replica, electron microscopy,
and Southern and Western blot analysis to show the spatial and temporal expression of Cx43
in developing and adult brain. The majority of these investigations used rats as animal
models. The expression of Cx43 has been reported in the radial glia contacting neurons
migrating toward the CP, migratory neural crest cells, astrocytes, cortical neurons, spinal
cord motoneurons, and embryonic rat midbrain floor (Nadarajah et al., 1996; Naus et al.,
1997; Bittman and LoTurco, 1999; Chang et al., 1999; Nadarajah and Parnavelas, 1999;
Dermietzel et al., 2000; Rash et al., 2001; Siu Yi Leung et al., 2001; Leung et al., 2002;
Cheng et al., 2004). Based on our findings on the distribution of Cx43 at E14-E18 and the
aforementioned studies, it is suggested that Cx43 is involved in important developmental
functions including cell cycle, neurogenesis, and neuronal migration. There is increasing
evidence indicating the differential changes in the number of cells expressing Cx43 through
the cell cycle during early and late neurogenesis (Nadarajah et al., 1998; Bittman and
LoTurco, 1999). At the onset of neurogenesis, all neural precursors in the VZ in the S, G1,
and G2 phases are highly coupled by Cx43 and then uncoupled in M. However, during late
neurogenesis (E17) the number of cycling neocortical cells expressing Cx43 decreases from
the S phase to G1 phase of the cell cycle. This decrease correlates with cell uncoupling at this
stage of development when cells become postmitotic in the VZ and start to differentiate or
migrate (Bittman and LoTurco, 1999). Thus, participation of Cx43 in regulating the cell
cycle may be a way of controlling neurogenesis during brain development.

Furthermore, one possible elucidation regarding the involvement of Cx43 in
neuronal migration might be that the spread of intercellular Ca** waves are propagated via
gap junctions. Ca** waves provide a mechanism for coordination of activities like cell
migration and proliferation (Sanderson et al., 1996). This process has been demonstrated in a

number of cell types, including cortical radial glia, astrocytes, and striatal precursors
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(Dermietzel et al., 2000; Scemes et al., 2003; Weissman et al., 2004). Gap junctions are also
permeable to ATP and they release this signaling molecule into the extracellular space
(Guthrie et al., 1999), which in turn stimulates the metabotropic purinergic receptors
(P2YRs) on the adjacent cells. P2Yrs are coupled to phospholipase C production, which

leads to increased production of IP3 and subsequent Ca®* release from intracellular stores
(Duval et al., 2002). Recent studies have shown the release of ATP through hemichannels,
suggesting that Cx43 might also be involved in Ca?* wave propagation (Belliveau et al.,
2006). Furthermore, the expression of P2Y1 receptors appears to be tied to Cxs, as a dramatic
reduction of these receptors is observed in the neural progenitors of Cx43 null mice (Scemes
et al., 2003). Scemes et al. (2003) provided direct evidence for the participation of P2Y1
receptors in the migration of neural progenitors, and have shown that Cx43 null cells
migrated a shorter distance per unit time than wild-type cells in vitro. Since the level of P2Y1
receptors is dependent on Cx43 expression, it is very possible that these two molecules are
part of the same pathway controlling neuronal migration. Interestingly, in support of a role
for Cx43 in neuronal migration in vivo, Fushiki et al. (2003) reported disruption of migration

in Cx43 knockout mice.

2.4.7  Cx45 Expression in the Embryonic Mouse Neocortex

In the present study we were able to detect Cx45 RNA and protein in the mouse
neocortex at E14-E18. Using immunohistochemistry, we suggest that the distribution pattern
of this Cx is increased from E14 to E18. Indeed, based on previous reports higher expression
of Cx45 in E18 of embryonic mouse neocortex might be due to developing oligodendrocytes,
which are known to express high levels of Cx45 (Dermietzel et al., 1997; Kunzelmann et al.,
1997).

Our double immunofluorescent staining experiments showed Cx45
immunoreactivity with very few MAP-2-positive neurons as well as nonneuronal cells. This
is confirmed by previous results from Condorelli et al. (2003), in which Cx45 was found at
high levels in both neuronal and nonneuronal clusters in the developing cerebral cortex.
Furthermore, our immunofluorescent labelling experiments on mature neocortex showed that
Cx45 was expressed at a lower level compared to the embryonic stage, and this Cx was not

associated with MAP-2 neurons in laminae 1I/111.
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Maxeiner et al. (2003), using a Cx45 LacZ-reporter mouse and immunoblot analysis
experiments, found high protein levels of Cx45 in the cerebral cortex at E18.5 to postnatal
day 8 in almost all brain regions; however, the expression of this Cx was decreased during
the second postnatal week and then became restricted in adult brain to the thalamus. Higher
expression of this Cx during embryonic stages compared to the postnatal period suggests that
this Cx might participate in corticogenesis. The expression of this Cx showed no
immunoreactivity to neurons in adult mouse neocortex.

In conclusion, we detected the expression of Cx26, Cx36, Cx37, Cx43, and Cx45 at
the RNA and protein level in the developing neocortex. We have also shown a Cx-specific
distribution pattern in the cortical layers during embryonic development. Furthermore, our
double immunofluorescent labelling experiments using MAP-2 antibody revealed that Cx26
and Cx36 are highly immunoreactive with neurons located in the CP at E18, whereas only
Cx36 is localized to MAP-2-positive cells in the mature neocortex. Similar experiments with
nestin antibody showed that Cx26 and Cx43 are highly associated with radial glia located in
the CP at all timepoints examined (E14, E16, and E18).

At the present time, there has not been a study on the expressions of all the Cxs
investigated in this study on developing mouse neocortex. Thus, this analysis of basal Cx
expression level has a potential to serve as a foundation for studies examining the effect of
Cx deletion in transgenic mice. Indeed, it will be challenging to clarify which specific Cx is

vital for the development of neocortex and migration of neurons.
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Chapter 3

Involvement of the Cytoplasmic C-Terminal

Domain of Connexin43 in Neuronal Migration

A version of this chapter has been previously published; Cima Cina, Karen Maass, Martin
Theis, Klaus Willecke, John F. Bechberger, and Christian C. Naus (2009) Involvement of the
Cytoplasmic C-Terminal domain of Connexin43 in Neuronal Migration. J Neuronsci. 29:
2009-2021.
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3.1 Introduction

During embryonic development, radial glial cells divide and give rise to astrocytes
and neurons in the cerebral cortex (Noctor et al., 2001; Malatesta et al., 2003; Casper and
McCarthy, 2006; Noctor et al., 2008). Radial glia are bipolar cells originating in the
ventricular zone (VZ) of the dorsal telencephalon, with one process extending to the
ventricular surface, whereas the other process projects outward to the pial surface. As the
neocortex forms, the radial glia undergo divisions that produce neurons and build a dynamic
scaffold that facilitates migration from the VZ to their location in the cortical plate (CP)
(Anthony et al., 2004; G6tz and Sommer, 2005). Within the developing brain, neural
progenitor cells are extensively coupled by gap junctions (LoTurco and Kriegstein, 1991,
Bittman et al, 1997). Gap junctions are intercellular membrane channels that provide
cytoplasmic continuity between adjacent cells and permit the exchange of molecules <2 kDa
in size (Simon and Goodenough, 1998). Gap junction channels are formed by docking of two
connexons in contacting plasma membranes of adjacent cells. The protein subunits of these
hemichannels are called connexins (Cx) (Goodenough and Paul, 2003). Two gap junction
proteins, Cx43 and Cx26, are widely expressed at the points of contact between radial glia
and migrating neurons (Nadarajah et al., 1997; Cina et al., 2007), suggesting their role in
neuronal migration. Indeed, a recent study showed that Cx43 and Cx26 are involved in
neuronal migration by mediating adhesion and not by formation of intercellular gap junction
channels (Elias et al., 2007).

The targeted deletion of Cx genes in mice (accomplished through homologous
recombination) has provided preliminary insights into the role of gap junctions in neuronal
migration. For instance, we have shown previously that embryonic mice lacking Cx43
expression phenotypically present significant accumulation of bromodeoxyuridine-positive
(BrdU™) pulse-labeled cells in the intermediate zone (1Z), consistent with a disruption in
neuronal migration, whereas these cells establish themselves in the CP of wild-type
littermates (Fushiki et al., 2003). Unfortunately, Cx43 is widely expressed both temporally
and spatially, making it difficult to attribute the migrational phenotype to radial glia alone
when presented in a complete knock-out. To further complicate the situation, complete
knock-out of Cx43 is neonatal lethal attributable to abnormalities in heart development,

preventing a comprehensive study of the long-term effects of such a deletion. To circumvent
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the lethality associated with total Cx43 knock-out, we have made conditional knock-out
(Cx43cKO) mice produced by crossing Cx43 " mice (Theis et al., 2001), with nestin-Cre
mice, driving the expression of Cre recombinase in radial glia (Bérube” et al., 2005).

In addition to Cx43cKO mice, Cx43%*' mice, in which the last 125 amino acid
residues of the cytoplasmic C-terminal domain of Cx43 are lacking (Maass et al., 2004), have
been used in this study to examine the significance of Cx43 and its C terminus in neuronal
migration.

Our data demonstrate that conditional knock-out of Cx43 in radial glia disrupts
neuronal migration, but this defect is rescued by reconstitution of full-length Cx43, but not

by C-terminal truncated Cx43, into the VZ of the neocortex.
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3.2 Materials and Methods
3.21  Animals

The production of the Cx43 null mutant (Reaume et al., 1995), nestin—Cre (Bérube”
et al., 2005), floxed Cx43 (Theis et al., 2001), and Cx43“?*®°P (Maass et al., 2004) transgenic
mice have been reported previously. Nestin—Cre mice were crossed with floxed Cx43 mice,
maintained in an animal facility with a 12 h light/dark cycle, and were provided food and
water ad libitum. The animals were maintained according to Canadian Council on Animal
Care guidelines for the care and use of laboratory mice at the University of British Columbia.
After mating of adult mice, the day on which a vaginal plug was identified was considered

embryonic day 0 (EO).

3.2.2  Genotype Analysis by PCR

For detection of the Cx43 floxed (Cx43") allele and the Cx43 wild type (Cx43 *)
allele, forward primers (5-TCA TGC CCG GCA CAA GTG AGA C-3') and reverse primers
(5'-TCA CCCCAAGCTGACTCAACCG-3') were applied to generate a product of 1 kb
floxed amplicon and a 900 bp wild-type amplicon (Theis et al., 2001). To detect the deleted
Cx43 (Cx43 ") allele, forward primers (5-AT TTT GCC GCC GCC TAG CTA TCC C-3)
and reverse primers (5'-GCT TGC CGA ATA TCA TGG TGG A-3') were used to generate a
product of 1 kb for the deleted amplicon and 500 bp for the wild-type amplicon (Perez
Velazquez et al., 1996). For the detection of the nestin—Cre transgene, forward primers (5'-
TGA CCA GAG TCA TCC TTA GCG-3') and reverse primers (5'-
AATGCTTCTGTCCGTTTGCC-3") were applied, generating a 300-500 bp product
(Tronche et al., 1999). To detect the C-terminally truncated Cx43 allele, forward primers (5'-
GCATCC TCT TCA AGT CTG TCT TCG-3') and reverse primers (5'-CAA
AACACCCCCCAAGGAACCTAG-3") were used to generate of 851 bp amplicon for the
Cx43 allele and 452 bp amplicon for the Cx43X%%'P gllele (Maass et al., 2004).
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3.2.3  Immunohistochemistry

Brains obtained from embryonic day 14 and 18 and postnatal day 16 (P16) (the birth
date is defined as PO) mice were fixed by immersion in 4% paraformaldehyde (in PBS, pH
7.4) overnight at 4°C. The fixed brains were cryoprotected in 30% sucrose, mounted in OCT
(Tissue Tek), and cut into 10um coronal sections using a cryostat. Cut brain sections were
mounted on coverslips and blocked for nonspecific antibody binding with 1gG blocking
solution (M.O.M. kit; Vector Laboratories), and embryonic sections were subsequently
incubated with polyclonal antibodies for wild-type Cx43 (Nadarajah et al., 1997) (1:200;
epitope spanning amino acids 363-382 located at the C-terminal region of Cx43; Sigma-
Aldrich) or C-terminally truncated Cx43 (1:50; epitope spanning amino acids 120-140;
Abgent), at 4°C overnight. Selected samples were also double labelled with antibodies to the
neuronal marker microtubule associated protein- 2 (MAP-2) (1:400; Sigma-Aldrich) (Huber
and Matus, 1984), nestin (a radial glia marker) (1:400; BD Biosciences) (Hockfield and
McKay, 1985), green fluorescent protein (GFP) (1:800; Millipore Bioscience Research
Reagents) (Paquin et al., 2005), or 3-galactosidase (B-gal) (1:200; Biogenesis) (Mizutani and
Saito, 2005). Antibodies used on P16 tissue sections were specific for neuronal-specific
nuclear protein (NeuN) (a neuronal marker) (1:200; Millipore Bioscience Research
Reagents), Ki67 (a proliferation marker) (1:1000; Vector Laboratories), and myelin basic
protein (MBP) (1:250; Millipore Bioscience Research Reagents) (Groome et al., 1986). The
VZ, the 1Z, and the CP of embryonic cerebral cortex as well as the subventricular zone
(SVZ), the white matter (WM), and the cortex of postnatal forebrain, were processed for
imaging. Specificity of the primary antibodies was assessed by omitting them from the
labeling protocol on selected slices. The specificity of antibodies recognizing C-terminally
truncated Cx43 was confirmed by conducting immunostaining on brain tissue sections of
Cx43 null mice. Slices were then incubated in Alexa Fluor-tagged goat antimouse, goat anti-
rabbit, and goat anti rat IgG antibodies (Invitrogen) for 1 h and mounted in ProLong Gold
containing 4',6'- diamidino-2- phenylindole (DAPI) (Invitrogen). Labelled sections were
examined and analyzed using a Zeiss Axioskop2 epifluorescent microscope and Axio- Vision
4.2 software (Carl Zeiss). To generate the final figures, all images were stored as TIFF files

and processed in Adobe Photoshop 7.0 (Adobe Systems).
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3.24  5-Bromo-4-chloro-3-indoly-p-galactoside Staining

For 5-bromo-4-chloro-3-indoly-B-galactoside (X-Gal) staining, sections were
processed as described previously (Akagi et al., 1997), and embryos were X-Gal stained

using established procedures (Brenner et al., 1994; Hogan et al., 1994).

