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Abstract

Title of Thesis: Repair of Neocortex in a Model of Cortical Dysplasia
Name: Alisa W. Schaefer

Thesis Directed by:  Sharon Juliano, Ph.D.
Professor, Department of Anatomy, Physiology and Genetics

Our lab developed an animal model to elucidate factors associated with abnormal
neocortical development and to attempt repair of cortical dysgenesis. We disrupt
corticogenesis using an anti-mitotic methylazoxy methanol (MAM), which inhibits
mitosis for several hours. The effects of MAM on neocortical development are assessed
during early (embryonic day 24; E24) and late (E33) corticogenesis in ferrets. These
animals have protracted cortical development with neurogenesis and migration
continuing postnatally. MAM treatment on E24 leads to disorganized cortical laminae,
abnormal radial morphology, precocious differentiation of radial glia, and dispersal of
Cajal Retzius cells. MAM treatment on E33 leads to less severe effects including
diminished layer 4, widespread termination of thalamocortical afferents, and abnormal
distribution of GABA4, receptors.

Reelin is a protein that plays a role in cortical layering and may also be a key
factor in radial alignment. To assess the role of reelin in migration and radial morphology
in our model, organotypic cultures were paired with wild type, heterozygous, or reeler

mouse cortex. We observed that although reelin is necessary for cortical migration, other

il



factors in neocortex rescue radial morphology and reelin is not required for proper
elongation of radial glia.

In attempts to repair E33 MAM treated cortex, we transplanted E27, E33 ferret
and E14 mouse neural progenitor (NPs) cells into organotypic slices. Using a different
paradigm, E27 and E33 fNPs were injected into the brains of E33 MAM treated and
normal ferret kits. All donor cell types survive well in culture and differentiate into
multiple cell phenotypes of neural origin. When transplanted into organotypic cultures,
all donor cells survive and migrate into the cortical plate, although injections into the
ventricular zone were significantly more likely to reach the cortical plate than transplants
into the intermediate zone. /n vivo transplants of fNPs into ferret kits also migrate into the
cortex, differentiate, and become neurons, but not glia. The in vivo studies further
revealed that the migration pattern of transplanted cells into MAM cortex varies from
their distribution in normal cortex and that donor cells of different ages migrated into

distinct layers in normal versus MAM cortex.
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Chapter 1

Introduction

How the brain is formed

Proliferation and migration are the foundations of building a central nervous
system (CNS). Only 19 days after fertilization, before a woman may have even realized
she missed her menses, the neural plate, the core component of the embryonic CNS has
formed. At this time, the embryo is highly sensitive to teratogens, such as alcohol, and
ingestion by the mother can lead to severe developmental defects that include enlarged
ventricles and a smaller forebrain, termed holoprosencepahly. Alcohol related
neurodevelopment disorders (ARND) affect 1 in 100 live births (Sadler, 2004).

Understanding how the brain is formed is essential in the quest to repair it when
things go wrong. Many events need to happen precisely and sequentially to produce
normal cortical development. During the third to fourth week of embryonic development,
neural folds fuse to form the neural tube containing a fluid filled ventricle (Sadler, 2004).
Cells proliferate around the ventricles to expand their number and migrate away from
their birth site to populate specific regions of CNS. Epigenetic insult can have mild to
severe consequences on the proliferation and migration of CNS cells. By five weeks
gestation, the cerebral hemispheres are formed and surround the lateral ventricles. The

area lining the ventricles, known as the ventricular zone (VZ) and subventricular zone



(SVZ) are highly proliferative. The VZ/SVZ contains neural progenitor cells, which give
rise to neurons, astrocytes, and oligodendrocytes. Early during development of the
cerebral cortex, the neural progenitor cells increase their number by dividing
symmetrically.

The initial stage of symmetric division is followed by a period of asymmetric
division where one daughter cell remains mitotically active within the proliferative zone
and the other daughter cell becomes post-mitotic and begins its journey into the cortex
(Noctor et al., 2004). During this early period of development, the cortex has limited
stratification. From dorsal to ventral, it is comprised of the marginal zone populated by
Cajal Retzius cells and the subplate containing afferent fibers from the thalamus, these
two layers are collectively known as the “preplate”. Underneath the preplate is the
pseudostratified epithelium or the birthplace of neurons.

Neurons born in this deep region migrate away from the VZ along radial glial
guides to form the multi-layered cortex. Radial glial cells extend from the VZ to the pia,
where they terminate with an end-foot process (Rakic, 1988; Noctor et al., 2002; Hartfuss
et al., 2003). The earliest born cells leaving the VZ to migrate into the neocortex and split
the primordial layer of cells known as the preplate into the marginal zone and subplate
(Rakic, 1990; Parnavelas, 2000; Campbell, 2005). As the cerebral cortex continues to
develop, cells migrating away from the VZ along radial glia guides pass through the
intermediate zone, which also includes thalamocortical afferents and efferents. The
migrating cells then bypass the subplate, essentially splitting the preplate to form the
cortical plate. Once in the cortical plate, younger incoming cells migrate past the older

cells already in position and stop just below the marginal zone leading to what is often



called “inside-out” pattern of cortical development (Angevine and Sidman, 1961;
McConnell, 1988b; Rakic, 1988, 1995; Casanova and Trippe, 2006).
Importance of the marginal zone

The marginal zone, which is present during the earliest stages of cortical
development, and the future layer 1, is the most external layer. Cajal Retzius cells are
found in the marginal zone and have a distinctive horizontal bipolar morphology. They
also have the important role of secreting a 350kD protein known as reelin. When reelin is
absent, such as in the reeler mouse, cortical layering is turned upside down due to cells
not being able to split the preplate; cells normally destined for the upper cortical regions
are unable to migrate past earlier born cells. Neuronal heterotopias and disrupted radial
glial morphology also occur in the reeler mouse (Dulabon et al., 2000; Rice and Curran,
2001; Hartfuss et al., 2003; D'Arcangelo, 2006). The exact role that reelin plays in
cortical positioning is still unclear. It has been suggested that reelin provides a stop signal
for migrating neurons, as a signal to detach from radial glial guides or as an attractant
(Dulabon et al., 2000; Rice and Curran, 2001; Hartfuss et al., 2003; D'Arcangelo, 2006).
Role of radial glia

Radial glia have long been defined as the scaffolding for migrating neurons, albeit
more recent findings establish that radial glia have a dual role in the developing cortex.
Aside from their role as neuronal guides, they also act as neural precursors that
predominantly give rise to pyramidal or excitatory neurons (Noctor et al., 2001b; Noctor
et al., 2002).

Radial glial cells give rise to either intermediate progenitor cells or neurons by

asymmetric division in the VZ. Each daughter neuron migrates away from the VZ to the



cortex while the intermediate progenitor moves into the SVZ, takes on a multipolar
morphology, and then divides symmetrically producing two neurons that migrate radially
to the cortical laminae (Chapt. 1, Fig. 1A) (Noctor et al., 2004).
Trajectory of the newborn neuron

Furthermore, the actual trajectory of the neuron can be subdivided into four
distinct phases. First, the radial glia derived daughter cell moves rapidly from the VZ to
the SVZ, where it pauses for approximately 24 hours. After this break it extends a
process back into the VZ, then its cell body. The daughter cell then becomes bipolar,
extending a leading process toward the pial surface before its ascent to the cortical plate
with an axonal projection often trailing behind it (Chapt. 1, Fig. 1B) (Noctor et al., 2004).

Radial glial cells are mostly absent from the mature CNS. Their final round of
division is asymmetric yielding an intermediate progenitor that undergoes a symmetric
neurogenic division in the SVZ and a transforming radial glial cell that translocates to the
pial surface and invoke its astrocytic fate (Chapt. 1, Fig. 1C) (Noctor et al., 2004).
Tangential Migration

Scientists were surprised to discover over the past 2 decades that cells populating
the neocortex not only arise from the dorsal telencephalon, close to their ultimate
destination within the cerebral cortex, but also from the ventral telencephalon. These
neocortical cells migrate much greater distances than cells born in the VZ of the dorsal
telencephalon and interestingly, make up for the increased migratory distance by moving
much faster (50um/hr) than their dorsal counterparts (10 um/hr) (Kriegstein and Noctor,
2004). Cells migrating from this region are interneurons that arise from the ganglionic

eminences of the ventral telencephalon (Chapt. 1, Fig. 2A, B) (Tamamaki et al., 1997;



Lavdas et al., 1999a; Marin and Rubenstein, 2003; Wonders and Anderson, 2005). After
leaving the subpallium the cells migrate tangentially toward the cortico-striatal junction
where they enter the neocortex and form several tangential streams to pass through the
MZ, SVZ or the intermediate zone (IZ) to their final destination. Cells using the
superficial route, through the MZ, dive down into the cortical plate and migrate radially
towards the VZ. Cells traveling through the IZ migrate either obliquely or radially into
the cortical laminae. Interneurons journeying through the SVZ may move into the VZ
before ascending to the cortical plate (CP) (Chapt. 1, Fig. 2A, B) (Tamamaki et al., 1997;
Lavdas et al., 1999b; Anderson et al., 2001; Zecevic and Rakic, 2001; Polleux et al.,
2002; Ang et al., 2003; Kriegstein and Noctor, 2004; Tanaka et al., 2006). Interneurons or
inhibitory cells from the ventral telencephalon work in conjunction with the excitatory
pyramidal cells from the dorsal telencephalon to modulate information coming from the
thalamus. Disruption in this balance of excitation to inhibition can result in epilepsy and
other CNS electrophysiological defects (Jacobs et al., 1999; Miller et al., 2001; Kayser
and Miller, 2002; Kriegstein and Noctor, 2004; Levitt, 2005; Miller, 2006).
Completion of migration

Once cells reach their final destination in the nervous system they comprise the
six layers of the neocortex. As migration comes to an end, radial glia, which once
spanned the entire thickness of the cortical wall, either degenerate or transform into
astrocytes.
Timing of cortical development in different species

The timing of cortical development varies from species to species; it is almost

complete by the time a mouse or rat is born after only 3 weeks of gestation. It continues



until the third trimester of gestation in humans and monkeys, but is protracted in ferrets
lasting several weeks into the neonatal period (Jackson et al., 1989; Rosen et al., 1994;
Noctor et al., 1997). In humans, the cerebral cortex takes shape during the third to fourth
month of gestation, but refinement of cortical structure persists well into adolescence
(Nissenkorn et al., 2001).

Malformations of cortical development
Epigenetic factors

During cortical development the precise timing and orchestration of events is
imperative for proper migration and neural positioning. A variety of genetic and
epigenetic factors can shift the ideal balance and lead to abnormal cortical formation.

Developmental defects of the CNS can have multiple causes ranging from
environmental insults including drugs, alcohol, viruses and radiation, to metabolic and
genetic anomalies (Nissenkorn et al., 2001). Defects in migration can range from mild to
severe consequences such as dyslexia, intractable epilepsy, and schizophrenia which has
been linked to abnormal reelin expression (Grayson et al., 2005; Brigman et al., 2006;
Guerrini and Marini, 2006).

The ingestion of alcohol and use of drugs such as cocaine and heroine is reported
to have drastic effects on cortical development. Each year in the United States
approximately 10,000 babies are born with fetal alcohol syndrome (FAS) and alcohol
related developmental disorders, which have a sequelae of signs and symptoms such as
mental retardation, learning disabilities and behavioral problems due to anomalous
migration (CDC, ; Olson et al., 1997). Of greater concern, is that 1 in 4 babies born in

inner city hospitals are found to have cocaine in their meconium (Volpe, 1995).



Genetic defects of cortical development

Several genetic defects have been identified in human populations, which arise
due to abnormalities in the migrational machinery. Disruptions in the reelin (RELN),
doublecortin DCX), lissencephaly (LIS1) and filamin (FLN) genes all lead to varying
degrees of aberrant cortical layering due to defects in the cytoskeletal architecture of the
cell involved in translocation. RELN encodes for the protein reelin and gives rise to
lissencephaly with cerebellar hypoplasia in humans. This defect leads to ataxia, mental
retardation and epilepsy (Olson and Walsh, 2002). DCX encodes the protein doublecortin
and if absent, results in dramatically altered cortical structure. Males tend to be more
affected by defects in this gene than females, as its expression is X-linked. Females
heterozygous for the defect will have a subset of affected cells that fail to migrate
correctly (due to random inactivation of the X chromosome) and form a band in the
subcortical white matter (a “double cortex”) whereas males without the protection of a
second X gene have a more severe migration deficit often leading to lissencephaly.
Anomalies in the LIS] gene also lead to lissencephaly (both DCX and LIS! are
microtubule-associated proteins). Much of what is known about the motor function of
these genes comes from studying nuclear distribution mutant genes (nuds) in Aspergillus
nidulans fungus with nudF and LIS appearing to be orthologs (Feng and Walsh, 2001).
The LIS gene affects proper cortical migration through its influence on the dynein-
dynactin structures associated with the microtubule assembly system, which gives
structure to the cell and allows the dynamic movement of the cell necessary for migration
(Gleeson et al., 1998; Morris et al., 1998; Gleeson et al., 1999; Gleeson and Walsh, 2000;

Feng and Walsh, 2001).



Several spontaneous mutations and knockout animal models exist that have
similarities to human neuropathologies. These animal models provide scientists with an
opportunity to gain deeper insight into the mechanisms underlying the neurological
disorders and possibilities for repair. The reeler and LIS1 knockout mouse are an
example of two animal models that have similarities to clinical populations with
dysmorphic CNS due to epigenetic events.

The reelin gene in mice, which is the ortholog to the human RELN gene, encodes
the glycoprotein reelin (Olson and Walsh, 2002). Similar to mutations in the DCX and
LIS genes, mutations in this gene also lead to cortical dysgenesis. Interestingly, the
animal model for the reeler mutation is a spontaneous point mutation that was discovered
in the 1950s and named for the lack of motor coordination in these mice that tend to walk
like inebriated humans and fall over (Falconer, 1951).

Work by Assadi and colleagues (2003) indicates that reelin and lis] may be part
of the same signaling pathway. Reelin signals to the extracellular component of two
lipoprotein receptors: the very low-density lipoprotein receptor (VLDL) and the
apolipoprotein E receptor 2 (ApoER2). The Src family kinase phosphorylate disabled- 1
(Dabl) located at the intracellular domain of the VLDL and ApoER2 receptors.
Following this phosphorylation there is downstream signaling to phosphoinositide-3
kinase (PI3K) and Lis1, which interact with cytoskeletal motor elements such as dynein
and dynactin which are essential components for migration (Assadi et al., 2003).

The high rate of developmental defects in the human population due to
migrational anomalies is a fundamental reason why research in this field is imperative.

An animal model that can illustrate the teratogenetic effects of an anti-mitotic substance



can lead to greater understanding of which elements of migration lead to abnormal
development. Furthermore, understanding disruptions in cortical development are also
helpful in finding ways to repair the developmental anomalies as well as revealing steps
of normal development. Using animal models of cortical dysgenesis and elucidating
several modes of repair is the foundation of this research project.

Cortical pathologies can range from mild to severe, to this end, our two animal
models also range from mild to severe: injection of MAM early during gestation on
embryonic day 24 (E24) leads neurological disruptions that are incompatible with life
within 1 or 2 days after parturition. On the other hand, a similar dose of MAM on E33
results in a relatively normal functioning ferret that survives to adulthood and can
reproduce. The model used here is also important because even though there are a
number of genes that clearly cause migration disorders, the majority of cortical dysplasias
in humans are not associated with specific genes, and are likely a result of environmental
causes or a combination of genetic and environmental effects (Montenegro et al., 2002;
Sisodiya, 2004). Additional evidence points to trauma and infectious diseases during
pregnancy contributing to human cortical dysplasia (Marin-Padilla, 1999; Deukmedjian
et al., 2004).

Ferret as a model for cortical repair

The ferret is an ideal animal model for testing methods that can be used to repair
abnormal cortical development. The ferret has protracted neural development; neurons
are still being born after birth (gestation is 41 days) (Noctor et al., 1997). There is
continued presence of radial glial cells guiding neurons to the cortex until 3 weeks after

birth (Voigt, 1989). This protracted development allows for selective disruption of



cortical development using an anti-mitotic. We use MAM, which stops successful
division of cells in pregnant ferrets for ~ 8 hours (Cattaneo et al., 1995; Noctor et al.,
2001a). This is accomplished by methylation of the 7” position of the guanine residue,
which makes it impossible for DNA polymerase to copy the DNA, effectively inhibiting
cell division (Zedeck et al., 1970; Cattabeni and Di Luca, 1997).

Administration of MAM on embryonic day 33 of the ferret; when cells destined
for layer 4 of the somatosensory cortex are being generated, results in a reduction of cells
predominantly in layer 4 (Noctor et al., 1997; Noctor et al., 2001a). The later born layers
2 and 3 appear normal, indicating that cell division and migration have resumed within
several hours after the MAM injection. Although many aspects of cortical organization
appear normal in E33 MAM treated ferrets, we observe several altered features. These
include a widespread and diffuse pattern of thalamocortical afferents, which normally
terminate in layer 4 (Palmer et al., 2001; McLaughlin and Juliano, 2005); GABA4
receptors are also more widespread (Jablonska et al., 2004). Analysis of E24 MAM
brains at PO reveal abnormal migration, disrupted radial glia, ectopic presence of Cajal
Retzius cells throughout the cortical thickness and precocious differentiation of radial
glia into astrocytes (Hasling et al., 2003).

In the experiments described in this thesis, we evaluated different aspects of
cortical dysgenesis and repair including neural migration, radial glial morphology, and
transplantation of embryonic neural progenitor cells into organotypic cultures and
perinatal host ferrets. We also assessed the ability of tissue from a different species to
repair abnormal migration by using mouse tissue in our ferret model.

Stem cell therapy for cortical dysgenesis

10



Transplantation of stem cells for repair of the central nervous system

Stem cells hype or hope? Over the past 15 years we have made impressive strides
in isolating neural progenitor cells and transplanting them into different models of
neurodegenerative diseases such as amyotrophic lateral sclerosis (Lou Gehrigs’s
Disease), Alzheimer’s Disease and Parkinson’s Disease (Snyder et al., 1997; Vescovi et
al., 1999a; Ourednik et al., 2002; Yang et al., 2002; Richardson et al., 2005; Vazey et al.,
2006; Yasuhara et al., 2006), for review see two eloquent papers by Goldman and Conti
(Goldman, 2005; Conti et al., 2006). One drawback of many previous studies is that stem
cells are being transplanted into a host environment that is no longer conducive to
migration and repair. Our research is specifically focused on repairing abnormal cortical
development during the early perinatal period when factors are still present that are
conducive to migration, differentiation and integration (Sheen et al., 1999).
Neural stem cells

Stem cells of the central nervous system, or more specifically “neural stem cells”,
are located in the region surrounding the lateral ventricles, and by definition: 1) self-
renew, giving rise to clones 2) are multipotent and divide asymmetrically to produce
neurons, astrocytes and oligodendrocytes. Stem cells derived from the embryonic
blastocyst stage, on the other hand, are more flexible in their fate and can give rise to
many cell types such as blood, bone or nervous tissue. A neural progenitor cell is a
restricted neural stem cell that has a limited capacity for self-renewal, but is multipotent
and capable of producing neurons, astrocytes and oligodendrocytes (Chapt. 1, Fig. 4 A,

B) (McKay, 1997; Gage, 2000; Bjorklund and Svendsen, 2001).
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We specifically use the term “ferret neural progenitor cells” when describing the
cells isolated from embryonic ferret cortex. We demonstrate that: 1) the isolated cells
form free-floating neural aggregates (Chapter 3, Fig 1 B), 2) the neural aggregates can be
passaged several times and expanded, 3) the neural aggregates are a multipotent
population immunoreactive for markers of neural progenitors, astrocytes and neurons,
and 4) a single cell can give rise to clones and produce a sphere in a neural colony-
forming cell assay (Chapter 3, Fig 1 A-D). We are nevertheless reticent to call these cells
“stem cells” as several elements remain to be elucidated. For example: although we can
passage the cells 5, 6 or 7 times, we have not been successful at continuous proliferation
of the cells. Whether this is due to lack of appropriate mitogens in the medium, the age of
the donor cells, or senescence because of a limited capacity of self-renewal is unclear. It
is important to state that it has NOT been our goal to prove that the cells derived from the
embryonic ferret brain are stem cells. This would entail testing a number of different
mitogens, growth factors, hormones and so forth at a variety of concentrations and is one
of the future directions of the project.

Deriving and culturing neural progenitor cells

Over the past two decades researchers have devised methods to obtain neural
progenitor cells from the CNS and expanded them in vitro. One key goal of this work is
to be able to expand the progeny of cells that can be used to replace or repair the missing
or damaged neocortical cells, and limiting the number of cells taken from the donor. The
CNS, unlike many organs of the human body, is limited in its ability to repair itself via
the proliferation of new neurons once cortical development is complete. As a result,

injury or insult to the brain leads to lifelong impairment (Horner and Gage, 2000).
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Several protocols study, expand, and genetically modify or tag neural progenitor cells.
Seminal work by the groups of Brent Reynolds and Samuel Weiss from the University of
Calgary and Fred H. Gage at University of California at San Diego have developed
standard approaches to deriving and culturing mouse neural progenitor cells (Reynolds et
al., 1992; Gage et al., 1995). Furthermore, the teams of researchers from the laboratories
of Brent Reynolds and Samuel Weiss have been instrumental in producing standardized
media and reagents that can be purchased from a company Stem Cell Technologies
(Vancouver, BC). We decided to purchase our media, growth factors, hormone mixture
and clonal assay from this company as we feel it helps to eliminate human error and other
variables involved in preparing the proliferation and differentiation reagents, which
contain a variety of complex salt and hormone mixtures (Reynolds et al., 1992; Ray et al.,
1993; Reynolds and Weiss, 1996).