3.2.5  Protein Isolation and Western Blot Analysis

Western blot analysis on embryonic brain tissue was conducted as described
previously (Cina et al., 2007). Briefly, protein was isolated from cerebral cortices of E18
mice using radioimmune precipitation lysis buffer (50 mM Tris-HCI, pH 8.0, and 1%
IGEPAL) supplemented with Mini Complete protease inhibitors (Roche Applied Science)
and phosphatase inhibitors (Sigma). Protein concentrations were determined using the BCA
protein quantification kit (Pierce). Protein samples (30 ug) were boiled for 2 min in SDS
sample buffer, pH 8.0, and separated on a 12% polyacrylamide gel in parallel with molecular
weight markers (Bio-Rad). Subsequently, the electrophoresed proteins were transferred onto
a nitrocellulose membrane (Bio-Rad) at 100 V for 1 h. The blots were then blocked with 5%
dry milk in PBS (pH 7.4, with 1% Tween 20) for 1 h and subsequently incubated with an
antibody against Cx43 at 4°C overnight. After rinsing with PBS, the blots were incubated in
horseradish peroxidase-tagged secondary antibody (Cedarlane Laboratories) for 1 h at room
temperature, followed by incubation in SuperSignal chemiluminescent substrate (Pierce).
The labeled blots were then exposed to Kodak X-Omat x-ray film to visualize antibody
binding. To ensure equal loading of protein samples, the blots were stripped of their Cx43
antibody and reprobed for glyceraldehyde- 3-phosphate dehydrogenase (GAPDH) (Cedarlane
Laboratories).

3.2.6  Cortical Layer Thickness

Cortical layer thickness was measured on 10 um coronal sections of at least four of
E18 or P16 control and Cx43cKO littermates. Sections were stained with DAPI and NeuN,
and the outline of each zone was drawn. Pictures were analyzed in AxioVision 4.2 software.
Mean values of three measurements per section were used for calculating statistical

significance.
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3.2.7  BrdU labelling, proliferation, and migrational analysis

Male Cx43 " nestin—Cre mice were crossed with female Cx43 " mice, and
pregnant mice at gestational day 14 were used for conducting BrdU experiments. For
injections, 200 mg/kg BrdU was dissolved in saline and injected intraperitoneally (Redila et
al., 2006). Pregnant female mice were injected with BrdU once, and animals were allowed to
survive for either 2 or 96 h. Embryonic brains obtained from either E14 or E18 mice were
sectioned and mounted on coverslips, and DNA was denatured by incubating the slides in
HCI for 30 min at 37°C. The acid was neutralized by immersing the slides in 0.1 M borate
buffer, pH 8.5 (Sigma), for 20 min. Brain sections were then blocked for nonspecific
antibody binding with IgG blocking solution (M.O.M. kit; Vector Laboratories) and
subsequently processed for immunohistochemical staining using a mouse monoclonal
antibody against BrdU (Sigma). Selected samples were also double labelled with polyclonal
antibodies for Ki67 (1:1000; Vector Laboratories). From each animal, 10 coronal sections
were assessed spanning the rostral to the caudal end of the neocortex. Based on DAPI
staining, the sections of the neocortex were divided into three zones: the VZ, the 1Z, and the
CP. To define each zone, the outline of the VZ, the 1Z, and the CP of each section was traced
using the AxioVision 4.2 software. Immunopositive cells were manually counted with the
investigator blinded as to group identity (control and Cx43cKO). To measure a migration
change, the number of BrdU™ labeled cell nuclei was counted in a 16X optical view of each
zone per 10 um section, whereas BrdU * or Ki67" cells were counted in the VZ of each
section to assess proliferation. BrdU * cells were counted if they had round nuclei that were
evenly stained; thus elongated endothelial nuclei were excluded on the basis of shape
(Fushiki et al., 2003). Punctated nuclei were also not counted because these cells may have
entered or exited the S phase at the time of labeling (Fushiki et al., 2003). The mean number
of BrdU" or Ki67" cells per section was calculated for both proliferation and migration.

These numbers were then analyzed for statistical significance using an ANOVA.

3.2.8  In utero Electroporation

A plasmid expressing nuclear-localized GFP driven by a neuronal promoter (Tal
tubulin) (gift from Dr. Freda D. Miller, University of Toronto, Toronto, Ontario, Canada)
(Gloster et al., 1994) was used either alone or with each of the following plasmids: (1) full-
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length Cx43 driven by the cytomegalovirus (CMV) promoter (CMV-Cx43) (Fu et al., 2004);
(2) C terminally truncated Cx43 tagged with GFP [Cx43A244-382GFP (Cx43t-GFP)] (Bates
etal., 2007); (3) U6—Cx43siRNA [sequence, CAATTCCTCCTGCCGCAAT (lacobas et al.,
2008); gift from Dr. Eliana Scemes, Albert Einstein College of Medicine, Bronx, NY]; and
(4) Ub-control-siRNA (sequence, CTCCTTTTTT,; gift from Dr. Timothy O’Connor,
University of British Columbia, British Columbia, Canada). The introduction of DNA by in
utero electroporation was conducted as described previously (Tabata and Nakajima, 2002;
Barnabé Heider et al., 2005). Briefly, pregnant female Cx43cKO mice, Cx43 null mice, or
Cx43K%%P mijce were anesthetized with isoflurane and nitrous oxide. A midline incision was
performed to reach the embryos, and 1 pul of DNA was injected into the E14 lateral ventricle.
After injection, electroporation was conducted using a square electroporator CUY21 EDIT
(Protech) to deliver five 50 ms pulses of 50 V with 950 ms intervals per embryo. Embryos
were reinserted in utero, and the incision was closed. Four days later, at E18, the embryonic
brains were harvested and fixed in 4% paraformaldehyde at 4°C overnight. The fixed brains

were cryoprotected in 30% sucrose, mounted in OCT, cryosectioned (10 um), and analyzed.

3.2.9 Intensity Measurements of GFP Across Neocortical Layers

NIH Image J software (http://rsb.info.nih.gov/ij/) was used to quantify GFP
fluorescent intensity of neocortical layers and data analyzed in Microsoft Excel. For each
image, the outlines of the VZ, the 1Z, and the CP layers were drawn, and then a threshold was
set to isolate GFP labelling to match the size and distribution of cells perceived by eye in the
original grayscale image. The average pixel intensity from each layer was measured and
subtracted from the background intensity. Six sections from at least three brains per condition
were used, and the results were expressed as the percentage of total GFP intensity, for each

condition, within each layer of the neocortex (Mizuno et al., 2007).

3.2.10 Data Analysis

All experiments were performed at least three times. When appropriate, values are
presented as mean £ SEM, and the results were analyzed by one-way ANOVA, followed by
the Student’s t test or Mann—Whitney test. A p value of <0.05 was considered statistically

significant.
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3.3 Results

3.3.1 Creis Active in Cx43 ": nestin—Cre Mice and Deletes Cx43 from VZ Radial
Glia and Immature Neurons

During early neurogenesis, nestin-expressing radial glia are the foundation of the
developing neocortex and give rise to neurons, astrocytes, and oligodendrocytes as the cortex
matures (Anthony et al., 2004; G6tz and Sommer, 2005). Nestin is highly expressed in radial
glial progenitor cells located in the VZ and is expressed from E10 onward (Malatesta et al.,
2003). Taking advantage of this expression profile, we specifically inactivated a floxed Cx43
allele (Cx43ﬂ allele) (Theis et al., 2001) in radial glial progenitors at the beginning of
neurogenesis using the Cre/LoxP system in Cx43 " nestin—Cre (Cx43cKO) mice.
Activation of Cre resulted in the complete knock-out of several floxed target genes expressed
in the CNS (Tronche et al., 1999; Bérubé et al., 2005). The Cx43 " mice are phenotypically
indistinguishable from wild-type littermates and are born at predicted Mendelian frequency
(Theis et al., 2001). They are referred to as “control” in the following. By conducting -gal
staining, immunohistochemistry, and Western blotting, we confirmed activity of the Cre
recombinase in the VZ; additionally, we showed localization of Cre recombinase in radial
glial cells in embryonic brain of Cx43cKO mice. -Gal staining (p-galactosidase is expressed
instead of Cx43 after Cre-mediated recombination) of the neocortex of E14 embryos
confirms Cre is being expressed in the brain of Cx43cKO mice but not in control mice (Fig.
3.1a).

To demonstrate the removal of Cx43 from the brain, we used immunoblot analysis.
Tissue lysates from E18 cortex and heart were probed with anti-Cx43 and GAPDH
antibodies. Cx43 protein was strongly decreased in lysates of E18 Cx43cKO cortex relative
to control (Fig. 3.1b). Residual expression of Cx43 was most likely attributable to Cx43 gene
activity in cells not targeted by nestin—Cre. Embryonic heart tissue was used as a positive
control for the expression of Cx43 (Fig. 3.1b).

Double-immunofluorescent labeling with Cx43 and nestin antibodies further
confirmed deletion of Cx43 from the radial glia. As can be seen in Figure 3.1, c and d, there
was a dramatic reduction in the classical punctate Cx43 signals in the plasma membrane of

nestin® cells in the Cx43cKO animals. Having verified efficient Cre activity in Cx43cKO
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Figure 3.1 Cre activity in Cx43""; nestin—Cre (Cx43cKO) mice. a, Coronal sections
of E14 embryonic forebrain from control Cx43"" (left) and Cx43cKO (right) mice were
stained for lacZ, indicating Cre-mediated loss of Cx43 expression. Cre activity was observed
in Cx43cKO mice but not in control mice. n = 4. b, Representative immunoblot showing the
reduction of Cx43 protein in the neocortex of Cx43cKO mice. Equal amounts of embryonic
heart and cortical tissue protein were immunoblotted and probed with antibodies recognizing
Cx43 (43 kDa). GAPDH was used as a loading control. n = 3. ¢, d, Cx43cKO mice display a
strong decrease in the level of Cx43 expression throughout the neocortex compared with
control mice. Coronal brain sections of E18 littermates were stained for nestin and Cx43.
Cx43 showed association (arrows) with nestin-expressing cells in control animals (c) and was
absent in Cx43cKO sections (d). c1-d3 are higher-magnification micrographs of the areas

outlined in c and d. n = 4. Scale bars: a, 1 mm; c, d, 100 um; c1-d3, 40 um.

104



Control

Control

nestin
Cx43

Cx43cKO — ——
» D »
S &E
¢S s )
b \> Cﬁ"
ol .
& &
IR
AR AP

nestin

nestin

43kDa

GAPDH

105



mice, we then addressed the question whether Cre was expressed in both cell types of
interest, the radial glia and the early born neurons. Therefore, double-immunofluorescence
labelling experiments were performed on tissue sections of control and Cx43cKO cortices at
E14, using antibodies against $-gal together with either nestin or MAP-2 antibodies, specific
for radial glia and neurons, respectively. Brain sections of control mice were devoid of B-gal
labelling (Fig. 3.2a), whereas brain sections of Cx43 "™ nestin—Cre mice showed extensive
B-gal labelling, indicating Cre-mediated loss of Cx43 expression, which was associated with
nestin® and MAP-2" cells (Fig. 3.2b,c). Thus, in Cx43cKO mice, Cre is expressed in radial

glia and early born neurons.

3.3.2  Cx43is required for normal lamination of the neocortex

The majority of neuronal migration in the mouse cerebral cortex occurs between
developmental stages E14 and E18. Therefore, any abnormalities in the laminar formation of
this structure in Cx43cKO mice should be observed by E18. Cortical sections of Cx43cKO
(Cx43": nestin—Cre) and control (Cx43"") E18 mice were treated with the fluorescent
nuclear stain DAPI, to measure the entire thickness of the cortical hemispheres, as well as
that of the VZ, the 1Z, and the CP sublayers of each hemisphere. In addition, the thickness of
the cortical layers was measured and compared between control and Cx43cKO mice. As
shown in Figure 3.3, there was a significant change in the thickness of all layers except the
VZ. The thickness of the CP was greater than the thickness of the 1Z in the control neocortex,
whereas this pattern was reversed in the Cx43cKO neocortex, consistent with the
accumulation of cells in the 1Z (Fig. 3.3a,b). The total cortical thickness of cerebral
hemisphere in Cx43cKO mice appeared to be unchanged when compared with control mice
(control, 799 £ 12 um vs Cx43cKO, 756 + 11 um; p > 0.05). Therefore, these findings
suggest that absence of Cx43 from radial glial fibers and immature neurons interrupts normal
formation of the neocortical layers by accumulation of cells in the IZ.