The standard procedure entails removing the brain region of interest from an
embryonic donor, which is microdissected and dissociated to form a single cell
suspension. The cell suspension is placed in proliferation medium, which typically
contains 10-20 ng/ml of epidermal growth factor (EGF), insulin, transferrin,
progesterone, putrescine, sodium selenite, media, glucose, sodium bicarbonate and
glutamine, and without any serum. Proliferation protocols may also call for 10-20 ng/ml
of basic fibroblast growth factor (bFGF) in conjunction with heparin 2 pg/ml, and
leukemia inhibitory factor (LIF) 1 ng/ml. The cells are cultured in flasks for
approximately 7-10 days. During this period, single spheres become neural aggregates
that enlarge over time. To minimize necrosis of cells at the center of the sphere, cells are

passaged by spinning them down, removing the media, triturating them to form a single
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cell suspension, and proliferating them once again in a flask. Cells should continue to
expand and form spheres for many passages.

To allow cells to differentiate and assess their phenotype, they are removed from
the proliferation medium and placed on an adherent substrate in the presence of serum,
without growth factors (i.e., DMEM supplemented with a salt and hormone mixture, and
1% fetal bovine serum on poly-L-ornithine (15 pg/ml) coated glass coverslips in 24 well
plates).

Self-renewal of a stem cell is tested by either placing a single cell in a well with
proliferation media by itself or using a low density methyl-cellulose or collagen assay
and watching the cell for three weeks to observe if there is clonal expansion of the single
cell.

Methods of labeling donor cells

We attempted to find the optimal technique to label cell suspensions of donor
cells, which would allow later localization in the host, the most effective incorporation,
and the least damage to the donor cells in the process. We tried using CMTMR ((5-(and-
6)-(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine) - mixed isomers), a dye
containing a chloromethyl group that reacts with thiols, and is subsequently transformed
into cell-impermeant fluorescent dye-thioether adduct. Although it labels the whole cell
allowing for visualization of morphology and can withstand immunohistochemical
processing, its labeling efficacy was low and it appeared to be toxic to the cells (Chapt. 1,
Fig 5A).

BrdU was added to the culture media during proliferation prior to differentiation

of the cells. Although double labeling with other markers was efficacious only a few cells
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were labeled using this approach. This method only labels mitotically active cells and
because we transplanted neural progenitor cells as well as a subpopulation of cells that
are post-mitotic, we preferred a marker that was not dependent on mitosis (Chapt. 1, Fig
5B). Bisbenzimide was tested in vitro, but when it was used to label cells prior to
transplantation onto organotypic slices, it was not stable during the immunohistochemical
processing and donor cells could not be visualized (Chapt. 1, Fig 5C).

We also used pNIT green fluorescent protein (GFP) (kind gift of Fred Gage) and
infected ferret progenitor cells. We attained approximately 10% rate of infection. In
culture, cells retained the label in the cytoplasm following differentiation and could be
double labeled (Chapt. 1, Fig 5D, Fig 6A-D). We also purchased lentiviral GFP from
Biogenova (Rockville, MD), which is reported to be highly efficient at cell labeling; our
rate of infection was approximately 10% (Zufferey et al., 1997). Following in vivo
transplantation into host animals, very few GFP+ cells could be identified at the injection
site and almost no cells were visualized in the cortex. It is unclear whether this is due to
the low number of GFP+ cells, or perhaps the GFP was suppressed following in vivo
transplantation and differentiation (Chapt. 1, Fig. 7A).

Vybrant CM-Dil (Vybrant lipophilic dye, 1,1’-dioctadecyl-3,3,3”,3’-tetramethyl-
indocarbocyanine perchlora) (Molecular Probes, Eugene, Oregon) worked the best of all
the methods we tested. It was easy to label cells, the labeling efficacy was greater than
90%, the cells remained healthy, the dye was retained by the cell membrane throughout
immunohistochemical processing. The lipohilic CM-Dil is incorporated into the cell

membrane and allows for visualization of cellular morphology; it also remains following
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standard fixation methods (4% paraformaldehyde) (Chapt. 1, Fig. 7B and Chapter 3, Fig.
7A-E)
Results from the transplantation of the cells onto organotypic slices and into

perinatal ferret brains are detailed in Chapter 3.
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Chapter 1 Figures

Chapter 1, Figure 1
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Figure 1A. Radial glia as neuronal progenitors: Radial glial cells give rise to neuronal
progenitors through asymmetric division in the VZ. The red daughter cell is either a
neuron that migrates to the cortex or a blue intermediate progenitor that migrates to the
SVZ. The blue intermediate progenitor will symmetrically divide in the SVZ to give rise
to two neurons.

Figure 1B. Neurons born in the VZ undergo four phases of migration before arriving at
their final destination. 1. After being generated in the VZ, the cell 2. moves to the SVZ
where it remains for approximately 24 hours. 3. A process is extended ventrally, followed
by the cell body. 4. The neuron becomes bipolar with a process leading its ascent to the
cortex and a trailing axon.

Figure 1C. The radial glial cell undergoes an asymmetric division at the ventricle
surface. Pursuant to this, the radial glia begins its ascent towards the pial surface and
transforms into an astrocyte. The blue daughter cell is the intermediate progenitor that
undergoes symmetric neurogenic division in the SVZ.
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Chapter 1, Figure 2

Tangential Migration

TRENOE & Florvm o on

(Kriegstein and Noctor, 2004)

Figure 2. Cells from the ganglionic eminences migrate tangentially to the dorsal cortex.
The broken line indicates that some cells descend radially from the marginal zone to the
ventricular zone, The solid lines indicate cells that have migrated either obliquely or
radially from deeper to more superificial cortical regions.
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Chapter 1, Figure 3

Reelin and Lis1 signaling
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Figure 3. Reelin binds to the VLDL and ApoER?2 lipoprotein receptors. The cytoplasmic
domains of these receptors bind to disabled-1 (Dabl), which results in upregulated
tyrosine phosphorylation of Dabl. Lis1 may either be a downstream effector of Dab1 or
work in a parallel pathway with Dab]1. Lisl interacts with the Nudel/cytoplasm dynein
complex in the CNS to regulate lamination.



Chapter 1, Figure 4

From stem cell, to progenitor cell, to neurons and glia
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Figure 4 A, B. These two diagrams help elucidate the definition of stem cells, their
potential and the terminology associated with each stage. A totipotent stem cell can
become any tissue and has unlimited capacity for self-renewal. We believe that the tissue
we have dissected from the ferret and mouse CNS contains uncommitted neural
progenitors, committed glial and neuronal progenitors as well as already differentiated
neurons and glia.
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Chapter 1, Figure 5

Assessing cell labeling methods for transplantation

Figure 5 A, B, C, D. Different labeling methods were assessed to determine which
method would be most appropriate for labeling donor cells prior to transplantation into
host tissue in vitro and in vivo. Although many labeling methods worked well in culture,
these approaches had several limitations when transplanted into host tissue (see text for
details).
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Chapter 1, Figure 6

Infection with GFP in ferret neural progenitor cells

Figure 6 A, B, C, D. E33 ferret progenitor cells can be infected with GFP in vitro during
proliferation. Cells are then differentiated as whole spheres on poly-L-ornithine coated
glass coverslips. The GFP remains active and cells can be double labeled with neuronal
markers such as MAP2abc and TUJ1, and the astrocytic marker GFAP.

23



Chapter 1, Figure 7

Figure 7. In (A) E33 ferret progenitor cells infected with GFP and proliferated were
transplanted into ferret brains in vivo. Relative to CM-Dil (B), labeling efficacy is low
and fluorescence is weak. These images were taken near the injection site.
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Abstract

Numerous functions related to neuronal migration are linked to the extracellular
glycoprotein reelin. Reelin also elongates radial glia, which are disrupted in mutant reeler
mice. Our lab developed a model of cortical dysplasia in ferrets, which shares features
with the reeler mouse, including impaired migration of neurons into the cerebral cortex
and disrupted radial glia. Explants of normal ferret cortex in coculture with dysplastic
ferret cortex restore the deficits in this model. To determine if reelin is integral to the
repair, we used explants of wild type (WT) and heterozygous (het) PO mouse cortex
(containing reelin), as well PO reeler cortex (not containing reelin), in coculture with
organotypic cultures of dysplastic ferret cortex. This arrangement revealed that all types
of mouse cortical explants (WT or het and reeler) elongated radial glia in the ferret model
of cortical dysplasia, indicating that reelin is not required for proper radial glial
morphology. Migration of cells into ferret neocortex, however, did not improve with
explants of reeler cortex, but was almost normal after pairing with WT or het explants.
We also placed an ectopic source of reelin in ferret cultures at the pial surface to reveal
that migrating cells move toward the reelin source in dysplastic cortex. The morphology
of radial glia in these cultures was also improved toward normal. Our results demonstrate
that reelin is important for neuronal positioning, probably by attracting neurons migrating
into the cerebral cortex, and that reelin is capable of elongating radial glial cells but is not

the only radialization factor.
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Introduction

Improper neuronal migration during development of neocortex results in disorders
ranging from lissencephaly to epilepsy. To study mechanisms involved in neocortical
migration we developed an animal model mimicking features of human cortical
dysplasia. Development of normal ferret cortex was disrupted by injecting a short acting
antimitotic (methylazoxy methanol, MAM) into pregnant ferrets on the 24" day of
gestation (E24). This disrupts the birth of cells destined to populate the subplate, resulting
in specific effects including: poorly formed cortical layers, disorganized radial glial cells,
and Cajal Retzius cells scattered throughout the cortical wall, rather than their normal
superficial position (Noctor et al., 1999; Hasling et al., 2003).

We further observed that factors present in normal ferret cortex improved
radial glial morphology and neuronal migration into the neocortex. A specific candidate
present in normal cortex that improved radial glial morphology is neuregulin (Hasling et
al., 2003; Gierdalski et al., 2005). Although elements of normal cortex restore many of
the disrupted features of E24 MAM treated cortex, it is not clear neuregulin is the only
factor involved, or that it improves migration of neurons in addition to repairing radial
glial morphology.

Another substance that improves or elongates radial glia is reelin (Forster et
al., 2002; Frotscher et al., 2003; Hartfuss et al., 2003). Several roles have been proposed
for reelin during neocortical development including functioning as: a chemoattractant, a
stop or detachment signal, and for its ability to directly elongate radial glia. (Frotscher,
1997; Soriano et al., 1997; Dulabon et al., 2000; Hartfuss et al., 2003) E24 MAM

treatment shares several features with the reeler mouse including deformed radial glial
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cells and aberrant reelin cues. In reeler mice, reelin signaling is absent, while after MAM-
treatment, reelin signals arise from abnormally located Cajal Retzius cells. Although the
exact role that reelin plays in neuronal positioning and radial glial morphology is still
unclear, overall evidence suggests that it influences both elongation of radial glia and
positioning of migrating cells (Soriano et al., 1997; Forster et al., 2002; Frotscher et al.,
2003; Hartfuss et al., 2003).

To further clarify the role of reelin in cortical development, we used wild type,
heterozygous, and reeler mouse explants in culture with E24 MAM treated organotypic
slices. If reelin is needed for normal cortical layering and proper radial cell alignment,
then reeler mouse cortex would neither improve radial glia or cortical migration of MAM
treated slices, while wild type or heterozygous cortex would improve both, as shown
previously (Hasling et al., 2003). If reelin is not needed for proper migration or radial
glial alignment, both migration and radial glial morphology would improve with the
reeler explants. We report here that radial glial morphology was improved with all types
of explants, including reeler, but that migration of neurons into the neocortex was only
marginally improved by the presence of reeler explants. We then tested the ability of an
exogenous source of reelin to influence neuronal migration in MAM-treated ferret cortex.
Our findings indicate reelin is not required for proper alignment of radial glia, but is key

for normal neuronal migration.
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Materials and Methods

Experimental Design

To assess the effect of reelin on radial glial cell morphology and neocortical
migration we injected pregnant ferrets with MAM on E24 and prepared organotypic
cultures of PO ferret cortex with PO wild type, heterozygous and reeler mouse cortical
explants and cocultured them together for 2 days in vitro. Most ferret kits were injected
with BrdU prior to preparation of the cultures. Following the coculture period, several
techniques determined radial glial cell morphology and neocortical migration. To assess
radial glial cell morphology we injected fluorescently labeled dextrans into the
intermediate zone (IZ) of the cultured slice or placed a small crystal of Dil in the slice
after fixation with paraformaldehyde; neural migration was assessed independently using
BrdU immunoreactivity.
Injections

Timed pregnant ferrets were obtained from Marshall Farms (New Rose, N.Y.).
Each received an injection of MAM (methylazoxy methanol) on embryonic day 24. Each
ferret was briefly anesthetized with isofluorane (5%) and the MAM injected i.p. (14-17
mg/kg dissolved in Sml saline; Midwest Research Institute). PO ferret kits received i.p.
injections of 50 mg/kg of BrdU (Sigma) dissolved in saline at a volume of 0.1 cc; each
injection was repeated 3 times at 45 minute intervals.
Organotypic Cultures

PO ferrets were injected 1.p. with 50 mg/kg of sodium pentobarbital. When
insensitive to pain, the brain was quickly removed and maintained in ice-cold oxygenated

artificial cerebral spinal fluid (aCSF) (containing H,O, and in mM amounts, NaCl, 124;
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NaHCOs,26; Glucose, 10; NaHPO, 1.2; KCl, 3.2; MgS04, 1.2; CaCl,,2.4). After
removal of the anterior and posterior poles, slices were made at 500 pm using a tissue
slicer. Each slice was placed in a 70 um insert (Millipore Corporation Billerica, MA) in a
6 well tissue culture plate and 500 pl of Minimal Essential Medium with 10% normal
horse serum supplemented with gentamicin, L-glutamine, and glucose. These were
cultured for 2 days at standard conditions in an incubator (37°C, 95% air, 5% CO»). After
the ferret slices were prepared, PO B6C3Fe mice ( a/a Reln/Reln” a/a Reln I+, +/+,
stock number 000235, The Jackson Laboratory, Bar Harbor, ME) were treated in the
same manner as the ferrets and the brains removed and sliced. The neocortex was
dissected from each slice and placed adjacent to the cortical surface of an E24 MAM
treated slice, with the deepest cortical layer of the mouse explant adjacent to the pia of
the ferret slice. To determine the genotype of each mouse explant, we either used all the
mice and genotyped them later (n=5 dams) or determined the genotype prior to the
culture preparation using PCR (n=3 dams).
Coculture of organotypic ferret slices with 293T cells

To assess the effect of an exogenous source of reelin, we used HEK 293T cells
transfected with the full length reelin encoding cDNA plasmid (pCR1) kindly provided by
Gabriella D'Arcangelo (Houston, TX, USA) (Arnaud et al., 2003). 293T cells (control or
reelint cells) were cultured in Dulbecco’s modified Eagle’s medium (MEDIATECH Inc.,
Herndon, VA). 293T cells (25,000 control or reelin+ cells) were diluted in Matrigel (BD
Biosciences, Bedford, MA). E24 MAM treated slices (prepared as described above) were
transferred to an insert and then 2 pl of Matrigel (containing the 293T cells or Matrigel

alone) were placed next to the pial surface (Chapt. 2, Figure 4A). The cocultures were
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incubated for 1 hour in a medium supplemented with BrdU (100 pg/ml), then were
washed twice and incubated with fresh medium. After 2 days in culture, the slices were
fixed overnight (paraformaldehyde 4%) and immunoreacted against BrdU.
Fluorescent Dextran and Dil Injections

After 2 days in culture (DIC), slices were removed from the incubator and placed
into a slice chamber perfused with ACSF (Hasling et al., 2003). Each slice was injected
with a fluoresecent dextran (Fluororuby; Molecular Probes, Eugene, OR) into the
intermediate zone using glass micropipettes with a tip size of 20-30 um. The dextran was
iontophoresed for 3 min at 4 pA with alternating positive current. Slices were left in the
chamber for 5-8 hrs hours subsequent to the injection to allow time for the cell marker to
be transported throughout the cells. The tissue was then placed in 4% paraformaldehyde
for at least 24 h. Alternatively, a small crystal of Dil was placed on the fixed slice to
visualize the radial glia. Slices were stained with bisbenzimide trihydrochloride (Sigma,
St Louis, MO) prior to being mounted and coverslipped with Vectashield Mounting
Medium for Fluorescence (Vector Laboratories, Burlingame CA).
BrdU immunoreactivity

To reveal the presence of BrdU in the ferret slices, the cocultures were
immunoreacted according to the protocol described by Roche (http://www.roche-applied-
science.com/pack-insert/1170376a.pdf). Following coculture with the mouse cortex and
fixation in 4% buffered paraformaldehyde for a minimum of 48 hours,
immunohistochemistry was conducted to reveal the presence of BrdU in the ferret slices.
The cocultures were placed in absolute methanol for 10 minutes at 4°C, followed by 1

hour in 2N HCI at 37°C. The slices were then placed in borate buffer (pH 8.5) changing
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twice over 10 minutes, then washed in 0.1 M PBS pH 7.4, three times, 15 minutes each at
room temperature. After this, the slices were incubated in anti-rat BrdU (Becton
Dickinson, Franklin Lakes, NJ) at 1:100 with 0.5% bovine serum albumin diluted in 0.1
M PBS pH 7.4 at 4°C for 48-72 hours, and washed in 0.1 M PBS pH 7.4, three times at
15 minute intervals. The secondary antibody Cy2 (Jackson ImmunoResearch West
Grove, PA) or Alexa 488 (Molecular Probes) anti-rat was diluted 1:500 in PBS and slices
incubated for 1 hour at room temperature.
Quantification of BrdU IR cells

To determine the ability of cells to migrate in either normal, E24 MAM treated
cortex alone, or after coculture with mouse cortical plate or HEK 293T cells embedded in
Matrigel, we plotted the distribution of BrdU+ cells after 2 DIC. Each slice was imaged
using a Zeiss Axiovert 200 microscope (Gottingen, Germany) and a montage
reconstructed using Metamorph Imaging Software (Downington, PA); the position of
each BrdU+ cell was plotted. Boundaries were drawn indicating the pia of the ferret slice
and the outer edge of the VZ. This region was divided into 3 equal bins for each coculture
and the number of cells per bin was counted in a slab 500 um in width. The bins included
a region in the intermediate zone close to the VZ (i.e., the deep part of the intermediate
zone, 1Zd), a region in the 1Z, but closer to the cortical plate (i.e., the superficial part of
the intermediate zone, 1Zs), and the region including the cortical plate (CP). Histograms
were made to indicate the position of BrdU+ cells across animals in each condition. See
diagram in Figure 4 (Chapt. 2). To compare across samples, the number of cells/bin were

calculated as a percent of the total number of cells in each slice. To determine statistical
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significance, a 2 way ANOVA was conducted, followed by a Tukey test for comparisons
between groups. Data is expressed as the mean + SEM
Quantification of radial glial morphology

Each dextran injection labeled a cluster of radial glial cells as described
previously (Juliano et al., 1996). MAM treatment led to abnormal positioning of radial
glia. To quantify the change in morphology, the angle of deviation for each cluster in the
treated and untreated groups was measured as described previously (Hasling et al., 2003;
Gierdalski et al., 2005). The mean angular deviation was compared for statistically
significant differences between conditions using the Mann Whitney Rank Sum test.
Genotyping of mice using PCR

Mouse genotype was determined via PCR of tail snips following the protocol
published by D’Arcangelo et al., with a slight modification (D'Arcangelo et al., 1996).
Mouse genotype was determined via PCR of tail snips. Tail digestion was accomplished
by placing the tissue in digestion buffer with 0.1mg/ml proteinase K and incubating
overnight at 55°C. For the PCR reaction, PCR reagents from Promega were mixed
together along with a reeler reverse TGCATTAATGTGCAGTGTTG), a reeler forward
(TAATCTGTCCTCACTCTGCC) and a wild-type reverse primer
(ACAGTTGACATACCTTAATC). Forty nanograms of genomic DNA was added to
each reaction. The initial denaturation lasted for 5 minutes at 94°C, followed by a 1
minute 94°C denaturation, followed by a 2 minute 55°C primer annealing phase and then
a 3 minute 72°C primer extension phase for 30 cycles. These were completed with a final
10 minute 72°C phase. The PCR product was mixed with Blue Juice (Promega) and

loaded into a 2% agarose gel with Smg/ml ethidium bromide and run at 100 volts for
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lhour in TBE. Genotype was determined by the wild-type amplificate at 280 bp, the

reeler amplificate at 380 bp and the heterozygous amplificate has both bands.
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Results
Do mouse cortical explants realign MAM treated radial glia?

Our previous experiments indicated that normal ferret cortex explants cocultured
with E24 MAM treated ferret slices restored radial morphology and cortical migration
(Hasling et al., 2003). In this study, mouse cortical explants were cocultured with E24
MAM treated cortical slices to determine if a factor was present in mouse cortex capable
of restoring normal radial glial morphology. We paired mouse explants taken from wild
type or heterozygous cortex with slices of E24 MAM treated cortex and allowed them to
remain in culture for 2 days. Following the culture period, injections of fluorescent
dextrans were made into the intermediate zone of the MAM treated slices to label radial
glia.

The morphology of radial glia in E24 MAM treated organotypic slices cocultured
with wild type or heterozygous mouse explants was elongated and their fibers extended
toward the pial surface, as opposed to the fractured and disrupted appearance of E24
MAM-treated cortical cultures alone (Chapt. 2, Figurel A-C). This appearance is similar
to normal PO ferret slices with no MAM treatment (i.e. normal) or to E24 MAM treated
slices paired with normal ferret cortex (Hasling et al., 2003). To quantify the effect of the
cortical explants, the angular deviation of the labeled radial glial cells was calculated.
The angular deviation of E24 MAM treated radial glia paired with WT or heterozygous
cortical explants is not significantly different from the deviation of normal PO ferret
cortex (Chapt. 2, Figure 2D). This suggests that mouse cortex is capable of restoring the

MAM treated radial glial morphology toward normal. We found no differences between
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culture with either wild type or heterozygous (WT or het) cortical explants and combined
the data from these two genotypes together.
Does reeler mouse cortex realign MAM treated radial glia?