To address the question whether the phenotype that was seen in the neocortex of E18
Cx43cKO mice persists into the postnatal stage or whether it recovers as the neocortex
matures, the entire thickness of the postnatal cerebral hemisphere, as well as that of the

sublayers of each hemisphere, was measured and compared between control and Cx43cKO
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Figure 3.2 Cre activity is observed in radial glia and MAP-2-positive neurons in
Cx43cKO brains. Coronal sections of control (a) and Cx43cKO (b, c) neocortices were
stained for B-gal (red), MAP-2, and/or nestin (green). Control brains were devoid of 3-gal
labeling compared with Cx43cKO littermates (a—c). al—c3 represent higher-magnification
micrographs of the section in a—c. Note that B-gal staining is associated with both nestin and
MAP-2 expression in Cx43cKO mice. Arrows represent association of nestin- or MAP-2-

expressing cells with B-gal. n = 3. Scale bars: a—c, 100 um; al—c3, 40 um.
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Figure 3.3 Deletion of Cx43 in the developing neocortex perturbs normal cortical

lamination. a, Thickness of the VZ, 1Z, and CP was measured in the neocortices of control
and Cx43cKO mice. The cortical sections were stained with DAPI, and the cortical layers
were identified based on their anatomical cell distribution. Using AxioVision software, the
identified border lines between layers were labeled. In the cerebral cortices of E18 Cx43cKO
mice, the thickness of the 1Z was increased and the CP decreased compared with the 1Z of
control mice. b, The representative graph shows that the 1Z in the Cx43cKO mice is
increased in size compared with the control mice, whereas in control mice the CP is larger.
*p < 0.05, Student's t test. n = 4. LV, Lateral Ventricle. Scale bar, 100 pum.
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littermates. To define the SVZ, the WM, and the cortex of postnatal forebrain, we performed
immunohistochemistry by using a cell proliferation marker (Ki67), MBP, and NeuN,
respectively. From each animal, 10 coronal sections spanning the rostral to the caudal end of
the cerebral cortex were assessed, and the thickness of each lamina was measured. As seen in
Figure 3.4a, in general, the lamination of the cerebral cortex in Cx43cKO mice seemed to be
normal, but compared with the control littermates at P16, the cortex and cerebral hemisphere
were significantly thinner (15.5, 16, and 17% respectively; p < 0.05) (Fig. 3.4b). The
thickness of the neocortex (including the cortical layers, white matter, and the subventricular
zone) in Cx43cKO mice was smaller than that of the control littermates (Cx43cKO, 1410 +
61um vs control, 1692 + 60 um; p < 0.05). Furthermore, the thickness of the upper layers (I-
IV) and the lower layers (V-VI) in Cx43cKO mice was defined, measured, and then
compared with the control littermates. As shown in Figure 3.4c, in the control forebrain, the
thickness of the layers I-1V was significantly greater than the thickness of the layers V-VI
(36%), whereas this pattern was reversed in the Cx43cKO mice, consistent with the greater
thickness of the layers V—VI compared with the layers I-1v (30%). Collectively, these
findings suggest that the deletion of Cx43 from radial glia causes an accumulation of cells in

the 1Z during development, which leads to a smaller cortex in postnatal mice.

3.3.3  Differences in Cortical Formation between Cx43cKO and Control Mice are a
Result of Neuronal Migration but not Altered Cellular Proliferation

BrdU integration into newly synthesized DNA occurs in the VZ and the SVZ of the
developing cortex as a result of proliferation of progenitor cells and intermediate progenitor
cells, respectively. Here, we performed a 2 h labelling of BrdU to look at the effect of Cx43
in the neural progenitor cell population. Immunohistochemistry for BrdU and Ki67 was
conducted to show the proliferative cells during S-phase and all phases of the cell cycle,
respectively (Fig. 3.5a,b). As shown in the representative pictures, a normal distribution of
proliferative cells was observed in Cx43cKO mice. Based on DAPI staining, the sections of
the neocortex were divided into three zones: the VZ, the 1Z, and the CP. To define each zone,
the outline of the VZ, the 1Z, and the CP of each section was traced using the AxioVsion 4.2
software. The number of BrdU" or Ki67" cells was calculated in the VZ of 10 rostral, medial,

and caudal sections from four brains per group. There was no significant difference in the
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Figure 3.4 Loss of Cx43 in the developing neocortex leads to a reduction in the
thickness of the postnatal neocortex. a, Thickness of the SVZ, WM, and the cortex was
measured in the P16 cortices of control and Cx43cKO mice. From each animal, 10 cortical
sections spanning rostral end to the caudal end were stained for NeuN (green) to label mature
neurons in the cortex (lamina I-V1), MBP (red) to label myelin fibers in the WM, and Ki67
(blue) to label proliferating cells in the SVZ. Using AxioVision software, the outline of each
layer was drawn and the thickness was measured. b, The representative graph shows that,
compared with the control littermates at P16, the cortex of the Cx43cKO mice was thinner. c,
The representative graph shows significantly reduced thickness of upper cortical layers and
increased thickness of lower cortical layers in Cx43cKO, but the normal layering is
maintained. *p < 0.05, Mann—Whitney test. n = 5. Scale bars, 100 pum.
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a Control Cx43¢cKO

b Control Cx43¢KO

Figure 3.5 Deletion of Cx43 in radial glia of Cx43cKO mice does not produce a
change in the rate of proliferation. Representative sections of BrdU labelling at E14 are
shown in a. BrdU was administered at E14, and brains were fixed 2 h after labelling.
Immunohistochemistry for BrdU was performed. From at least four brains per group, 10
coronal sections were assessed spanning the rostral to the caudal end of the neocortex. Based
on DAPI staining, the sections of the neocortex were divided into three zones: the VZ, the 1Z,
and the CP. To define each zone, the outline of the VZ, the 1Z, and the CP of each section
was traced using the AxioVsion 4.2 software. Selected samples were also double labeled
with polyclonal antibodies for Ki67 and showed a normal distribution of proliferative cells in
the Cx43cKO mice (b). n = 4. Scale bars, 100 pm.
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number of Brdu® or Ki67" cells in the VZ during proliferation between control and Cx43cKO
mice (BrdU: control, 1386 + 75 vs Cx43cKO, 1295 + 91 cells per section; Ki67: control,
1870 = 56 vs Cx43KO, 1650 = 130 cells per section; p > 0.05). These findings indicate that
the accumulation of cells in the 1Z of the Cx43cKO mice is not a result of disrupted cellular
proliferation.

Our previous BrdU studies investigating embryonic neocortical cell migration in
Cx43 knock-out mice in vivo showed an accumulation of immature neurons in the outer 1Z
and fewer in the inner CP, suggesting delayed neuronal migration (Fushiki et al., 2003). Here,
in a similar approach, embryos were exposed to BrdU on E14 and analyzed at E18 in control
and Cx43cKO mice. In control mice, the majority of labeled cells were detected in the CP,
whereas in Cx43cKO mice, more BrdU-labeled cells were observed in the 1Z (Fig. 3.6a). In
control animals, >60% of the labeled cells resided in the CP and only 38% in the 1Z. In
contrast, the CP of the Cx43cKO mice contained only 30% of all labeled cells, with 65%
residing in the 1Z (Fig. 3.6Db).

3.3.4  Exogenous Wild-type Cx43 is Necessary for Neuronal Migration In vivo

We predicted that the accumulation of cells in the VZ/IZ is attributable to disrupted
neuronal migration. To test this prediction, we monitored the migration of newborn neurons
leaving the VZ in Cx43cKO mice. We made use of a transgene expressing GFP under control
of a Tal tubulin promoter, because the majority of cells expressing Tal tubulin are neuronal
progenitor cells (Gloster et al., 1999). The transgene was injected into the lateral ventricle of
E14 control and Cx43cKO mice, followed by in utero electroporation; the embryos were
allowed to develop until E16 or E18. Subsequently, the embryos were removed, and the
brains were isolated and sectioned. One day after electroporation, only cells within the VZ or
the 1Z displayed GFP expression (data not shown), as reported previously (Ohtsuka et al.,
1999; Barnabé-Heider et al., 2005). We quantified and compared the distribution of GFP-
labeled cells as they migrate from the VVZ through the 1Z and into the CP between control and
Cx43cKO mice. The neocortex was divided into three zones (the VZ, the 1Z, and the CP), and
the percentage intensity of GFP labelling within each zone was determined (see Materials
and Methods). At E16, most cells accumulated in the 1Z with no significant difference in the

fraction of GFP intensity between control and Cx43cKO, as shown in the representative
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images (76 and 73%, respectively; p > 0.05) (Fig. 3.7a,c). At E18, however, GFP" cells had
migrated out of the VZ, passed through the 1Z (15.34% GFP intensity), and into the CP
(79.9% GFP intensity) of control animals, in which they differentiate into mature neurons.
This pattern was not observed in the cortex of Cx43cKO mice, in which GFP” cells
accumulate in the 1Z (65.09% GFP intensity), with very few cells reaching the CP (18.17%
GFP intensity) by E18 (p <0.05) (Fig. 3.7a,c). Furthermore, the majority of cells expressing
GFP were positive for NeuN and MAP-2, confirming those as neurons (Fig. 3.7b and Fig.
3.10, respectively). These results indicate that Cx43 is necessary for proper neuronal

migration.

3.3.5  The C-terminal Domain of Cx43 is Required for Neuronal Migration

We have shown previously that, during embryonic development, several connexins,
including Cx43, are expressed not only in the VZ but also throughout the 1Z and the CP
(Cinaet al., 2007). Furthermore, we found that Cx43 expression is closely associated with
the radial glia and the migrating neurons (Cina et al., 2007), suggesting that Cx43 might play
a significant role in the interactions between migrating neurons and the radial glial scaffold.

Additionally, in a study by Elias et al. (2007), Cx43 was demonstrated to provide
necessary adhesion between migrating neurons and radial glial fibers for proper neuronal
migration. Thus, to rescue the Cx43-dependent migration/development paradigm, we
introduced Cx43 into the cortices of Cx43-deficient mice by in utero electroporation. Cx43
was expressed under the control of the CMV promoter (CMV-Cx43).

As demonstrated in Figure 3.8a, when the CMV-Cx43 plasmid was coinjected with
a plasmid encoding Ta1-GFP and electroporated into the lateral ventricle of E14 Cx43cKO
embryos, the migrating neurons were able to reach the CP at E18. In addition, brain sections
of Cx43cKO mice subjected to this in utero electroporation were immunostained for Cx43
and showed extensive labeling as seen in Figure 3.8b. These results strongly suggest that the
reconstitution of full-length Cx43 into the lateral ventricle of Cx43cKO embryos at E14
rescued the defective neuronal migration.

Previous studies have investigated the consequence of deleting the C-terminal

domain of Cx43 on cell motility. In C6 glioma cells, the C-terminal region of Cx43 has been
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Figure 3.6 Loss of Cx43 in immature neurons causes accumulation of BrdU™ cells in
the VZ/1Z of Cx43cKO forebrains. a, Representative sections of BrdU labelling in E18 cortex
of mice exposed to BrdU at E14. In Cx43cKO mice, there were still BrdU-labelled cells
positioned in the VZ compared with the control mice. b, Distribution of BrdU-labelled cells
in the 1Z and the CP of the neocortex at E18. In the Cx43cKO mice, the number of BrdU-
labelled cells in the CP was decreased and in the 1Z increased compared with the control
mice. Total number of cells in all zones was counted, and no significant difference was found

among all the animals studied. *p < 0.05, Student's t test. n = 6. Scale bars, 100 pum.
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Figure 3.7 Deletion of Cx43 in radial glial cells and newborn neurons of Cx43cKO
mice interrupts neuronal migration. a, At E14, a transgene expressing GFP under control of a
neuronal promoter (Tl tubulin) was injected into the lateral ventricle of control or Cx43cKO
forebrains, followed by in utero electroporation. The brains were removed at E16 or E18, 10
um sections of cerebral cortices were collected, and subsequently the GFP™ cells were
visualized under an epifluorescent microscope. At E16, most GFP" cells were still
accumulated in the 1Z with no significant difference between control and Cx43cKO. In
control mice, at E18, GFP" cells were able to migrate to their destination in the CP, whereas
in Cx43cKO cerebral cortices, the neurons failed to migrate to the CP. Four days after
electroporation, coronal sections of the embryonic cerebral cortex were analyzed for
coexpression of GFP and NeuN. Note that the majority of GFP* cells also express NeuN,
confirming them as neurons (b). The percentage intensity of GFP-labeled cells in the VZ, the
1Z, and the CP of the E16 and E18 forebrain sections was calculated and plotted as the mean

+ SEM as shown in c. *p < 0.05, Student's t test. n = 5. Scale bars: a, 200 um; b, 50 pm.
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shown to play a significant role in enhancing motility (Moorby, 2000; Bates et al., 2007), but
Elias et al. (2007) found the C-terminal of Cx43 not to be essential for this role, because their
experiments showed that truncated Cx43 was able to rescue the neuronal migration defect in
developing rat neocortex after small interfering RNA (siRNA) knockdown of endogenous
Cx43. To elucidate the contribution of the C terminus in Cx43— mediated neuronal migration,
we electroporated E14 Cx43cKO embryos with a construct coding for a C-terminally
truncated form of Cx43 tagged with GFP (Cx43t—GFP). Interestingly, the truncated form of
Cx43 failed to rescue migration; the cells remained in the VZ/1Z, suggesting that the C-
terminal domain of Cx43 is necessary for radial migration in Cx43cKO mouse neocortex (Fig.
3.8¢). We performed immunohistochemistry for Cx43 using an antibody directed against the
N terminal. The punctate expression of Cx43t and its association with the Tal-GFP
transgene in the VZ is shown in Figure 3.8d. Immunostaining for Cx43 N-terminal domain
on Cx43KO tissue sections was negative, whereas wild-type Cx43 tissue sections showed
punctate staining demonstrating the specificity of the antibody (data not shown).

We next quantified the effect of the CMV—-Cx43 transgene in Cx43cKO mice and
compared it with the effect of the Cx43t—GFP transgene in the same genotype. By E18, 68%
of the intensity of GFP" cells was observed in the CP when electroporated with CMV-Cx43,
whereas in embryos electroporated with Cx43t-GFP, the majority of the cells (65% cell
intensity) accumulated in the 1Z with significantly less GFP intensity (10.28%) in the CP (p
< 0.05) (Fig. 3.8e), as shown in the representative images (Fig. 3.8a,c). These data suggest
that the C terminal domain of Cx43 is required for neuronal migration.

To further examine the contribution of the C-terminal domain of Cx43 in neuronal

3K258s100"- mice that

migration, we performed in utero electroporation experiments using Cx4
endogenously lack the last 125 amino acid residues of the Cx43 C-terminal domain (Maass et
al., 2004). E14 cortices were electroporated with the Tal-GFP plasmid, and embryos were
analyzed 4 d later. The Cx43%%8°P" cortices showed results similar to Cx43cKO mice.
Specifically, the vast majority of the Tal-GFP-expressing neurons remained in the VZ/IZ at
E18 (Fig. 3.9a). In contrast, in Cx43K?%8%P™* mice neurons were able to reach their final
location in the CP when electroporated with the Tal-GFP plasmid at E14 (Fig. 3.9b).
Quantitative analysis demonstrated that, in Cx43“%%°P" mice, 71.16% intensity of GFP* cells

was seen in the 1Z with only 3.55% cell intensity in the CP. In contrast, the majority of the
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GFP* cells (64.59% cell intensity) reached the CP in Cx43%%%°P™* mice, implying that
neuronal migration was not perturbed in these mice as shown in the representative image ( p
< 0.05) (Fig. 3.9b). Thus, we propose that the C-terminal tail of Cx43 is essential to promote
neuronal migration in the embryonic mouse neocortex.

To further confirm the role of Cx43 in neuronal migration, we conducted in utero
electroporation experiments on Cx43KO (Cx43™) mice. Tal-GFP was expressed alone or
co-expressed with CMV-Cx43 in E14 neocortices, and embryos were analyzed at E18. The
data demonstrated that, although newborn neurons electroporated with Ta1-GFP plasmid
failed to migrate to the CP (Fig. 3.9¢), exogenous Cx43 was able to rescue neuronal
migration (Fig. 9d). The results were confirmed by quantitative analysis demonstrating that,
in Cx43KO mice, 58.99% GFP intensity was present in the 1Z and 8.16% in the CP when
electroporated with Tal GFP, whereas the fraction of GFP intensity in the 1Z decreased to
34.64% and in the CP increased to 50.79% when Cx43KO mice were electroporated with
CMV-Cx43 transgene (p < 0.05) (Fig. 3.9d). Additionally, either a sSiRNA directed against
Cx43 (U6—Cx43-siRNA) or a control-U6-siRNA plasmid was cointroduced using
electroporation with Tal-GFP into the developing neocortex of E14 wild-type embryos. By
E18, an accumulation of GFP™ cells was observed in the VZ and the 1Z of the wild-type mice
electroporated with Cx43-siRNA (Fig. 3.9¢), whereas mice electroporated with U6—control-
siRNA showed normal neuronal migration (Fig. 3.9f ). As shown in Figure 3.9, quantitative
analysis confirmed that there was a significant change in the fraction of intensity of GFP in
the CP when Cx43™* embryos were electroporated with Cx43-siRNA plasmid compared
with control-siRNA plasmid. Most clearly, there was a loss of GFP intensity in the cortical
plate (3.15% intensity), whereas the majority of the intensity was seen in the VZ and the 1Z
(26.41 and 68.70%, respectively). However, in mice electroporated with control-siRNA, the
fraction of GFP intensity was more abundant in the CP (87.41%) than in the VZ or the IZ.

Because exogenous expression of Cx43 in radial glial progenitors of Cx43cKO and
Cx43KO mice restores neuronal migration to levels seen in control mice, our study strongly
supports the concept that Cx43 plays a vital role in neuronal migration. Furthermore, because
a C-terminally truncated Cx43 failed to rescue migration, the C-terminal region appears

necessary for this function of Cx43.
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Figure 3.8 Rescue of radial migration phenotype by wild-type Cx43. a, CMV-Cx43
and Tal-GFP plasmids were co-injected into the lateral ventricle of control and Cx43cKO
mice, followed by in utero electroporation at E14. The brains were removed at E18, and the
GFP-positive cells were visualized under an epifluorescent microscope. The insertion of
wild-type Cx43 into the lateral ventricle resulted in proper neuronal migration. b, Coronal
sections were stained for Cx43 (shown in red). n = 4. ¢, C-terminal region of Cx43 is
necessary for radial migration. Truncated form of Cx43 (Cx43t—GFP) failed to rescue
deficient migration. d, Frozen sections were stained for Cx43 (N terminal, shown in red). n =
3. Scale bars: a, ¢, 200 um; b, d, 50 um. e, The percentage intensity of GFP-labelled cells in
the VZ, the 1Z, and the CP of the E18 forebrain sections of Cx43cKO mice, electroporated
with either CMV-Cx43 or Cx43t—GFP, was calculated and plotted as the mean + SEM. The
percentage intensity of GFP in the CP of the mice electroporated with CMV-Cx43 was found
to be significantly higher when compared with mice electroporated with Cx43t-GFP. *p <
0.05, Student's t test. n = 5.
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Figure 3.9 The C-terminus is necessary for the function of Cx43 during neuronal
migration. At E14, Tal-GFP plasmid was injected alone or coinjected with CMV-Cx43
plasmid into the lateral ventricle of Cx43™~, Cx43K%%0P* or Cx43K2580P- mice followed by
electroporation (a—d). Four days later, the electroporated brains were removed, 10 um
sections of cerebral cortices were collected, and subsequently the GFP™ cells were visualized

3 K258stop/—

under an epifluorescent microscope. Although in Cx4 mice neurons failed to migrate

to the CP (a), Cx43*%8°P™* mice showed normal neuronal migration (b). The bar graph on

3K2585top/— and

the right indicates a significant difference in neuronal migration between Cx4
Cx43K289P™ mice. In Cx43" mice, neurons electroporated with Tal-GFP failed to migrate
to their final location in the CP (c), whereas CMV-Cx43 rescued neuronal migration in these
mice (d). The bar graph on the right shows that the percentage intensity of GFP in the CP of
Cx437 mice, rescued with CMV-Cx43, is significantly higher than of those injected with
only Tal-GFP. Disrupted neuronal migration by Cx43siRNA is shown in e and f. In Cx43"*
mice, 4 d after electroporation, cells transfected with Cx43-siRNA were positioned in the
VZ/1Z, and no cells reached the CP (e), whereas cells transfected with control-siRNA were
able to migrate to the CP (f). The bar graph on the right demonstrates that Cx43-siRNA
causes a significant loss in the CP when compared with the control-siRNA. *p < 0.05,

Student's t test. n = 3. Scale bars, 200 pm.
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Figure 3.10 Normal neuronal migration in control mice. At E14 a transgene expressing
GFP under control of a neuronal promoter (Tal tubulin) was injected into the lateral
ventricle of control forebrains followed by in utero electroporation. The brains were removed
at E18, 10 um sections of cerebral cortices were collected, and stained for MAP-2. The
coronal sections of the embryonic cerebral cortex were analyzed for co-expression of GFP
and MAP-2 under an epi-fluorescent microscope. Note that the Ta1-GFP" cells are

associated with MAP-2" neurons. n=5. Scale bar, 100 pm.
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3.4 Discussion

Over the past several years, a number of research groups have used in vitro models
to elucidate the role of Cx43 in cell migration. For example, astrocytes normally form a layer
that radiates away from organotypic slice cultures of embryonic mouse brain, but we have
shown previously that astrocytes in Cx43KO slices remain confined to the central regions
suggesting a role for Cx43 in regulating the migration of astrocytes (Perez Velazquez et al.,
1996). Aggregation assays have shown Cx43 enhanced adhesion between astrocytes and
increased invasiveness of glial tumor cells (Lin et al., 2002), whereas Cx43KO cardiac neural
crest cells were observed to migrate slower than normal with reduced directionality (Xu et al.,
2006). Together, these studies suggest that Cx43 may contribute to cellular migration during
development.

Despite the many advances in our understanding about cellular motility and the role
Cx43 has to play in directing it, there have been relatively few successful attempts to
document these effects in vivo. We have striven to address this issue by investigating the role
of Cx43 in the neocortical development of three distinct mouse lines. Cx43 null mice
represent a complete knock-out model. Although general homozygous Cx43 ablation is lethal,
death occurs postnatally, allowing us to trace the effect of Cx43 on neuronal migration
during embryogenesis (Reaume et al., 1995; Fushiki et al., 2003). Cx43%?*®"°" mijce lack the
last 125 amino acid residues of the cytoplasmic C-terminal domain of Cx43. This is also a
homozygous lethal phenotype, resulting in postnatal death from a complete loss of the
epidermal permeability barrier (Maass et al., 2004). The Cx43cKO mice used in the current
study allow selective knock-out of Cx43 only in the radial glial progenitors.

The current work represents significant evidence for Cx43 modulating the motility of
the neuronal daughter cells that are produced by the radial glial daughter cells and suggests a

possible mechanism by which this occurs.
3.4.1 Deletion of Cx43 from Radial Glial Progenitors Causes Abnormal Cortical
Development

Our results demonstrate that expression of Cx43 in radial glial progenitors is
necessary for normal neocortical development. The spatial restricted ablation of Cx43 in
Cx43cKO mice leads to a thickening of the 1Z and a concomitant thinning of the CP, both of
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which appear to be the result of newly born neurons accumulating in the 1Z. To show this is
in fact the case, we labeled radial glial progenitor cells in the VZ with BrdU. As expected,
the number of BrdU labelled cells in the CP of Cx43cKO mice was significantly lower than
was observed in the control mice. This was not a result of reduced cellular proliferation,
however, because the average number of BrdU" cells was the same for both groups when a
short survival BrdU experiment was conducted to assess the S-phase. Similar results have
been reported in our previous studies using Cx43 null mice, in which the majority of newly
born neurons labelled with BrdU in the VZ tended to accumulate in the 1Z (Fushiki et al.,
2003). This suggests that the migrational defect observed in Cx43 null mice results from an
absence of Cx43 in radial glial progenitor cells. Furthermore, expression of exogenous wild-
type Cx43 restores normal migration patterns in Cx43cKO mice when introduced in vivo.
Therefore, our findings strongly suggest that Cx43 acts as a regulator for neuronal migration.
Loss of Cx43 alters the ability of newborn neurons to migrate along the radial fibers
extending into the CP. As a result, accumulation of neurons disrupts the normal lamination of
the cerebral cortex. To further explore these cortical abnormalities, we analyzed the cortical
thickness during postnatal development and demonstrated that, compared with the control
littermates at P16, in Cx43cKO mice, the upper-layer (I-1V) thickness was markedly
reduced; the size of the entire cortical hemisphere was also reduced, but the lamination of the
forebrain seemed unchanged. Similarly, a previous study demonstrated that, during postnatal
development in Cx43cKO mice, removal of Cx43 in GFAP-expressing cells leads to a
smaller cerebral cortex by disrupting cellular organization (Wiencken-Barger et al., 2007).
Interestingly, this phenotype was dependant on the genetic background of the experimental
mice. C57BL/6 mice suffered no ill effects when Cx43 was removed from radial glia,
whereas crossing into the 129SEV background resulted in developmental defects even more
severe than we observed in our own study. GFAP and nestin are both radial glial markers, but
GFAP expression is not observed until E12.5 (Brenner and Messing, 1996; Zhuo et al., 2001;
Kriegstein and Gotz, 2003). Nestin, however, is first expressed in neuroepithelial cells
surrounding the neural tube at approximately E10, which later mature into radial glia
(Hartfuss et al., 2001; Malatesta et al., 2003). By driving Cre expression with the nestin
promoter, we block Cx43 expression at the very beginning of neurogenesis. Given that all of

our experiments were performed in the C57BL/6 background and we still observed a robust
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alteration in neuronal migration, we predict that subsequent experiments in which nestin—Cre
is crossed into a Cx43"™ 129SEV background will further enhance developmental defects
beyond those seen in the Wiencken-Barger study.

Although the importance of Cx43 on neuronal migration is fairly established, the
mechanisms regulating these effects are still in question. Gap junctional coupling is not likely
to be an important factor driving migration, because fluorescent recovery after photo-
bleaching and dye-coupling techniques have not detected major differences in gap junctional
coupling between wild-type and Cx43cKO mice (Wiencken-Barger et al., 2007). It has been
suggested that gap junctional plaques act as dynamic adhesive contact points between radial
glial fibers and newborn neurons moving into the CP (Elias et al., 2007); the current study

demonstrates that the C-terminal tail is another important factor.

3.4.2  The Cytoplasmic C-terminal Tail of Cx43 is Crucial in Cell Migration

Motility of adherent cancer cells is already known to be modulated by the C-
terminal tail of Cx43 (Bates et al., 2007), and here we have shown that this is the case for
neuronal migration during development as well. Electrophoretic delivery of full-length Cx43
into the VZ of Cx43cKO embryos is able to restore normal migration of neurons into the CP.
Similar delivery of Cx43 with the C-terminal truncated does not rescue migration. Even more
compelling is our observation that neurons in Cx43*®'" embryos also fail to move into the
CP normally. These results are in conflict with the recent study from Elias et al. (2007), in
which short hairpin RNA (shRNA) was used to knockdown Cx43 expression, and they
reported that a C-terminal truncated version of Cx43 was able to return migration rates to
normal. It is not entirely clear why the results of their experiments differ from ours, but these
discrepancies may actually hold clues as to the mechanism regulating motility. Their method
of delivering shRNA against Cx43 via electroporation would have knocked down expression
in only a subset of radial glial cells. It is possible then that the cells that retained normal
Cx43 levels acted as a support network, facilitating adhesion-mediated migration of truncated
Cx43-expressing cells. In our system, in which nearly all radial glia are Cx43 deficient, such
a support system would not exist; thus, the expression of truncated Cx43 becomes

insufficient to support normal migration.
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A previous study from van Rijen et al. (2004), in which an inducible system was used
to conditionally delete the expression of cardiac Cx43 in adult mice, reported that a decrease
of Cx43 protein up to 95% is needed to induce cardiac-related death. Thus, one could
speculate that the siRNA technique is limited in its ability to reduce Cx43 expression and
cause a major defect. Regardless of the reason behind these differences, we have gathered
compelling evidence that the C-terminal tail of Cx43 is in fact responsible for directing
movement of newborn neurons into the CP.