After establishing that WT or het mouse cortex realigned the disordered radial
glia, we tested the influence of reelin by using explants of reeler cortex with the E24
MAM treated cortical slices. We reasoned that if reelin was essential to the process of
elongating radial glia, explants taken from reeler mice would not realign the disrupted
radial glia in MAM treated cultures. If it were not necessary, however, the reeler cortical
explant would be able to elongate the disrupted radial glia. After coculture of E24 MAM
treated cortex with reeler cortical explants, the angle of deviation of the dextran labeled
radial glia was similar to the normal ferret or after coculture of E24 MAM treated cortex
with WT or het cortical explants (Chapt. 2, Figure 2A-D). This suggests that reelin is not
a required element for elongating radial glia.

Can normal or reeler mouse cortical explants restore neuronal positioning after MAM
treatment?

When PO E24 MAM treated cortex was cocultured with normal ferret cortical
explants, cells migrated into the cortical plate more effectively than in E24 MAM treated
cortex (Hasling et al., 2003). To determine if mouse cortex was also capable of restoring
proper neural positioning, WT or het, and reeler mouse cortical explants were cocultured
with E24 MAM treated organotypic cortical slices for 2 days. Prior to culture preparation,
ferret kits received injections of BrdU. In normal ferret cortex, after 2 days in culture
many BrdU+ cells migrate into the cortical plate, as reported previously (Chapt. 2, Figure

3C) (Hasling et al., 2003). BrdU+ cells in the E24 MAM treated cultures alone are
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relatively evenly distributed throughout the cortical wall (Chapt. 2, Figure 3C). When the
E24 MAM treated cultures are paired with WT or het mouse explants, quantification of
the distribution of BrdU+ cells indicates that significantly more neurons navigate into the
cortical plate. We saw no differences in the migration pattern between WT or
heterozygous explants, so these conditions were grouped together. The WT or het pattern
was similar to that seen in normal ferret cortex, cultured alone (Noctor et al., 1999;
Hasling et al., 2003). These data support the idea that WT or heterozygous cortical plate
also contains diffusible factors conducive to migration of neurons.

When reeler explants were paired with MAM treated cortex, the ability of cells to
migrate into the cortical plate diminished compared to the WT or het cultures. The
BrdU+ cells did not preferentially migrate into the cortical plate, but remained distributed
throughout the cortical wall. Both the distributions of E24 MAM treated cultures alone
and the E24 MAM treated cortex paired with a reeler cortical explant were significantly
different from the normal distribution, whereas the cultures of E24 MAM treated cortex
paired with WT or het cortical explants did not differ from the normal pattern of
migration. These results indicate that even though the radial glia were realigned by
coculture with reeler cortical explants, the improved radial morphology is not sufficient
to restore neural migration, suggesting that reelin signaling is a key to normal migration.
The influence of exogenous reelin on neuronal migration and radial glial morphology

To further evaluate the effect of reelin on migration of cortical neurons, we used
an exogenous source of reelin under the following conditions. HEK 293T cells
transfected with the reelin gene (see Methods) or control HEK 293T cells were

positioned adjacent to the pia of an E24 MAM treated slice in order to mimic the normal
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source of reelin. BrdU was added to the media as described in the Methods. After two
days in culture, the slices were fixed and immunoreacted to reveal BrdU, disclosing the
position of labeled cells migrating during the culture period. Many BrdU+ cells migrated
toward the cortical plate and clustered near the reelin source. When HEK 293T control
cells were placed next to the pia of the E24 MAM slices, migrating cells remained
scattered throughout the cortical plate; their ability to migrate to the upper cortical region
was not restored (Chapt. 2, Figure 4). This suggests that normotopic reelin attracts
migrating cells in ferret cortex at PO. The number of BrdU+ migrating cells was
significantly greater in the cortical plate of cultures with the reelin+ cells placed near the
pia. The ability to migrate successfully implies that the radial glial scaffolding was also
repaired. To investigate this possibility, a small crystal of Dil was placed in the VZ or I1Z
of the E24 MAM treated organotypic cultures with reelin+ or control cells at the pial
surface. After several days of incubation in the cultures grown with reelin HEK 293T
cells at the pial surface, the Dil labeled radial glia were organized and elongated, similar
to the normal pattern. In the slices cultured with control (non reelin producing) cells, the
radial glia were disoriented and less likely to extend toward the pia. Evaluation of the
angular deviation revealed that it was high in the organotypic cultures with control cells,
and low in the cultures with reelin+ cells, i.e. a high value representing more
disorganization. The positioning of reelin+ cells near the pial surface not only improves
the migration of cells into the cortical plate, but also elongates radial glia in E24 MAM

treated slices.
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Discussion
Similarities and differences between MAM and reeler models

MAM is a short acting anti-mitotic that methylates guanine nucleotides of single
stranded DNA during S-phase. This methylation prevents DNA polymerase from
replicating the DNA, therefore cells born within approximately 8 hrs following the
administration of MAM are arrested in S-phase and effectively removed from the cell
cycle. Normal cell division resumes after the effect of MAM has worn off (Noctor et al.,
1999). The E24 MAM model results in a constellation of effects including disorganized
radial glia, disrupted cortical migration and aberrant location of Cajal Retzius cells
(which secrete the reelin protein) (Noctor et al., 1999). These effects are highly specific
to the day of treatment, since injections of MAM on other gestational days do not lead to
such dramatic consequences, but result in more subtle changes that do not include
disrupted radial glia or Cajal Retzius cells (Noctor et al., 1999).

The reeler mouse shares several features with the E24 MAM treated ferret
including disorganized radial glia, failure of cells to migrate into the neocortex properly,
and disrupted thalamic projections (data not shown). Reelin signaling is also abnormal in
both models, although in the MAM treated cortex, Cajal Retzius cells are disorganized
and scattered throughout the cortical wall, producing an ectopic source of reelin, whereas
in the reeler mouse, reelin is absent. The correlation between the absence of reelin with
disrupted radial glia and inverted cortical lamination influenced a number of researchers
to look for the role of reelin in producing these effects. The idea that reelin is important
for both the elongation of radial glial cells and the proper positioning of migrating

neurons is supported by a number of studies (Hunter and Hatten, 1995; Ogawa et al.,
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1995; Frotscher, 1997; Soriano et al., 1997; Marin-Padilla, 1998; Howell et al., 1999;
Dulabon et al., 2000; Forster et al., 2002; Magdaleno et al., 2002; Frotscher et al., 2003;
Hartfuss et al., 2003; Luque et al., 2003; Beffert et al., 2004).
Factors involved in radial glial morphology

A diffusible factor present in normal cortical plate restores radial glia toward their
normal morphology in E24 MAM treated cortex, and also improves migration into the
cortical plate (Gierdalski and Juliano, 2002, 2003; Hasling et al., 2003; Gierdalski et al.,
2005). Several studies implicate reelin as one of the factors generally involved in
maintaining glial morphology (Soriano et al., 1997; Forster et al., 2002; Frotscher et al.,
2003; Hartfuss et al., 2003). There is a direct effect on radial glia in dissociated cultures
and also when radial glia are present in organotypic cultures. Using radial glia derived
from the hippocampus, reelin causes elongation of these cells by signaling through
Disabled 1 and integrin receptors (Forster et al., 2002). In a slice culture model of the
cerebellum, reelin alters the morphology of Bergmann glia (Soriano et al., 1997).
Exogneously applied reelin also causes elongation of radial glia in the hippocampus;
when the ectopic source is positioned in a normotopic fashion, the migration of granule
cells improves (Frotscher et al., 2003; Zhao et al., 2004). We also observed in the current
study that an exogenous but normotopic source of reelin causes radial glia to realign in
E24 MAM treated slices. The capability of reelin to produce this change in phenotype is
not in question; it appears from our results, however, that although reelin is capable of
altering the radial glial phenotype, it is not required for altering and/or maintaining radial
glia elongation. Our study reports that reeler cortex, without reelin present, contains a

factor capable of positively altering the radial glia morphology. Reelin may therefore
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play a redundant role in radial glial elongation. Similar findings were reported by Soriano
et al., who demonstrated that transplants of reeler cortical cells elongated Bergmann glia
in the mouse cerebellum (Soriano et al., 1997).

Many substances influence radial glial morphology. We observed that an
apparently soluble factor in normal cortex improved the morphology of disrupted radial
glia in MAM treated cortex (Gierdalski and Juliano, 2002, 2003; Hasling et al., 2003;
Gierdalski et al., 2005). A likely candidate for this factor was neuregulin 1 (NRG1),
which can independently elongate radial glia, and in ferret cortex and acts through erbB
receptor signaling (Gierdalski et al., 2005). Several other factors are also important in
mediating radial glial morphology including FGF, and BLBP by acting on Notch
signaling (Gaiano and Fishell, 1998; Yoon et al., 2004; Anthony et al., 2005; Dang et al.,
2006). A number of influences therefore alter the morphology of radial glia, including
NRGI and reelin. In this study, we evaluated radial glial morphology and migration of
neurons into the cortical plate during later stages of corticogenesis. It may be that
different substances act at different points during development and that each factor plays
a distinct role in maintaining or altering radial glial phenotype in a time dependent
manner.

The influence of reelin on neuronal migration

Despite the improved radial glial morphology after coculture with reeler cortical
explants, migration of neurons into the neocortex was only very slightly improved. Since
this suggested an influence of reelin on the ability to migrate effectively, we conducted
additional experiments to test the idea that reelin has an attractive effect on the migrating

cells of neocortex. Reelin is a large glycoprotein secreted into the extracellular matrix
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(Ogawa et al., 1995; D'Arcangelo et al., 1999). During corticogenesis, it is produced by
Cajal Retzius cells located in the marginal zone. This protein is absent from the mutant
reeler, and is the presumptive cause for their classic migration deficit. Although reelin
clearly appears to be involved in neuronal migration, its precise role in producing normal
movement is not obvious and substantial evidence supports assorted potential functions
for this protein. Various authors report that reelin operates as a stop signal (Dulabon et
al., 2000), a signal to detach migrating cells from radial glia (Hack et al., 2002), or as a
permissive factor that directs cells toward the cortical surface (D'Arcangelo, 2006). In the
studies reported here, neocortical explants of WT or het mice improved migration of
neurons toward the cortical surface in E24 MAM treated cortex, while neocortical
explants lacking reelin did not. Our experiment using an exogenous source demonstrated
that migrating neurons in ferret cortex are attracted toward the cells producing reelin,
supporting the idea that reelin in a normotopic position can act as a permissive factor for
migrating neurons. An additional confounding factor in the MAM treated organotypic
cultures, however, is that in this model of cortical dysplasia, the Cajal Retzius cells
producing reelin are scattered throughout the cortical plate and intermediate zone,
resulting in an ectopic source of reelin (Noctor et al., 1999; Hasling et al., 2003).
Coculture of MAM treated cortex with normal cortical explants realigns the Cajal Retzius
cells to a their superficial position in the marginal zone (Hasling et al., 2003), which
undoubtedly allows for improved migration. In the case of the reeler cortical explant
paired with MAM treated cortex in culture, the migration is not restored, either because
of a lack of reelin in the cortical explant, or because the Cajal Retzius cells remained

scattered through the cortical wall, or both.
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These experiments also demonstrate the dichotomy between improved radial glial
morphology and the ability of cells to migrate into the cortical plate. The improved radial
glial morphology shown here was not a factor strong enough to also improve migration.
This suggests that the missing substance (reelin) was necessary to promote normal
migration as an instructive factor, or that it interfered with normal migration by the
presence of the abnormally placed Cajal Retzius cells. It seems likely that relatively
normal morphology of radial glia is necessary for proper migration of cortical cells and
that reelin signaling is also necessary for correct positioning of migrating cells. It is not
clear, however, whether the location of a reelin source is important. That is, is it a
directional or attractive signal? Although this study cannot be conclusive as to whether
reelin acts as an attractant, several pieces of evidence suggest that it does. We observed
that (i) migrating cells move dramatically toward a reelin producing source cells and (ii)
despite relatively normal radial glia, migration is not restored in E24 MAM treated slices
when the cortical explant does not produce a source of reelin. Both findings indicate that
ectopic sources of reelin attract migrating cells. This evidence is supported by a study
reporting that in reeler hippocampal organotypic cultures, granule cells improved
migration only when reelin was placed in its normal position and not when it was
diffusely distributed in the media (Zhao et al., 2004). In contrast, Magdaleno et al. (2002)
found that ectopically expressed reelin in the ventricular zone of transgenic reeler mice
rescues both their behavior and features of cortical and cerebellar architecture. Although
reelin in the ventricular zone did not restore proper cortical lamination, it did allow
migration of neurons past the preplate and partially restored migration of Purkinje cells in

the cerebellum. Magdaleno et al (2002) suggest that reelin operates in a complex manner
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and may rely on other molecules that provide additional positional cues (Magdaleno et

al., 2002).
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Chapter 2 Figures

Chapter 2, Figure 1. Schaefer, A.W., Poluch, S. and Juliano, S.L.

A

Figure 1. A. Example of radial glia in E24 MAM treated cultures. After 2 days in
culture, this organotypic slice was injected with fluororuby, which selectively labeled a
cohort of radial glial cells. The radial glia extend their processes in a fan shaped manner,
losing their usual elongated, spoke-like appearance. B. An organotypic culture of an E24
MAM treated slice with a cortical explant from a wild type (WT) mouse. The asterisk
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indicates the site of an injection of fluororuby, which can be seen at higher power in C.
The labeled radial glial fibers are elongated and extend toward the pial surface.
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Chapter 2, Figure 2. Schaefer, A.W., Poluch, S. and Juliano, S.L.
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Figure 2. Examples of E24 MAM treated cortex cocultured with reeler cortical explants.
A. shows an organotypic culture of an E24 MAM treated slice cocultured with an explant
obtained from reeler cortex. After 2 days in culture the intermediate zone was injected with
fluororuby. B. is a higher power view of the same injection. The asterisks indicate the
injection site. C. is a different culture of an E24 MAM treated slice, also cocultured with a
reeler cortical explant that received a fluorescent dextran injection. In both examples, the
radial glia are elongated and extend toward the pia, suggesting that reelin is not necessary
for fiber extension. D. contains a graph of angles of deviation in radial glia under different
culture conditions. A large degree of angular deviation occurs in the radial processes in the
E24 MAM treated cortex (n=6). However, coculture with either wild type or heterozygous
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mouse cortical explants (n=6) or reeler cortex explants (n=6) restores radial morphology so
that the angle of deviation is similar to the angle of deviation in normal ferret cortex (n=6).
The only set of angles significantly different from the normal values are the E24 MAM
treated alone (« p< 0.006, Mann Whitney Rank Sum test). Error bars = standard deviation.
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Chapter 2, Figure 3. Schaefer, AW., Poluch, S. and Juliano, S.L.
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Figure 3. BrdU immunoreactive cells. A illustrates two examples of E24 MAM treated
slices that were cocultured with a WT or reeler cortical explant. Prior to culture preparation
the PO kits were injected with BrdU and migration of the BrdU+ cells was observed after 2
days in culture. Each BrdU+ cell is indicated with a red dot. B shows a higher power view
of BrdU+ cells. C shows histograms indicating the positions of BrdU+ cells. The space
between the VZ and pial surface was divided into 3 equal regions as described in the
Methods. The number of BrdU+ cells in each region was counted and expressed as a
percent of the total number of cells. The bins labeled 1Zd (Intermediate zone deep) are
closest to the VZ, the bins labeled IZs represent the cells in the intermediate zone closest to
the cortical plate, the bins labeled CP are in the cortical plate. The distributions of the E24
MAM treated cultures alone (n=6) and the E24 MAM treated cultures with reeler cortical
explants (n=5) were significantly different from the normal distribution (n=6) in the IZs
and CP, whereas the E24 MAM treated cultures paired with WT or het explants (n=5) were
similar to the normal pattern at all levels. In the CP, the E24 MAM treated cultures alone
and the E24 MAM treated cultures paired with reeler cortex were significantly different
from the normal and E24 MAM paired with WT or het explants. Error bars indicate
standard deviation. Significance was determined using a 2 way ANOVA followed by a
Bonferroni test for pairwise comparisons.

* p <0.05, + p< 0.006, # p< 0.001.

54



Chapter 2, Figure 4. Schaefer, A.W., Poluch, S. and Juliano, S.L.
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Figure 4. Position of migrating cells in E24 MAM treated organotypic cultures after
coculture with control or reelin+ cells. A HEK cells transfected with the gene encoding
reelin, or control cells without the gene, were placed into a drop of matrigel (red oval)
that was positioned near the pial surface of E24 MAM treated organotypic cultures of
cortex. B Control cells were placed in the matrigel, BrdU+ cells can be seen in a typical
pattern for an E24 MAM treated slice in that they are spread throughout the VZ and
cortical plate and do not migrate effectively. C An example of an E24 MAM treated
cortical culture with reelin+ cells in matrigel placed at the pial surface. In this case, the
cells migrate successfully to the cortical plate and many more of them are positioned near
the cortical surface. D Quantification of the number of migrating BrdU+ cells found in
different regions within the cortical wall. The space between the VZ and pial surface was
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divided into 3 equal regions as described in the Methods and as indicated in A. The
number of BrdU+ cells in each region was counted and expressed as a percent of the total
number of cells. The bins labeled IZd (Intermediate zone deep) are closest to the VZ, the
bins labeled 1Zs represent the cells in the intermediate zone closest to the cortical plate,
and the bins labeled CP are located in the cortical plate. The red dashed lines indicate the
border between the placement of the HEK cells in matrigel and the brain. There was a
significant difference between the percent of cells reaching the CP in cultures with the
reelint (n=6) versus control cells (n=8). Error bars indicate standard deviation.
Significance was determined using a 2 way ANOVA followed by a followed by a Tukey
test. *p <0.05.
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Figure 5. Morphology of E24 MAM treated radial glia after coculture with control or
reelin producing HEK cells. Small crystals of Dil were placed in the ventricular zone of
E24 MAM treated organotypic cultures to label radial glial fibers. A. The slices cultured
with control HEK cells (no reelin) displayed disorganized glial fibers that generally did not
extend to the pial surface (n=4). B. The cultures paired with reelin+ HEK cells contained
radial glial fibers that were elongated and extended to the pial surface (n=4). C. The
angular deviation was computed for these radial glial fibers and found to be significantly
different between the two culture conditions. Mann Whitney Rank Sum Test, P=0.006. The
red dashed lines delineate the HEK cells included in Matrigel.
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Chapter 3

Repair of neonatal cortical dysplasia using embryonic neural progenitor

cells in ferret.

A.W. Schaefer and S.L. Juliano
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ABSTRACT

Although altered gene expression clearly causes failure of the neocortex to form
properly, many causes of neocortical dysplasia arise from environmental or unknown
factors. Our lab studies a model of cortical dysplasia induced by injection of methylazoxy
methanol (MAM) into pregnant ferrets on embryonic day 33 (E33), which shares many
features of neocortical dysplasia in humans. E33 MAM treatment results in characteristic
deficits that include dramatic reduction of layer 4 in somatosensory cortex, widespread
termination of thalamic afferents and altered distribution of GABAergic elements. We
attempted to repair MAM treated cortex using ferret neural progenitor cells obtained at
E27 and E33 and mouse neural stem cells obtained at E14. When these cells were
transplanted into organotypic cultures of normal and MAM treated ferret cortex obtained
on postnatal day 0 (P0), all progenitor cells migrated similarly in both hosts,
preferentially residing in the upper cortical plate. The site of transplantation was
significant, however, so that injections into the ventricular zone were more likely to reach
the cortical plate than transplants into the intermediate zone. When similar cells were
transplanted into ferret kits ~P7-9 and allowed to survive for 2-4 weeks, the donor cells
migrated differently and also reached distinct destinations in normal and MAM treated
hosts. This suggests that the organotypic cultures may be too immature to support normal
migration of the transplanted cells, while transplants into the ferret kits indicate that
MAM treated brains serve as more receptive hosts, and E27 donor cells are less restricted

than E33 donor cells.
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INTRODUCTION

During development of the cerebral cortex, progenitor cells line the lateral
ventricles, in a region known as the ventricular zone (VZ). Pyramidal cells arise from the
dorsal telencephalon and migrate radially along a glial scaffold towards the pia.
Interneurons on the other hand, are born in the VZ of the ganglionic eminences in the
ventral telencephalon. These cells migrate tangentially from the ventral to the dorsal
telencephalon and into the cortical plate (Anderson et al., 2001; Marin and Rubenstein,
2001). The migrating cells populate the cerebral cortex in an “inside—out” manner so that
the later born cells bypass earlier born cells to populate more superficial layers (Rakic,
1990; Parnavelas, 2000; Kriegstein and Noctor, 2004). In the ferret, which has a gestation
period of 41 days, corticogenesis is relatively protracted and continues until
approximately 2 weeks after birth, depending on the cortical region (Jackson et al., 1989;
Noctor et al., 1997).

This complex process of cortical development can be disrupted due to genetic and
environmental factors. Defects in genes such as LIS, DCX, and FLN identified in
humans result in cortical malformations including lissencephaly, doublecortex, and
ectopic neuronal clusters (Gleeson et al., 1999). Epigenetic factors such as alcohol, drugs
of abuse, methyl mercury, cigarette smoke and radiation can produce a constellation of
cortical defects consisting of abnormal proliferation, and migration, cell death, and other
central nervous system (CNS) changes. For example, fetal alcohol syndrome can result in
altered neuronal distribution and migration, as well as neuronal heterotopias (Miller,
1993, 1996; Ikonomidou et al., 2000; Rice and Barone, 2000; Mendola et al., 2002;

Bailey et al., 2004; Miller, 2006).
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Often, cortical dysplasias in humans are not associated with specific genes, and
usually the result of environmental causes or a combination of genetic and environmental
effects (Montenegro et al., 2002; Sisodiya, 2004). Additional evidence points to trauma
and infectious diseases during pregnancy contributing to human cortical dysplasias
(Marin-Padilla, 1999; Deukmedjian et al., 2004). As a result we developed a model of
cortical dysgenesis that mimics many features of human disorders (Noctor et al., 2001a;
Palmer et al., 2001; McLaughlin and Juliano, 2005).