In summary, our data supports two major conclusions. First, in Cx43cKO mice,
when Cx43 is deleted from radial glia, many newborn neurons remain in the 1Z, which causes
an increase in the thickness of the 1Z and a subsequent decrease in the thickness of the CP
compared with control mice. Second, Cx43, and its cytoplasmic C-terminal domain, play a
functional role in radial guided neuronal migration during neocortical development. The
detailed molecular mechanisms behind this activity are still unclear. Many proteins have
been shown to interact with the C-terminal domain of Cx43, linking it to cytoskeletal
organization. These proteins include CCN3/NOV (McLeod et al., 2001; Fu et al., 2004), N-
cadherins (Xu et al., 2001), Src (Lin et al., 2001), B-catenin (Ai et al., 2000), Microtubules
(Giepman et al., 2001), and Zona occludens-1 (ZO-1) (Giepmans and Moolenaar, 1998), and
each represents a key component of a different cellular structure or function, any one of
which could assist in regulating migration. Scaffolding proteins such as actin are linked to
tight junctions and adherence junctions via members of the membrane associated guanylate
kinase family of proteins such as ZO-1 (Itoh et al., 1997; Perez-Moreno et al., 2003).
Furthermore, ZO-1 interacts with the C-terminal domain of Cx43 as removal of the last four
amino acids completely abolishes the binding (Giepmans et al., 2001). Therefore, it is
tempting to speculate that scaffolding proteins such as ZO-1 stabilize the actin cytoskeleton
to the Cx43 C-terminal domain, thus involving Cx43 in cytoskeletal anchorage. A better
understanding of these mechanisms will facilitate the study of a number of

neurodevelopmental malformations and diseases.
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Chapter 4

Essential Region of the Cytoplasmic C-terminal

Domain of Connexin43 in Neuronal Migration

A version of this chapter will be submitted to a suitable journal; Cima Cina, Wuy C. Sin,
John F. Bechberger, and Christian C. Naus. Essential Region of the Cytoplasmic C-terminal
Domain of Connexin43 in Neuronal Migration.
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4.1 Introduction

During development, radial glial cells give rise to major cell types in the cerebral
cortex, including neurons, astrocytes, and oligodendrocytes (Malatesta et al., 2003; Noctor et
al., 2008). Radial glial cells originate in the ventricular zone (VZ) of the dorsal telencephalon
and following extensive divisions they produce progenitor cells that give rise to neurons.
Young neurons closely associate with their parent, radial glial cells while migrating from the
VZ to their final location in the cortical plate (CP) of the neocortex (Anthony et al., 2004).

Originally, Nadarajah and co-workers observed that gap junctions are expressed in
the VZ, the 1Z and the CP of the developing neocortex while mediating contacts between
migrating neurons and the radial glial fibers (Nadarajah et al., 1997). Gap junctions are large
diameter channels that are formed by docking of two connexons between adjacent cells. The
protein subunits of these connexons are called connexins (Cx) (Goodenough and Paul, 2003).
Gap junctions have been implicated in a variety of developmental events including
proliferation, differentiation, and migration (Weissman et al., 2004; Elias et al., 2007; Xu et
al., 2006). In agreement with these findings, we have shown that two gap junction proteins,
Cx43 and Cx26, are extensively expressed in both radial glia and migrating neurons
suggesting their role in neuronal migration (Cina et al., 2007). Our detailed analysis of
embryonic neocortical cell migration in conditional knockout (Cx43cKO), and complete
knockout (Cx43KO) mice in vivo, has shown that the C-terminal domain of Cx43 plays a
functional role in radial guided neuronal migration during neocortical development (Cina et
al., 2009). Furthermore, in support of our work, an in vitro study conducted in our laboratory
revealed that deletion of the C-terminal domain of Cx43 modulates the mobility of adherent
cancer cells (Bates et al., 2007).

Increasing lines of evidence has confirmed that many cytosolic proteins interact
with the C-terminal domain of Cx43. These interacting proteins have already been shown to
regulate Cx43 in assembly, trafficking and turnover, formation of gap junction plaques, and
insertion of Cxs at the membrane. These interacting proteins include: NOV/CCNS3,
cytoskeletal elements, kinases, phosphatases, and junctional proteins (Giepmans and
Moolennar, 1998; Berthoud et al, 2000; McLeod et al., 2001). In addition, the C-terminal
domain of Cx43 modulates a variety of cellular events via interacting proteins. For example,

in a study by Xu et al. (2006), Cx43 KO cardiac neural crest cells exhibited reduced
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migration due to a disruption in the organization of actin stress fibers compared to the wild-
type cells. This study indicates the effect of gap junctions on the cytoskeletal arrangements.
In the present study, to determine the specific region of the C-terminal domain of
Cx43 that is involved in the neuronal migration, different deletions were made within the C-
terminal region to rescue neuronal migration in Cx43cKO and Cx43KO mice. Based on our
results, we suggest that the region between amino acid residues 259-305 located within the
C-terminal domain of Cx43 is necessary to promote neuronal migration. These results have

implications for understanding the spectrum of human migration disorders.
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4.2 Materials and Methods
421  Animals

The production of the Cx43 null mutant (Reaume et al., 1995), nestin—Cre (Bérubé
et al., 2005), and floxed Cx43 (Theis et al., 2001) transgenic mice have been reported
previously. Nestin—Cre mice were crossed with floxed Cx43 mice, maintained in an animal
facility with a 12 h light/dark cycle, and were provided food and water ad libitum. The
animals were maintained according to Canadian Council on Animal Care guidelines for the
care and use of laboratory mice at the University of British Columbia. After mating of adult
mice, the day on which a vaginal plug was identified was considered embryonic day 0 (EO).
In the present study, Cx43cKO (Cx43""; nestin—Cre), control (Cx43"™), Cx43", and Cx43*"*

mice were used to conduct experiments.

4.2.2  Genotype Analysis by PCR

For detection of the Cx43 floxed (Cx43") allele and the Cx43 wild type (Cx43")
allele, forward primers (5-TCA TGC CCG GCA CAA GTG AGA C-3') and reverse primers
(5'-TCA CCCCAAGCTGACTCAACCG-3') were applied to generate a product of a 1 kb
floxed amplicon and a 900 bp wild-type amplicon (Theis et al., 2001). To detect the deleted
Cx43 (Cx43") allele, forward primers (5'-AT TTT GCC GCC GCC TAG CTA TCC C-3)
and reverse primers (5'-GCT TGC CGA ATA TCA TGG TGG A-3') were used to generate a
product of 1 kb for the deleted amplicon and 500 bp for the wild-type amplicon (Perez
Velazquez et al., 1996). For the detection of the nestin—Cre transgene, forward primers (5'-
TGA CCA GAG TCA TCC TTA GCG-3') and reverse primers (5'-
AATGCTTCTGTCCGTTTGCC-3") were applied, generating a 300-500 bp product
(Tronche et al., 1999).

4.2.3 Plasmid Constructs

Plasmids containing rat Cx43 cDNA were generated by PCR cloning with the
following primers: Cx43A305: AATTGAATTCACCATGGTGACTGGAGTGCCTTGG
(sense), AATTTCTAGATTAGCTAGCTTGCTTGTAATTG (antisense); Cx43A376:
AATTGAATTCACCATGGTGACTGGAGTGCCTTGG (sense),
AATTTCTAGATTAAGGCCTGCTGCTGGCGCGG (antisense), and inserted into the
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PEGFP-N1 expression vector under the control of a SV40 promoter using the Xhol and

ECoRL1 restriction sites.

4.2.4  Cell Culture and Transfection

Mouse fibroblast Cx43 null cells (partially immortalized astrocytes with a fibroblast
phenotype; Valiunas et al., 2005), and Hela cells [with no Cx43 expression, (American Type
Culture Collection; Manassas, VA)] were used. Cells were maintained in DMEM (Invitrogen
Corp., Burlington, Ontario, Canada), supplemented with 10% fetal bovine serum, 100 pg/ml
streptomycin, 100 pg/ml penicillin (Sigma-Aldrich, St. Louis, MO). Cells were subcultured
two times per week and maintained in a 37°C incubator in a moist atmosphere with 10% CO..
One day before transfection, 1 x 10° cells were seeded per 35-mm dish in DMEM. For
generation of Cx43A305 or Cx43A376 expressing cells transiently, cells were transfected
with 2 pg of each plasmid using LipofectAMINE 2000 (Invitrogen) in 200 ul of OPTIMEM
(Invitrogen). After 72 hour, cells were fixed using 4% paraformaldehyde and were

subsequently processed for immunostaining.

4.25  Protein Isolation and Western blot Analysis

Western blot analysis was conducted as described previously (Cina et al., 2009).
Briefly, cells were lysed in radioimmune precipitation lysis buffer (50 mM Tris-HCI, pH 8.0,
and 1% IGEPAL) supplemented with Mini Complete protease inhibitors (Roche Applied
Science) and phosphatase inhibitors (Sigma). Protein concentrations were determined using
the BCA protein quantification kit (Pierce). Protein samples (30 pg) were boiled for 2 min in
SDS sample buffer, pH 8.0, and separated on a 12% polyacrylamide gel in parallel with
molecular weight markers (Bio-Rad). Subsequently, the electrophoresed proteins were
transferred onto a nitrocellulose membrane (Bio-Rad) at 100 V for 1 h. The blots were then
blocked with 5% dry milk in TBS (pH 7.4, with 1% Tween 20) for 1 h and subsequently
incubated with an antibody against Cx43 (N-terminal; Abgent) at 4°C overnight. After
rinsing with PBS, the blots were incubated in horseradish peroxidase-tagged anti-rabbit
secondary antibody (Cedarlane Laboratories) for 1 h at room temperature, followed by
incubation in SuperSignal chemiluminescent substrate (Pierce). The labelled blots were then

exposed to Kodak X-Omat x-ray film to visualize antibody binding. To ensure equal loading
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of protein samples, the blots were stripped of their Cx43 antibody and reprobed for GAPDH

(mouse, 1:20,000 dilution; Cedarlane Laboratories).

4.2.6  Immunocytochemistry

Brains obtained from embryonic day 18 mice were fixed by immersion in 4%
paraformaldehyde overnight at 4°C. The fixed brains were cryoprotected in 30% sucrose,
mounted in OCT, and cut into 10 um coronal sections using a cryostat. Cut brain sections
were mounted in ProLong Gold containing DAPI. For cell cultures, cells were grown on
coverslips, fixed in 4% formaldehyde at room temperature for 10 min, and permeabilized
with 0.3% Triton X-100. Cells were incubated with rabbit polyclonal antibodies for wild-type
Cx43 (Nadarajah et al., 1997) (1:200; epitope spanning amino acids 363-382 located at the
C-terminal region of Cx43; Sigma-Aldrich), or a mouse monoclonal antibody for wild-type
Cx43 (1:100; epitope spanning amino acids 252-270 located at the C-terminal region of
Cx43; Chemicon), at 4°C overnight. Labelled sections and cells were examined and analyzed

using a Zeiss Axioplan2 epifluorescent microscope and AxioVision 4.2 software.

4.2.7  In utero electroporation

A plasmid expressing GFP driven by a neuronal promoter (Tal tubulin) (gift from
Dr. Freda D. Miller, University of Toronto, Toronto, Ontario, Canada) (Gloster et al., 1994)
was used either alone or with each of the following plasmids: (1) C-terminally truncated
Cx43 (Cx43A305-382); (2) C-terminally truncated Cx43 (Cx43A376-382); and (3) C-
terminally truncated Cx43 (Cx43A258-382), in which the last 125 amino acid residues of the
cytoplasmic C-terminal domain of Cx43 are lacking (Maass et al., 2004) (a gift from Dr.
Karen Maass, Upstate Medical University, Syracuse, NY). The introduction of DNA by in
utero electroporation was conducted as described previously (Cina et al., 2009). Briefly,
pregnant female Cx43" mice and Cx43cKO mice were anesthetized with isoflurane and
nitrous oxide. A 3-cm incision was made to expose the embryos, 1 ul of DNA was injected
into the lateral ventricle of E14 embryos. Following injection, electroporation was performed
using a square electroporator CUY?21 EDIT (Protech) to deliver five 50 ms pulses of 50 V
with 950 ms intervals per embryo. Embryos were returned to the uterus, and the incision was

closed. The embryos were allowed to develop further until E18. The brains were removed
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and fixed in 4% paraformaldehyde at 4°C overnight. The fixed brains were placed in 30%

sucrose for cryoprotection, mounted in OCT, sectioned (10 um), and analyzed.
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4.3 Results

In our previous study, we showed that the injection of Cx43A244-382 into the VZ
of the Cx43cKO embryos did not rescue migration. In addition, neurons in Cx43K258stop
embryos also failed to move into the CP. However, the delivery of full-length Cx43 was able
to restore normal migration. Although, we concluded that the C-terminal domain of Cx43
was crucial in neuronal migration (Cina et al., 2009), the specific region of the C-terminal
domain that is involved in migration remains to be unknown. Hence, in the present study,
two deletions were made within the middle and the end part of the C-terminal domain
between amino acid residues 258-382 in order to determine the important region that rescues
neuronal migration. These two deletions include Cx43A305-382 and Cx43A376-382.