The research reported here focuses on repairing congenital neural migration
deficits during the neonatal period. To do this we use an animal with a highly convoluted
cortex, the ferret. The ferret is an ideal model to study cortical migration and repair partly
because it has a protracted period of corticogenesis; cells continue to divide and migrate
until several weeks after birth. In addition, radial glia, which guide migrating cells from
the VZ to the cortical plate (CP), persist until 2-3 weeks after birth (Voigt, 1989). The
presence of these glial guides may facilitate repair if transplanted cells are delivered
during the window of time when they are still guiding endogenous neurons to the CP. In
our model, an antimitotic (methylazoxy methanol; MAM) is delivered to pregnant ferrets,
which temporarily disrupts the birth of cortical neurons (Cattaneo et al., 1995; Cattabeni
and Di Luca, 1997; Noctor et al., 2001a; Jablonska et al., 2004; McLaughlin and Juliano,
2005). When MAM is injected on embryonic day 33 (E33) the birth of cells populating
layer 4 of the somatosensory cortex is interrupted, leading to a set of characteristic
effects. While many features of the E33 MAM treated ferret appear normal, including the
topographic maps of somatosensory and visual cortex, the general architecture of the

cortex outside of layer 4 in somatosensory cortex, and the distribution of excitatory
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amino acid receptors, other features are abnormal (Noctor et al., 1997; Noctor et al.,
2001a). These include alteration of thalamocortical projections, which normally terminate
in layer 4, the distribution of GABA,, receptors and GABAergic neurons, and the
neuronal responses recorded through the cortical layers (Noctor et al., 2001a; Palmer et
al., 2001; Jablonska et al., 2004; McLaughlin and Juliano, 2005). The E33 MAM treated
ferret model makes an excellent host to attempt repair by transplanting neural progenitor
cells from embryonic ferrets and mice. The animals have characteristic migratory
deficits, allowing us to assess differences between normal and MAM treated cortex after
receiving donor transplants. In the current study we used donor cells from 3 sources to
determine the potential of distinctive donors to repair damaged cortex in vivo and in vitro.
We included donor cells from i) embryonic day 27 (E27) ferrets, which are young,
theoretically multipotential, and able to migrate to different cortical layers (Bohner et al.,
1997), (ii) ferret embryos at E33, which corresponds to the population of cells missing
from the treated ferrets, and (iii) E14 mouse neural stem cells to demonstrate the
capability of cells from another species to survive, migrate, and respond to cues after

transplantation.
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METHODS

MAM injection

On the 33" day of gestation pregnant ferrets (Marshall Farms, New Rose, N.Y.)
were injected ip with methylazoxy methanol (14-17 mg/kg; Midwest Research Institute
dissolved in 5ml of 0.9% sodium chloride); MAM inhibits mitosis for approximately 8
hours (Cattaneo et al., 1995; Noctor et al., 2001a; Palmer et al., 2001; Jablonska et al.,
2004; McLaughlin and Juliano, 2005).
Organotypic cultures

PO ferrets kits were anesthetized with either 50 mg/kg euthasol or Na
pentobarbital. When the animal was unresponsive to painful stimuli, the brain was
quickly removed and placed in ice-cold aCSF. Coronal slices (500 um) were cut using a
Stoetling tissue chopper and placed on a 0.4 um culture plate insert (Millicell-CM,
Bedford, MA) in a 6 well plate with enough media to form a meniscus above the slice.
We used minimum essential medium (MEM) with Earle’s salts without L-Glutamine
(Gibco) supplemented with 10% normal horse serum (Gibco), 0.001% gentamicin, L-
glutamine-200mM 100x (Gibco) and 0.6% glucose. The slices were placed in an
incubator (37°C, 5% CO,) and maintained for 3-5 days. Most of these cultures received
injections of ferret neural progenitor cells or mouse cells within 24 hours of slice
preparation.
Preparation of ferret neural progenitor cells

Under sterile conditions, the uterine horns containing either E27 or E33 embryos
were removed from a pregnant ferret under 1-2% isofluorane anesthesia. The uterine

horns were immediately placed in ice-cold artificial cerebral spinal fluid (aCSF)
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(containing H>O, and in mM amounts, NaCl, 124; NaHCOs,26; Glucose, 10; NaH,PO,
1.2; KCl, 3.2; MgS04, 1.2; CaCl, 2.4), the embryos removed and the brains isolated. To
obtain donor cells, the meninges, the rostral and caudal poles were removed from the
telencephalon and the cerebral cortices dissected from the brains, and placed in ice-cold
oxygenated aCSF. The tissue was coarsely chopped using micro-dissection scissors, and
then transferred to a 15 ml centrifuge tube containing PBS without calcium or
magnesium (Gibco) and 0.6% glucose (Sigma). The solution was then mechanically
triturated to form a single cell suspension using a series of 9” fire polished Pasteur
pipettes. Cell density was calculated and the cells were prepared for labeling and acute
transplantation either into organotypic slices or into host animals. Preparation of cells for
transplantation was completed within 2 hours. Injection into either slices or into host
brains took an additional 2-4 hours. Hence cells were injected into host tissue within 6
hours from the time the uterine horns were removed from the pregnant ferret. Cells were
also proliferated, passaged and differentiated to determine their potential fates both in
vivo and in vitro. We refer to these cells as ferret neural progenitor cells (fNPs) with the
caveat that may contain post-mitotic cells. Our experiments showed that single cells
placed in a flask with media or at low density in a collagen matrix gave rise to spheres
indicating that calling them ferret neural progenitor cells is an appropriate definition.
Cell culture

Ferret cells were isolated as described above and placed into Complete
Neurocult™ Proliferation Medium composed of: NeuroCult® NSC Basal Medium
(mouse) 900 ml supplemented with NeuroCult® NSC Proliferation Supplements (mouse)

100 ml and recombinant human epidermal growth factor 20ng/ml (thEGF) (Stem Cell
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Technologies, Vancouver, Canada); they were allowed to proliferate 7-9 days before
passaging. Cells went through a minimum of 2 passages before being used for
differentiation. They were differentiated either as whole spheres or as single cells for 3-7
days on poly-L-ornithine 15 pg/ml (Sigma, St. Louis, MO) coated glass coverslips,
Complete Differentiation Medium® containing NeuroCult® NSC Basal Medium (mouse)
900 ml supplemented with NeuroCult® NSC Differentiation Supplements (mouse) 100
ml (Stem Cell Technologies). The proliferative potential of ferret donor cells was
assessed using the Neurocult® Neural Colony Forming Cell (NCFC) assay procedure
using the Neurocult® NCFC Assay kit (mouse) from Stem Cell Technologies. The cells
were proliferated as free floating neurospheres and passaged 2x before being used for the
clonal assay. Cells were dissociated into a single cell suspension and plated at a very low
density in a collagen matrix supplemented with Neurocult® NCFC serum free medium
without cytokines, NeuroCult® NSC Proliferation Supplements (mouse) and rhEGF 10
pg/ml (Stem Cell Technologies). Cultures were replenished with Complete
Replenishment Medium: NeuroCult® NSC Basal Medium (mouse) 9 ml supplemented
with NeuroCult® NSC Proliferation Supplements (mouse) 1 ml and rhEGF 0.5 pg/ml
(Stem Cell Technologies) once every 7 days. The single cell was followed for 21 days by
using a Sharpie pen” to draw a circle around the individual cell and giving it a reference
number. The same cells were digitally imaged at regular intervals to capture their
expansion.
Mouse neural progenitor cells

Embryonic day 14 (E14) mouse cells were taken from the cerebral cortices of

CD-1 (Charles River Laboratories, Wilmington, MA) timed-pregnant mice using aseptic
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technique. The uterine horns with the embryos were removed from the anesthetized
mother and derived in the same manner as described above. Once the cells were made
into a single cell suspension, they were placed in NeuroCult” NSC Basal Medium
supplemented with NeuroCult® NSC Proliferation Supplements and rhEGF (Stem Cell
Technologies) and allowed to proliferate 6-8 days before passaging. The cells were
passaged twice prior to injection into organotypic slices. We use the term mouse neural
stem cells (mNSCs) to describe this procedure because the tissue was prepared according
to the protocol of Reynolds and Weiss, who characterize these cells as “stem cells”
(Reynolds et al., 1992; Reynolds and Weiss, 1996).
Labeling of neural cell suspensions

Five microliters of Vybrant CM-Dil cell labeling solution ImM in solvent
(Molecular Probes, Eugene, OR) was added to 1 million cells suspended in 1 ml of 37°C
PBS (Gibco) with 0.6% glucose. The cells were incubated for 15 minutes at 37°C and
mixed every few minutes. They were then washed 3 times by spinning the cell
suspension at 1500 rpm for 5 minutes to form a pellet, removing the supernatant, and
adding 12 more ml of 37°C PBS with 0.6% glucose. After the washes, the cells were
counted again and prepared for transplantation.
Transplants into organotypic slices

One hundred thousand cells were injected into specific regions of the cultured
slice using a Nanoliter 2000 controlled mini-pump injector (WPI, Sarasota, FL) and a
pulled micropipette with ~30 um tip. Five injections of 50 nl each were placed on the
surface of the slice resulting in a final injection volume of 250 nl. The slices in 6 well

trays were placed back in the incubator (5% CO,, 37°C) for 2 hours before more media
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was added. Each injection took 2-3 minutes; therefore all slices received injections within
a 2-3 hour period. A total of 65 slice cultures were used, taken from 36 kits obtained from
18 litters. The exact number of cultures analyzed for each condition is indicated in the
graphs.
Transplants in host animals

In a sterile surgery suite (postnatal day) P7-9 ferret kits were anesthetized using
1% isoflurane and a nose cone and kept warm with a temperature controlled heating pad.
Using a stereotaxic device, 500,000 cells in 1-2 pl of media were injected into the VZ of
somatosensory cortex using the coordinates 3mm lateral and 3mm anterior of bregma at
depths of 2 and 3 mm. This was done with a Hamilton syringe after making a small hole
in the skull using a Dremel drill. The needle was left in place for 2 minutes before
injecting the cells; the cells were injected over a 10 minute period and allowed to settle
for 2 minutes prior to slowly retracting the needle. The skin of the skull was closed with
NEXABAND® Liquid topical tissue adhesive (Abbott Laboratories, Chicago, IL). The
surgery was completed within 20 minutes, allowing us to isolate and transplant donor
cells into 4-6 host animals within 6 hours. Once surgery was concluded and the animal
awoke from anesthesia, it received a 0.03 mg/kg injection of buprenorphine and was
returned to the mother, where it was watched to ensure it remained awake and nursing
normally. Kits that underwent surgery were compared to the non-surgical siblings for
weight gain, ambulation, and nursing. All animals were normal in weight gain and
behavior. A total of 24 kits were used, taken from 12 different litters. The exact number
of animals and histologic sections used for each analysis is indicated on the graphs.