4.3.1 Mouse Fibroblast Cx43 Knockout Cells Express Cx43A305-382 and Cx43A376-
382

Prior to using Cx43 deletion constructs for in utero electroporation, they were first
tested in cultured cells. To determine the expression of Cx43A305-382 and Cx43A376-382
plasmids in Cx43 knockout mouse fibroblast cells, immunofluorescent labelling experiments
using a monoclonal Cx43 antibody which recognizes amino acids 252-270 in the Cx43A305-
382 construct (Fig. 4.1B), and a polyclonal Cx43 antibody which recognize amino acids 363-
382 in the Cx43A376-382 construct (Fig. 4.1C), were conducted. As shown in Figure 4.1, the
images revealed that while control (untransfected) cells were devoid of labelling (Fig. 4.1A),
in transfected cells, Cx43A305-382 and Cx43A376-382 were localized at the plasma
membrane as well as the perinuclear regions (Fig. 4.1B,C).

4.3.2  Hela Cells Express Cx43-truncated Plasmid cDNAs

To determine the cellular localization of Cx43A305-382 and Cx43A376-382 in Hela
cells, we performed immunofluorescent labelling experiments using antibodies against Cx43
(Fig. 4.2). As depicted in Figure 4.2A, control Hela cells showed no immunoreactivity
associated with Cx43 when stained with a Cx43 antibody, however residual background
staining was observed in these cells. By contrast, Cx43 imunoreactivity was seen in the
plasma membrane and perinuclear region of transfected cells (Fig. 4.2B,C). In addition,
western blot analysis was conducted on cells transfected with Cx43A305-382 or Cx43A376-
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382 plasmids. Protein lysates from transfected Hela cells, and E18 cortices of wild type and
Cx43%2580P* mice (positive controls), were probed with anti-Cx43 and GAPDH antibodies.
Cx43 protein was strongly expressed in the aforementioned lysates except for the
untransfected cells (negative control) (Fig. 4.2D).

Immunofluorescent labelling experiments with Cx43 antibodies as well as western
blot analysis confirmed deletion and specificity of Cx43 in both cell lines transfected with
Cx43A305-382 and Cx43A376-382 plasmids. Hence the aforementioned constructs were
used in the following study to determine the mechanism by which Cx43 is involved in

neuronal migration.
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Figure 4.1 Expression of Cx43A305-382 and Cx43A376-382 in Cx43 knockout mouse
fibroblast cells. A, In control cells immunofluorescent labelling using an antibody against
Cx43 showed no labelling. By contrast, Cx43A305-382, and Cx43A376-382 transfected cells
showed immunoreactivity for Cx43 located at the plasma membrane and the perinuclear
region. Expression is shown by green fluorescence (B,C). Nuclei are visualized by DAPI

(Blue). n=3. Scale bars, 40 um.
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Figure 4.2 Cx43A305-382 and Cx43A376-382 are expressed in Hela cells. A, In
control cells, immunofluorescent labelling using an antibody against Cx43 showed no
labelling. However, Hela cells transfected with Cx43A305-382, and Cx43A376-382 showed
immunorectivity for Cx43 localized at the plasma membrane and the perinuclear region.
Expression is shown by green fluorescence (B,C). Nuclei are visualized by DAPI (Blue). D,
A representative immunoblot showing protein expression of Cx43 in transfected Hela cells at
the predicted size. Equal amounts of protein lysates were immunoblotted and probed with
antibodies recognizing Cx43 (43kDa). Untransfected Hela cells were used as a negative

3 k258stop/+

control. Protein lysates from E18 cortices of wild type and Cx4 mice were used as

positive controls. GAPDH was used as a loading control. n=3. Scale bars, 40 pum.
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4.3.3 A Central Region in the C-terminal Domain of Cx43 is Required for Neuronal

Migration

We have previously shown that Cx43 plays a vital role in neuronal migration.
Furthermore, the C-terminal region appears necessary for this migration to occur (Cina et al.,
2009). Therefore, in the present study, to further examine the contribution of the C-terminal
domain of Cx43 in neuronal migration, specific deletions were made within the C-terminal
domain including Cx43A258-382, Cx43A305-382, and Cx43A376-382 plasmids. The
aforementioned plasmids were co-injected with Tal-GFP (a transgene expressing GFP under
control of Tal tubulin promoter; Gloster et al., 1999) into the lateral ventricle of E14 control,
Cx43cKO, Cx43™ and Cx43™" mice, and electroporated as previously described (Cina et al.,
2009). Subsequently embryos were analyzed at E18. The data revealed that when the Tal-
GFP plasmid alone was electroporated into the lateral ventricle of E14 Cx43™ mice, the vast
majority of the Tal-GFP-expressing neurons remained in the VZ/IZ at E18 (Fig. 4.3A). In
addition, in Cx43” mice, while newborn neurons electroporated with Cx43A258-382 plasmid
co-expressed with Tal-GFP failed to migrate to the CP, neuronal migration in Cx43""
appeared normal (Fig. 4.3B,C). Furthermore, E14 cortices of Cx43cKO embryos were
electroporated with the Tal-GFP plasmid, and embryos were analyzed four days later. The
results showed that most GFP™ cells accumulated in the 1Z (Fig. 4.3 D). Interestingly, when
either Cx43A305-382 or Cx43A376-382 plasmids was co-injected with Tal-GFP and
introduced into the developing cortex of E14 Cx43cKO mice, neuronal migration was
restored to levels seen in control mice (Fig. 4.3E-H).

Because exogenous expression of Cx43A305-382 or Cx43A376-382, but not the
Cx43A258-382, in newborn neurons of Cx43cKO restores neuronal migration, our study
suggests that the region between amino acid residues 259 and 305 located at the C-terminal
domain of Cx43 is sufficient to mediate the action of Cx43 in neuronal migration. In addition,
since Cx43A376-382-expressing neurons were able to migrate to their final location in the
CP, deletion of the last four amino acids of the C-terminal which are the binding sites for
interaction with ZO-1 does not have an affect on neuronal migration during cortical

development.
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Figure 4.3 C-terminal region is necessary for the proper function of Cx43 during
neocortical neuronal migration. At E14, Ta1-GFP was injected alone or co-injected with
Cx43A258-382, Cx43A305-382, or CxA376-382 into the lateral ventricle of Cx43cKO,
control, Cx43”", and Cx43*" mice, followed by electroporation (A-H). Four days later, the
electroporated brains were removed, 10 um sections of cerebral cortices were collected, and
subsequently the GFP" cells were visualized under an epifluorescent microscope. Although,
in Cx43" mice, newborn neurons electroporated with Ta.1-GFP and Cx43A258-382 plasmid
failed to migrate to the CP (A,B), Cx43"" mice showed normal neuronal migration (C). In
Cx43cKO embryos, neurons electroporated with Ta1-GFP alone failed to migrate to the CP
(D), whereas electroporation of either Cx43A305-382, or Cx43A376-382 plasmids along with
Tal-GFP in Cx43cKO mice rescued neuronal migration to levels seen in control mice (E-H).

n=3. Scale bars, 200 pm.
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4.4 Discussion

Although increasing evidence indicates that gap junctions mediate the radial
migration of neurons to the CP (Cina et al., 2009; Wiencken-Barger et al., 2007; Elias et al.,
2007; Fushiki et al., 2003), the exact mechanism behind this activity is still in question.
Following our recent work in 2009, which led us to report that the C-terminal domain of
Cx43 is crucial in cell migration, we have further investigated this finding in more detail by
making specific deletions within the C-terminal tail and using two transgenic mouse lines:
Cx43" mice in which Cx43 is lacking from all cell types (Reaume et al., 1995), and
Cx43cKO mice which allow selective deletion of Cx43 only in radial glial cells (Béurbé et
al., 2005). The current work presents further progress in understanding the action of Cx43 in
modulating the movement of newborn neurons that derive from radial glial cells, and
suggests a region in the C-terminal domain of Cx43 containing amino acid residues 259-305

might be an important factor in mediating the role of Cx43 in neuronal migration.

44.1 A Crucial Region in the C-terminal Domain of Cx43 Mediates Neuronal

Migration

In the present study, electroporetic delivery of Cx43A258-382 plasmid into the VZ
of Cx43™ embryos failed to restore neuronal migration into the CP. This finding was
supported by our previous data showing that newborn neurons in Cx43%***"" embryos also
failed to move into the CP normally (Cina et al., 2009).

Furthermore, similar delivery of Cx43 with the C-terminal truncated versions of
Cx43 plasmids, Cx43A305-382 or Cx43A376-382, was able to rescue migration in Cx43cKO
mice. With these results, we were able to narrow down the region that is involved in
regulating neuronal migration to an area between amino acid residues 259 and 305 located
within the C-terminal domain of Cx43. However, it remains to be determined exactly what
proteins interact with this region of the C-terminal domain in order to implicate Cx43 in
neuronal migration.

The C-terminal domain is located in the cytosol, and this allows for the interaction
of this domain with Cx43 interacting proteins that link Cx43 to cytoskeletal anchorage, and
therefore support in regulating neuronal migration. These proteins include F-actin,
CCNB3/NOV, N-cadherins, kinases, and phosphatases (Herve et al., 2007; Fu et al., 2004;

151



McLeod et al., 2001; Xu et al., 2001). For example, it has been shown that overexpression of
Cx43 in C6 glioma cells causes a rearrangement of actin into the stress fibers so that the cells
become flattened (Naus et al., 1992). In addition, disorganization of actin stress fibers has
been observed in Cx43KO cardiac neural crest cells (Xu et al., 2006). Furthermore, direct
association of several actin binding proteins with Cx43 has been reported in a number of
studies. For instance, a-actinin which is a binding protein interacts with and links Cx43 to the
actin cytoskeleton. It has also been shown to be present at the leading edge of cardiac neural
crest cells meaning that it is involved in cell migration (Xu et al. 2006). Another binding
protein, known as, cortactin has been shown to interact with the C-terminal domain of Cx43.
The phosphorylation of Cx43 by P38 MAPK leads to the activation of cortactin at the leading
edge which in turn increases the cell motility (Squecco et al., 2006). Therefore, in the present
study, it is possible that during development, the C-terminal domain of Cx43 reorganizes the
actin cytoskeleton via interacting with the binding proteins that are localized at the leading
edge of the migrating neurons and enhances neuronal migration.

Moreover, the majority of evidence supports the finding that protein kinase Src
interacts directly with and phosphorylates Cx43 through SH2 and SH3 domains that are
located along the C-terminal amino acid residues 265-283 (Loo et al., 1999; Kanemitsu et al.
1997).

Inhibition of Src has been shown to affect glioma cell invasion by regulating actin
cytoskeleton at the leading edge (Angers-Loustau et al., 2004). In that study, the authors
indicated that the phosphorylation of the cortactin is required to activate this protein thus
inducing the membrane ruffling. Therefore, inhibition of Src could reduce the invasiveness of
the glioma cells by inactivating the actin dynamics. Intriguingly, SH2 and SH3 binding sites
are located along the region of the C-terminal domain that has been reported in this study to
be an important factor in neuronal migration (amino acid residues 259-305). Based on these
findings, we hypothesize that Src could link Cx43 to the actin cytoskeleton via interaction
with the C-terminal domain, and thereby influence neuronal migration. To test this
hypothesis, point mutations in the SH2 and SH3 binding sites and their targets that are
located within the C-terminal domain might be potential experimental candidates in order to
test the effect of Src tyrosine kinase on neuronal migration. Through collaborating with Dr.

Tabernero’s laboratory (The University of Salamanca, Spain), our lab has access to a double
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Cx43 mutant construct containing the Tyr247 and Tyr65 residues in which tyrosine is
substituted by non-phosphorylatable phenylalanine. This construct is prepared in a pIRES2-
DsRed?2 vector that encodes the red fluorescent protein. To test whether this construct rescues
neuronal migration, it could be injected into the lateral ventricle of E14 Cx43" or Cx43cKO
embryos followed by electroporation.

In addition to Src tyrosine kinase, mitogen activated kinase (MAPK)
phosphorylates Cx43 and down regulates its activity. MAPK phosphorylates Cx43 on its
three serine residues, Ser255, Ser279, and Ser282 (Kanemitsu and Lau, 1993). The authors
showed that epidermal growth factor (EGF) treatment of rat liver cells activated EGF
receptors on the cell membrane which stimulated MAPK. The stimulation of MAPK led to
the phosphorylation of Cx43 which in turn diminished the assembly and the activity of Cx43.
Interestingly, the amino acid residues Ser279 and Ser282 are located within the same region
of the C-terminal domain of Cx43 that has been reported to be involved in neuronal
migration in the present study (amino acid residues 259-305). Therefore, MAPK might play a
role in regulating neuronal migration by phosphorylating Cx43 on its C-terminal domain.

Protein kinase C (PKC) has also been shown to phosphorylate Cx43 both in vitro
and in vivo (Reynhout et al, 1992; Lampe et al., 2000). These studies showed that PKC
activators such as 12-O-tetradecanoylphorbol-13-acetate (TPA) activate PKC which in turn
phosphorylates Cx43 on its serine residue, Ser368 within the C-terminal domain. This
phosphorylation decreases the gap junction assembly and activation. Also, the results of the
present study indicate that Cx43A376-382 construct was able to rescue neuronal migration in
Cx43cKO mice. Therefore, it is possible that PKC affects neuronal migration by
phosphorylating Cx43 in its Ser368 residue located within the C-terminal domain.

In contrast to PKC, protein kinase A (PKA) up regulates Cx43 assembly. PKA
directly acts on Ser364 within the C-terminal domain and phosphorylates Cx43 thus inducing
Cx43 activity (Tenbroek et al., 2001). However, the role of PKA in cell migration via
interaction with the C-terminal domain of Cx43 remains to be elucidated.

A better understanding of these mechanisms that are important for regulating

neuronal migration could assist the study of a number of neurodevelopmental malformations.

153



45 References

Angers-Loustau A, Hering R, Werbowetski TE, Kaplan DR, Del Maestro RF (2004) SRC
regulates actin dynamics and invasion of malignant glial cells in three dimensions. Mol
Cancer Res 2:595-605.

Anthony TE, Klein C, Fishell G, Heintz N (2004) Radial glia serve as neuronal progenitors in
all regions of the central nervous system. Neuron 41:881-890.

Bates DC, Sin WC, Aftab Q, Naus CC (2007) Connexin43 enhances glioma invasion by a
mechanism involving the carboxy terminus. Glia 55:1554-1564.

Bérube NG, Mangelsdorf M, Jagla M, Vanderluit J, Garrick D, Gibbons RJ, Higgs DR, Slack
RS, Picketts DJ (2005) The chromatin-remodeling protein ATRX is critical for neuronal
survival during corticogenesis. J Clin Invest 115:258-267.

Berthoud VM, Westphale EM, GrigoryevaA, Beyer EC (2000) PKC isoenzymes in the
chicken lens and TPA-induced effects on intercellular communication. Invest Ophtalmol Vis
Sci 41:850-858.

Cina C, Bechberger JF, Ozog MA, Naus CCG (2007) Expression of connexins in embryonic
mouse neocortical development. J Comp Neurol 504:298-313.

Cina C, Maass K, Theis M, Willecke K, Bechberger JF, Naus CC (2009) Involvement of the
cytoplasmic C-terminal domain of connexin43 in neuronal migration. J Neurosci 29:2009-
2021.

Elias LA, Wang DD, Kriegstein AR (2007) Gap junction adhesion is necessary for radial
migration in the neocortex. Nature 448:901-907.

Fu CT, Bechberger JF, Ozog MA, Perbal B, Naus CCG (2004) CCN3 (NOV) interacts with
connexin43 in C6 glioma cells. J Biol Chem 279:36943-36950.

Fushiki S, Perez Velazquez JL, Zhang L, Bechberger JF, Carlen PL, Naus CC
(2003) Changes in neuronal migration in neocortex of connexin43 null mutant mice. J
Neuropathol Exp Neurol 62:304-314.

Gloster A, Wu W, Speelman A, Weiss S, Causing C, Pozniak C, Reynolds B, Chang E,
Toma JG, Miller FD (1994) The Tal a-tubulin promoter specifies gene expression as a
function of neuronal growth and regeneration in transgenic mice. J Neurosci 14:7319-7330.

Gloster A, El-Bizri H, Bamji SX, Rogers D, Miller FD (1999) Early induction of Tal a-
tubulin transcription in neurons of the developing nervous system. J Comp Neurol 405:45-60.

Goodenough DA, Paul DL (2003) Beyond the gap: functions of unpaired connexon channels.
Nat Rev Mol Cell Biol 4:285-294.

154



Herve JC, Bourmeyster N, Sarrouilhe D, Duffy HS (2007) Gap junctional complexes: From
partners to functions. Prog Biophys Mol Biol 94:29-65.

Kanemitsu MY, Loo LW, Simon S, Lau AF, Eckhart W (1997) Tyrosine phosphorylation of
connexin 43 by v-Src is mediated by SH2 and SH3 domain interactions. J Biol Chem
272:22824-22831.

Lampe PD, Tenbroek EM, Burt JM, Kurata WE, Johnson RG, Lau AF (2000)
Phophorylation of Cx43 on serine 368 by protein kinase C regulates gap junction
communication. J Cell Biol 149:1503-1512.

Loo LW, Kanemitsu MY, Lau AF (1999) In vivo association of pp60v-src and the gap
junction protein connexin43 in v-src transformed fibroblasts. Mol Carcinog 3:187-195.

Maass K, Ghanem A, Kim JS, Saathoff M, Urschel S, Kirfel G, Grimmer R, Kretz M,
Lewalter T, Tiemann K, Winterhager E, Herzog V, Willecke K (2004) Defective epidermal
barrier in neonatal mice lacking the C-terminal region of coneixn43. Mol Biol Cell 15:4597-
4608.

Malatesta P, Hack MA, Hartfuss E, Kettenmann H, Klinkert W, Kirchhoff F, Gtz M (2003)
Neuronal or glial progeny: regional differences in radial glia fate. Neuron 37:751-764.

McLeod TL, Bechberger JF, Naus CC (2001) Determination of a potential role of the CCN
family of growth regulators in connexin43 transfected C6 glioma cells. Cell Commun Adhes
8:441-445.

Nadarajah B, Jones AM, Evans WH, Parnavelas JG (1997) Differential expression of
connexins during neocortical development and neuronal circuit formation. J Neurosci
17:3096-3111.

Naus CC, Zhu D, Todd SD, Kidder GM. (1992) Characteristics of C6 glioma cells
overexpressing a gap junction protein. Cell Mol Neurobiol 12:163-175.

Noctor SC, Martinez-Cerdefio V, Kriegstein AR (2008) Distinct behaviors of neural stem and
progenitor cells underlie cortical neurogenesis. J Comp Neurol 508:28-44.

Reaume AG, de Sousa PA, Kulkarni S, Langille BL, Zhu D, Davies TC, Juneja SC, Kidder
GM, Rossant J (1995) Cardiac malformation in neonatal mice lacking connexin43. Science
267:1831-1834.

Reynhout JK, Lampe PD, Johnson RG (1992) An activator of protein kinase C inhibits gap
junction communication between cultured bovine lens cells. Exp Cell Res 198:337-342.

Squecco R, Sassoli C, Nuti F, Martinesi M, Chellini F, Nosi D, Zecchi-Orlandini S, Francini
F, Formigli L, Meacci E (2006) Sphingosine 1-phosphate induces myoblast differentiation

155



through Cx43 protein expression: A role for a gap junction-dependent and -independent
function. Mol Biol Cell 17:4896-4910.

Tenbroek EM, Lampe PD, Solan JL, Reynhout JK, Johnson RG (2001) Ser364 of
connexin43 and the upregulation of gap junction assembly by cAMP. J Cell Biol 155:1307-
1318.

Theis M, de Wit C, Schlaeger TM, Eckardt D, Kriger O, Doring B, Risau W, Deutsch U,
Pohl U, Willecke K (2001) Endothelium-specific replacement of the connexin43 coding
region by a lacZ reporter gene. Genesis 29:1-13.

Valiunas V, Bechberger JF, Naus CC, Brink PR, and Goldberg GS (2005) Nontransformed
cells can normalize gap junctional communication with transformed cells. Biochem Biophys
Res Commun 333:174-179.

Wiencken-Barger AE, Djukic B, Casper KB, McCarthy KD (2007) A role for connexin43
during neurodevelopment. Glia 55:675-686.

Weissman TA, Riquelme PA, lvic L, Flint AC, Kriegstein AR (2004) Calcium waves
propagate through radial glial cells and modulate proliferation in the developing neocortex.
Neuron 5:647-661.

Xu X, Li WE, Huang GY, Meyer R, Chen T, Luo Y, Thomas MP, Radice GL, Lo CW (2001)
Modulation of mouse neural crest cell motility by N-cadherin and connexin43 gap junctions.
J Cell Biol 154:217-230.

Xu X, Francis R, Wei CJ, Linask KL, Lo CW (2006) Connexin43-mediated modulation of

polarized cell movement and the directional migration of cardiac neural crest cells.
Development 133:3629-3639.

156



Chapter 5

General Discussion and Conclusions
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During neocortical development, radial glial cells in the VZ of the dorsal
telencephalon undergo mitosis and give rise to neurons, astrocytes, and oligodendrocytes
(Noctor et al. 2008). The newborn neurons leave the VZ and migrate along the radial glial
fibers to reach their final location in the CP, subsequently forming the highly organized six
layers of neurons in the adult cerebral cortex (Nadarajah et al., 2001; Anthony et al., 2004).

A central issue in neuronal migration is in understanding the mechanism that
regulates the movement of neurons and their interactions with the scaffolding radial glial
fibers. Indeed, among the many processes that encode the instructions for cellular events are
the delivery of intercellular communication and signaling molecules to the radial glial cells
which then orchestrates neocortical brain development. By way of intercellular
communication, gap junctions are implicated in cell-cell interaction in almost all tissues and
organs. Gap junctions are intercellular membrane channels that provide the exchange of ions
and small metabolites less than 1200 Da, such as Na*, K*, Ca®", IP3, ATP, and cAMP
between adjacent cells (Neyton and Trautmann, 1986; Simon and Goodenough, 1998). Gap
junctions have been shown to be involved in the proliferation and differentiation of radial
glial cells, and migration of neurons (Lo, 1996; Fushiki et al., 2003; Weissman et al., 2004;
Elias et al., 2007). For example, embryonic mice lacking Cx43 expression phenotypically
present an abnormal accumulation of BrdU—positive cells in the 1Z, whereas these cells
establish themselves normally in the CP of wild-type littermates (Fushiki et al., 2003).

The targeted deletion of Cx genes in mice is undoubtedly a valuable tool to study
the role of gap junctions in neuronal migration. The impact of the results obtained from those
transgenic mouse models have however been hampered by the fact that most studies
investigating the expression of Cxs during development were performed on rats. Therefore,
in order to facilitate the interpretation of results obtained from transgenic mice, our first
study aimed at mapping the spatio—temporal distribution of various Cxs in the embryonic

mouse brain.
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51 Expression of Connexins in the Embryonic Mouse Neocortex

In order to investigate the spatial and temporal expression of Cxs during brain
development, we combined different approaches. Briefly, we performed RT-PCR,
immunoblotting, and immunohisotchemistry experiments on E14-E18 mouse neocortex.
These experiments showed that among the 20 Cxs expressed in mammals (Séhl and Willecke,
2003), Cx26, Cx36, Cx37, Cx43, and Cx45 are expressed in the E14-E18 mouse neocortex
(see chapter 2). Cx26 was detected throughout the whole neocortex with an even distribution
in the VZ, the 1Z, and the CP. Cx36 was also expressed in the mouse neocortex. However, its
expression was higher in the VZ and the CP than in the 1Z. Cx37 was evenly distributed in all
cortical layers of the mouse neocortex. Surprisingly, our results demonstrated that the
distribution pattern of Cx43 was temporally regulated. The distribution of Cx43 changes
from an even expression in all cortical layers at E14 to a gradation pattern in the VZ and CP
of the E16 and E18 neocortex. Similarly, our immunofluorescent labelling experiments
showed that Cx45 expression was also temporally regulated with an overall increase over the
E14-E18 period. The higher expression of Cx45 at E18 might be due to the developing
oligodendrocytes that express high levels of Cx45. Another possibility is that at the later
stages of neuronal migration the expression of Cx45 might be increased in the migrating
neurons compared to the immature neurons at early stages of neuronal migration.

Additionally, our immunofluorescent labelling experiments showed that among the
five Cxs expressed in the embryonic mouse neocortex, Cx26 and Cx43 were extensively
expressed in the VZ and highly associated with the nestin-positive radial glia and MAP-2-
positive neurons (see chapter 2; Cina et al. 2007). These results are in agreement with
observations previously reported (Nadarajah et al, 1997; Bittman et al., 2002). Therefore,
these results suggest that Cx43 and Cx26 might serve an important role in neuronal migration.

The results presented in this thesis uncover the spatio-temporal distribution of the
major Cxs expressed during brain development and could potentially serve as a reference
guide for future studies examining the effect of Cx deletion in transgenic mice.

Our first study showed that Cx43 is expressed in the radial glia and newborn
neurons of the developing neocortex. These results led us to examine whether Cx43 is
implicated in neuronal migration. Because Cx43 is ubiquitously expressed in most tissues,

the study of its implication in a specific population of cells is complicated. Therefore, the
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strength of our second study is that we used three distinct transgenic mouse models to
achieve a tissue—specific deletion of Cx43 and investigate its involvement in neuronal
migration. These transgenic mice included a Cx43" mice lacking Cx43 in all cell types.
These mice die shortly after birth due to abnormalities in heart development. However, as
mentioned previously, Cx43 is widely expressed in many tissues and the use of an animal
model in which the protein is deleted from all cell types is of limited usefulness for
attributing the migrational phenotype to only radial glia. Therefore, in order to refine our
strategy and results, we also used Cx43cKO mice which allow deletion of Cx43 in radial glial

cells selectively. Finally, we also used Cx43"28stor”

mice, which lack the last 125 amino
acids residues of the C-terminal domain of Cx43, to study the involvement of the C-terminal
tail in neuronal migration.

Our results showed that the deletion of Cx43 in Cx43cKO mice lead to a greater
thickness of the 1Z and a concomitant thinning of the CP, therefore suggesting that newborn
neurons failed to migrate properly in the CP (see chapter 3). Interestingly, Wiencken-Barger
and co-workers have also reported a decreased size of the neocortical, hippocampal and
cerebellar area in Cx43cKO mice, in which Cx43 was selectively deleted in GFAP expressing
cells. The authors attributed these defects to an altered cellular proliferation in the VZ

(Wiencken-Barger et al., 2007).
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5.2 The C-terminal Region of Cx43 is Crucial for Neuronal Migration

To investigate more precisely the role of Cx43 in radial glial cells, we took
advantage of the in utero electroporation technique to deliver a transgene expressing GFP
under control of Tal-tubulin promoter (Tal-GFP). The majority of Tal-GFP-expressing
cells are radial glial cells. The transgene was injected into the lateral ventricle of E14 control,
Cx43cKO, and Cx43" mice, followed by in utero electroporation. At E18, while in control
mice, GFP" cells had migrated out of the VZ and reached the CP, these cells accumulated in
the 1Z, with very few cells reaching the CP of Cx43cKO and Cx43" mice. Furthermore,
injection of a plasmid exogenously expressing the wild-type form of Cx43 in the lateral
ventricle of E14 Cx43cKO, and Cx43" mice, restored neuronal migration. Hence, our results
demonstrate that Cx43 regulates the migration of cortical neurons in the embryonic brain.
Loss of Cx43 in radial glia or newborn neurons abolishes the ability of neurons to migrate
along radial glial fibers. As a consequence, neurons remain in the 1Z, and are unable to reach
their proper destination into the CP (see chapter 3; Cina et al., 2009).

Gap junctional coupling is probably not an important factor in neuronal migration as
dye coupling techniques have not detected major differences in gap junctional coupling
between wild type and Cx43cKO mice (Wiencken-Barger et al., 2007). Therefore, to
investigate the mechanism by which Cx43 mediates neuronal migration, we conducted
similar electroporetic delivery of a plasmid expressing a C-terminal truncated form of Cx43
(Cx43A244-382) into the ventricle of Cx43cKO embryos. Our results showed that the
truncated version of Cx43 did not rescue migration. Similarly, newborn neurons in
Cx43K2%8%" embyryos failed to reach their final location in the CP, while neuronal migration
in Cx43X2%8"°P™* embryos was not perturbed. Thus, we concluded that the C-terminal tail of
Cx43 has a crucial role in the migration of newborn neurons into the CP (see chapter 3).
These findings however are in conflict with the recent work of Elias and co-workers (2007),
in which shRNA was used to knock down Cx43 expression in the cerebral cortex of wild-
type rats. From their results, the authors concluded that Cx43 and Cx26 form adhesive
contact points between radial glial fibers and migrating neurons which facilitate neuronal
migration. Their results did not show involvement of the C-terminal tail of Cx43 in migratory
mechanisms. The discordance between the two studies can however be explained by the

limitations inherent to the experimental design used by Elias and co-workers. By limiting
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their knockdown strategy to the sole use of ShRNA against Cx43, Elias and co-workers could
only target a subset of radial glial cells while the untargeted population of radial glia cells

had normal Cx43 expression levels. Consequently, at no point in their study could the authors
prove that the migration of neurons expressing a C-terminal truncated form of Cx43 was not
supported or assisted by the untargeted population of radial glia cells. Our strategy
constitutes a more valid model since we could successfully knockdown Cx43 in all radial glia

cells.
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5.3 The Important Region of the C-terminal Domain of Cx43 in Neuronal
Migration

Finally, our last objective aimed at targeting more precisely the molecular
mechanisms important for Cx43-mediated neuronal migration. We are addressing this
question by electroporetic delivery of plasmids expressing different versions of Cx43 with a
truncated C-terminal domain into the lateral ventricle of E14 Cx43™ and Cx43cKO mice.
Exogenous expression of Cx43A258-382 plasmid is not able to rescue neuronal migration in
Cx43" embryos. Conversely, Cx43A305-382 or Cx43A376-382—expressing cells were able
to rescue migration in Cx43cKO mice. Based on these results, we conclude that the region of
the C-terminal tail located between the amino acid residues 259 and 305 is important for
neuronal migration during brain development (see chapter 4).

In summary, the significant contributions of this research to the field of gap
junctions include: i) Cx26 and Cx43 are extensively expressed in the radial glia and the
migrating neurons, indicating their role in neuronal migration during development; ii) In
Cx43cKO and Cx43™ mice, deletion of Cx43 from radial glial cells leads to an accumulation
of newborn neurons in the 1Z and causes a greater thickness of the CP compared to the CP of
control littermates; iii) The C-terminal domain of Cx43 plays a functional role in glial guided
neuronal migration; iv) A central region of the Cx43 comprised between the amino acids 259
and 305 is involved in directing neuronal migration.

It should be noted here that the involvement of Cx26 and Cx36 in neuronal
migration and cortical development was also examined in the developing mouse neocortex.
We previously showed that Cx26 was highly expressed in the radial glia and newborn
neurons during development (Cina et al., 2007). Therefore, we hypothesized that deletion of
Cx26 from the radial glial cells will perturb neuronal migration and cortical development. To

6™ nestin-Cre mice, and measured the thickness of the

test this hypothesis, we used Cx2
cortical layers of the neocortex as previously mentioned (Cina et al., 2007). Deletion of Cx26
from radial glial cells and newborn neurons resulted in abnormalities in the cortical layer
formation during development. In the neocortex of Cx26™™: nestin-Cre mice, the 1Z was the
thickest layer, whereas in control littermates, the CP was thicker that the other two layers (the
1Z and the VVZ). Unfortunately, this study was not explored further because the Cx26™":

nestin-Cre mice died in utero for an unknown reason.
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Furthermore, in our first study, we also showed that Cx36 was expressed in the
developing mouse neocortex (Cina et al., 2007). In addition, Cx36 has been shown to be
expressed in a subset of interneurons (Deans et al., 2001). Hence, we hypothesized that the
deletion of Cx36 from interneurons will lead to an aberrant neuronal migration. To assess the
effect of deleting Cx36 in immature neurons, Tal-GFP was injected into the lateral ventricle
of Cx36” embryos at E14 and electroporated. The embryos were allowed to continue
development for four days until E18 before being analyzed. The results showed that most
GFP™ neurons were able to migrate out of the VZ and into the CP. Thus, deletion of Cx36
from immature neurons had no effect in neuronal migration (unpublished work). Based on
the results obtained from Cx26 and Cx36 we decided to focus only on the role of Cx43 in

neuronal migration and cortical development.
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54 Potential Mechanisms for the Role of Cx43 in Neuronal Migration

It remains to be determined what proteins in the cytosol interact with this C-
terminal region of Cx43 to regulate neuronal migration. The C-terminal tail interacts with
many proteins that could link Cx43 to cytoskeletal anchorage. These proteins include kinases,
phosphatases, ZO-1, CCN/NOV, and N-cadherin and B-catenin, (Giepmans and Moolennar,
1998; McLeod et al., 2001; Xu et al. 2001). For example, Src is a protein with tyrosine kinase
activity that phosphorylates Cx43 on the tyrosine residues of the C-terminal tail (Lin et al.,
2001; Kanemitsu et al., 1997). The proposed model for this mechanism is that the Src
binding domain, SH2, facilitates the phosphorylation of Cx43 in Tyr265 within the C-
terminal domain. This phosphorylation site provides a bridge for the second Src binding
domain, SH3, to phosphorylate proline rich residues of Cx43 which are P274, P277, P280,
and P283 (see Figure 1.3). Src phosphorylation reduces intercellular communication, thus
modulating the function of Cx43 (Lin et al., 2001). In mouse cultured astrocytes,
immunopercipitation strategies suggested a direct association between endogenous Cx43 and
wild-type Src which was accompanied by increased Tyr265 phosphorylation of Cx43.
Moreover, the treatment of astrocytes with chemical ischemia/hypoxia lead to the
dephosphorylation of Cx43 followed by internalization and then closure of gap junctions in
vivo (Li et al., 2005). Moreover, previous studies have shown an upregulation in the
activation of MAPK when rat liver cells were treated with EGF. In turn, activation of MAPK
led to the phosphorylation of Cx43. In those studies, site-directed mutagenesis and peptide
sequencing experiments showed that three serine residues within the C-terminal tail of Cx43
including Ser255, Ser279, and Ser282 are phosphorylation sites for MAPK. The
phosphorylation of Cx43 by MAPK subsequently diminishes gap junctional communication
(Kanemitsu and Lau, 1993; Lau et al., 1992).

Interestingly, the phosphorylation sites for Src and MAPK are located along the
same area of the C-terminal domain that has been proposed in this study to be an important
region involved in neuronal migration (amino acid residues 259-305, see Figure 1.3).
Therefore, Src or MAPK might potentially be the factors that link Cx43 to neuronal
migration through interactions with the C-terminal tail. Mutation constructs of Tyr247,
Tyr265, Ser279 and Ser282 are potentially significant candidates to determine whether these
residues are required for the effect of Cx43 on neuronal migration. In addition, by
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collaborating with Dr. Tabernero’s laboratory (The University of Salamanca, Spain), we now
have access to a double mutant construct in which Tyr247 and Tyr265 are substituted by
non-phosphorylable phenylalanine. The mutant construct could be injected into the lateral
ventricle of E14 Cx43™ or Cx43cKO embryos followed by electroporation. Furthermore, an
alternative approach to investigate the regulation of Cx43 signaling in neuronal migration by
Src is through constructing phosphomimetic mutations such as glutamic acid. In the C-
terminal tail of Cx43, Tyr265 could be substituted by phosphomimetic residue Glu in order
to inactivate the phosphorylation site for the SH2 domain of Src. The mutant construct could
be injected into Cx43 ™ or Cx43cKO mouse brains followed by electroporation.

It is unclear exactly how phosphorylation of Cx43 by Src might affect neuronal
migration. During phosphorylation of Cx43 along the amino acid residues 259-305, the
negative charge of the tyrosine phosphorylation causes a conformational change in the
structure of Cx43 (Lin et al., 2001). The result of this event might be that the C-terminal
domain of Cx43 begins to interact with and recruit new proteins that are in close proximity.
These proteins could include actin cytoskeleton and the binding proteins such as cortactin
and drebrin. In fact, both cortactin and drebrin have been shown to interact with Cx43
(Butkevich et al., 2004; Squecco et al., 2006). Upregulation of cortactin by Cx43 might cause
cortactin to bind to and activate ARP2/3 complex and WASP proteins, which in turn
stimulate the remodeling and polymerization of actin cytoskeleton at the leading edge (Weed
et al, 2000). Src, WASP, and ARP2/3 complex simulate the Rho GTPase family including
Rac and Cdc42. This activation in turn leads to the elongation of actin filaments at the
leading edge, thus producing membrane protrusions in order to move the cell forward (Small
etal., 2002). In addition, Ca®* is needed for the activation of the Ca®*-dependent Rho GTPase,
which in turn causes the membrane extensions of the migrating neurons to adhere to integrin
based focal adhesion site of the radial glial fibers. Since it has been proposed that Cx43
hemichannels propagate Ca* through the cortical neurons (Weissman et al., 2004), therefore,
Cx43 might be responsible for the upregulation of the Ca®*-dependent Rho activity followed
by the adhesion of the membrane extension to the radial glial fiber, thus initiating migration.
In support of this hypothesis, Elias and colleagues have shown that Cx43 is present at the
leading edge of the migrating neurons (Elias et al., 2007). Therefore, it is possible that

phosphorylation of Cx43 by Src causes Cx43 to recruit cortactin to the leading edge of the
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migrating neurons, thus promoting migration through a downstream signaling pathway.
Additionally, it has been shown that cells with Src deficiency have a strong attachment to the
extracellular surface, therefore they show decreased capability for migration (Klinghoffer et
al., 1999). In fact, inhibition of Src has been shown to cause a rapid disappearance of
lamellipodia by regulating actin cytoskeleton at the leading edge of glioma cells (Angers-
Loustau et al., 2004). A proposed model for the involvement of Cx43 in neuronal migration

is depicted in Figure 5.1.
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55 Relevance of the Findings to CNS disorders

Increasing evidence has reported that aberrations in the properties of gap junctions
might lead to CNS diseases including epilepsy, brain ischemia, schizophrenia, mental
retardation, Alzheimer’s disease, and Parkinson’s disease (Aicardia, 1994; Nagy et al., 1996;
Rufer et al., 1996; Nakase et al., 2003; Guerrini and Filippi, 2005). For example, in Cx43"™;
GFAP-Cre mice following the occlusion of middle cerebral artery, the volume of the stroke
was enhanced compared to the control littermates. Thus, Cx43 that is abundant in astrocytes
has a neuroprotective role against stroke (Nakase et al., 2003).

Furthermore, single mutations along the coding regions of the human Cx43 gene
including the C-terminal domain leads to a disease, known as oculodentodigital dysplasia
(ODDD) (Paznekas et al., 2003). ODDD patients are recognized by facial abnormalities,
fused fingers and toes, and abnormal teeth. In addition, some patients suffer from learning
disabilities and mental retardation (Loddenkemper et al., 2002). The ODDD mice showed
50% reduction in gap junctional communication as well as decreased amount of Cx43 protein.
Furthermore, in these mice, two Cx43 mutations (fs230 and fs260) resulted in sever
truncation of C-terminal tail. This is due to the dominant effect of mutant Cx43 on wild type
Cx43 (Roscoe et al., 2005). Therefore, cortical slices of these mice could be prepared and
examined for possible defects in neuronal migration. It is possible that in ODDD mice, the
function of the brain mimics the human disease, including mental retardation where
malformation in the brain development is observed. This could be explained by the findings
of this thesis, where the deletion of Cx43 in Cx43cKO mice leads to abnormal migration and

cortical malformation.

The defects in neuronal migration following the deletion of the Cx43 gene
from immature neurons in Cx43cKO mice are comparable to the defects caused by mutations
in the FLNA gene. Both Cx43 and FLNA are expressed in the VZ and interact with the actin
cytoskeleton and with the binding proteins which have implication in neuronal migration.
The mutation in the FLNA gene causes the postmitotic neurons to accumulate in the VZ and
the 1Z, thus causing abnormal cortical lamination, known as periventricular heterotopia (Fox
et al., 1998). Therefore, similar to Cx43, FLNA is an important factor that is required for the
proper migration of neurons. Taken together, the findings of the research presented in this
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thesis may have implications in understanding the mechanisms mediating

neurodevelopmental abnormalities.

Neuronal migration

Figure 5.1
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Model of Cx43 and signaling molecules in neuronal migration. Src binding

domains, SH2 and SH3, facilitate the phosphorylation of Cx43 on Tyr247 and Tyr265. In
addition, MAPK phosphorylates Cx43 via amino acid residues 255, 279, and 289. Following

the phosphorylation of the C-terminal domain along the amino acid residues 259-305 (red

line), Cx43 interacts with the actin cytoskeleton and the binding partners, and allows for the

migration of neurons (pink cell) along the radial glial cells (blue cell) through downstream

pathways.
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