Tissue processing
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Approximately 2-4 weeks after surgery each ferret was anesthetized using 50
mg/kg of either Na pentobarbital or euthasol. For immunohistochemistry each animal was
perfused with 4% paraformaldehyde. The brain was removed from the skull and
immersed in paraformaldehyde for several more days. Tissue was cut at 75 pm thickness
on a vibratome or cryoprotected and cut at 30 um thickness on a cryostat.
Immunohistochemistry

Tissue was washed in 0.1M PBS pH 7.4 three times and subsequently blocked for
1 hour in PBS serum and 0.1% triton-X. The primary antibody was prepared in the
blocking solution, applied in the following dilutions: GFAP 1:500, Nestin 1:100
(Chemicon, Temecula, CA), TUJ1 1:100, and MAP2abc 1:100 (Sigma, St. Louis, MO)
for 1 hour at room temperature on a shaker and then left 48 hours at 4°C. The appropriate
secondary antibody Alexa 488 or Alexa 546 (Molecular Probes) was applied for 1 hour
and the slice washed 3 times with PBS. Each slice was incubated in a 2 pg/ml solution of
bisBenzimide for 5 minutes to label nuclei which was removed prior to be being mounted
in Vectashield mounting medium for fluorescence (Vector labs, Burlingame, CA) and
coverslipped.

Analysis
Organotypic cultures

To assess the distribution of cells leaving the injection site, only those that
migrated away from the areas of injection were counted. We estimate that 30% of the
injected cells migrated away from the location of injection. Since slices were made at PO,
prior to the completion of cortical lamination, it is not possible at this early age in the

ferret to clearly delineate individual layers, so to maintain consistency across slices and
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experiments we considered a depth of 300 pm starting at the pia to be the cortical plate.
The cortical plate was further subdivided into 3 equal laminar regions of 100 pm
thickness that corresponded to the upper, middle, and lower cortical plate. The next 300
pum below the cortical plate corresponded to the intermediate zone, which was superficial
to the deep IZ injection. Cells that migrated away from the site of injection and had at
least one process were included in the cell count. This was done after imaging slices
using a 10x or 20x objective and creating a montage of the slice. Using Adobe Photoshop
(San Jose, CA) a new layer was added over the montage of the slice, the cortical depths
were delineated and the zoom feature was used to determine morphology. Once the cells
in each region were counted they were expressed as a percentage in order to compare
across slices and experiments. Data is expressed as the mean = SEM
In vivo sections

As in the organotypic cultures, only cells that migrated away from the injection
site into the cortical plate were counted. We estimated that 10-20% of the transplanted
cells migrated away from the injection sites. Using the nuclear stain bisBenzimide, six
cortical layers were identified, which were combined into 3 regions that included: layers
1 and 2, layers 3 and 4, and layers 5 and 6. The location of the injection was targeted to
the VZ immediately below the somatosensory cortex. One to three slices from the
somatosensory cortex of each brain were used for analysis. The exact number of animals
and slices for each condition are indicated on the graphs. The cortex was divided into
lateral, middle, and medial regions and all the cells in each region were counted (Chapt.

3, Supplemental Figure 1). The labeled cells were recognized by the dye and by their

69



morphology; only cells that had clear processes were included in our analysis. Data is
expressed as the mean = SEM.

Later study using immunohistochemical markers for neurons and glia revealed
that many of the CM-Dil labeled cells were neurons. Once all the cells were counted, the
number in each region was expressed as a percentage of all the cells counted within a

slice to reduce the variability that might occur between experiments.
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RESULTS

Cultures of neocortical ferret cell suspensions

To determine the practicality and viability of using acute and/or proliferated
embryonic ferret and mouse cells for transplantation into organotypic and in vivo hosts,
we first examined the cells in vitro to assess their ability to proliferate and to differentiate
into different cell phenotypes. To do this we assessed different culture conditions that
included: (i) preparation of neurospheres, which were subsequently passaged and
differentiated, and (ii) a clonal analysis to determine the potential of a single cell to
proliferate and differentiate into different cell fates. These studies were not designed to
conclude that we were creating ferret “stem cells”, but that we obtained a population of
cells from ferret embryos that could be expanded and differentiated into multiple cell
fates.

This set of experiments established that cells obtained from E27 and E33 ferret
cortex could proliferate into free floating spheres, survive, expand a minimum of 2
passages, and differentiate to give rise to neurons and astrocytes. We first determined
that single free-floating cells could give rise to neurospheres, subsequently passaged and
continue to form new spheres after multiple passages. Figure 1A shows an example of an
E27 derived cell forming a clonal sphere after 3 weeks in culture in a collagen matrix.
Figure 1B illustrates E33 derived cells that proliferate into spheres, that can be passaged
multiple times and continue to form neurospheres. Figure 1C and D are examples of E33
neurospheres that were differentiated and immunoreacted to reveal neurons (TUJ1+), glia
(GFAP+), and immature pluripotent cells (Nestint). These examples demonstrate that

E27 and E33 ferret donor cells can be handled similarly to mouse neural stem cells
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(mNSC) (Reynolds and Weiss, 1996). Our analysis led us to conclude that cells we
obtained from developing ferret cortex (E27 and E33) are capable of proliferating into
clonal spheres and differentiating into multiple cell fates.
Organotypic culture experiments

Control experiments

Several experiments were used to control for specific aspects of our label and
injection procedure. Because the cells were labeled with CM-Dil, there was a possibility
that the dye could leak out or be incorporated by cells in the vicinity of the injection. To
check these problems, two control experiments were conducted. First, acute suspensions
of cells were killed by leaving them out of the incubator at room temperature in the tissue
culture hood for 2 days; they were subsequently injected into the VZ of organotypic
slices. The CM-Dil fluorescence was visible at the site of injection, but no labeled cells
were identified in the cortical plate (see Supplemental Figure 2A, Chapt. 3). In a second
control study, supernatant was removed from the labeled cells after the second wash and
also injected into the VZ of organotypic slices. Although there was a minimal amount of
fluorescent label at the site of injection, there were no labeled cells in the cortex (not
shown). These two experiments suggest that leaking of the dye from dead cells or CM-
Dil in the supernatant do not contribute to the observations in our analysis and that the
presence of labeled cells in the cortex represents migration of the injected cells to the
target neocortex.
Where is the best location to transplant donor cells?

We first asked whether the injection site influenced the ability of the cells to

survive and migrate effectively. We chose two different loci for injection. The VZ, where
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cells are born and normally begin migrating to the neocortex, and the I1Z, a site closer to
the target and containing the radial glial scaffold. These injection sites received ferret
donor cells acquired at different times in development. When donor cells were injected
into the ventricular zone, significantly more cells reached the cortical plate compared
with transplantations into the intermediate zone, even though the I1Z injections were
closer to the cortical plate. Figure 2 shows examples of both E27 and E33 donor cells
injected into either the VZ or the IZ (Chapt. 3, Figure 2A-F). The two donor cell types
have a similar pattern of distribution in the host tissue, which is influenced by the
location of injection (Chapt. 3, Figure 2G,H).

Of the cells that reached the cortical plate, we observed a differential distribution
depending on the injection site. At the time of injection into the host slice (P0), cells
destined for layers 2 and 3 are still being born and have not yet reached the cortical plate.
The future layer 4 is migrating to the cortical plate and not completely organized into a
compact layer. To analyze in more detail the distribution of transplanted cells that
reached the cortical plate, this region was subdivided into upper, middle and lower CP as
indicated in the Methods. As described above, most cells that were injected into the
intermediate zone remained there. Of the cells that reached the CP after an IZ transplant,
most were found in the lower cortical plate (LCP), the closest cortical area to the site of
injection (Chapt. 3, Figure 2G,H). Cells injected into the VZ, however, migrated past the
1Z to the most superficial region of the cortical plate, predominantly the upper cortical

plate (UCP).
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In summary, cells injected into the VZ of organotypic cultures of ferret cortex at
PO fare better than cells injected into the IZ. More cells reach the neocortex, and once
there, a greater number migrate into the upper layers of the cerebral cortex.

The influence of cell donor type on migration pattern in normal and MAM treated
organotypic cultures

We assessed whether the age of donor cells affects where they reside after
transplantation. Earlier work by McConnell and colleagues found that depending on the
mitotic cycle, younger cells are multipotential and under certain conditions capable of
residing in many cortical layers, whereas later born cells become restricted in their
laminar fate (McConnell, 1988a; Frantz and McConnell, 1996; Bohner et al., 1997; Desai
and McConnell, 2000). In the ferret somatosensory cortex, E27 cells populate the deep
cortical layers whereas cells born on E33 are destined for layer 4, which is the layer with
dramatically fewer cells in our MAM model (Noctor et al., 1997). We also tested the
ability of cells from another species; E14 mNSC to survive, migrate and differentiate in
ferret cortex.

Each cell type (E27, E33 acute cell suspensions or E14 mNSC) was injected into
the VZ of normal and MAM treated host organotypic cultures and incubated for 3 days.
All cell donor types displayed similar patterns of migration in normal and MAM treated
cortex. As indicated above, after VZ injections, the majority of cells migrated into the CP
in both normal and MAM treated cortex. For cells that entered the cortical plate, a
significant proportion of these reached the UCP (Chapt. 3, Figure 3A-G). This position
corresponds to the target of endogenous cells migrating toward the cortical plate at the

time the cultures received injection. The cells obtained from E27 embryos did not
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preferentially reside in the lower layers (the normal location of ferret cells in
somatosensory cortex born on E27). McConnell and colleagues reported that if E29
donor cells from the visual cortex undergo S-phase before being transplanted into the
host tissue they migrate to their typical deep layer target, but if they undergo S-phase in
the host tissue they will assume the laminar fate of the endogenous cells (McConnell and
Kaznowski, 1991; Bohner et al., 1997). At PO, the age of the host cultures, cells born on
E33 would normally be completing their migration into the UCP, as layers 2-3 of the
somatosensory cortex are being generated and beginning their migration into the upper
cortical plate at this time (Noctor et al., 1997). Figure 3A-E (left panels, Chapt. 3,)
illustrates the distribution of different donor cells in the cortical plate after 3 DIC. In the
right column of Figure 3A-E (Chapt. 3) high power views of typical labeled cells are
shown. Figure 3F and G (Chapt. 3) demonstrates that for E27 and E33 donor cells,
significantly more cells reach the upper part of the cortical plate in both normal and
MAM host tissue. The mouse donor cells also migrated in a similar pattern as can be seen
in Figure 3E and H (Chapt. 3). Figure 3H (Chapt. 3) shows that there were no significant
differences in the migration pattern between any of the donor cells transplanted into
MAM treated organotypic cultures. These observations may indicate that in our study, the
transplanted cells respond to cues from the local environment, since neurons generated in
the host are migrating to the superficial cortex at this time.

In summary, cells obtained from E27, E33 ferret or E14 mouse embryos and
injected into the VZ of PO organotypic cultures of ferret cortex preferentially migrated

into the UCP, despite their date or species of origin. This was true for both normal and
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MAM treated host organotypic cultures. These results suggest that the environment of the

slice influences the ultimate distribution of the transplanted cells.

In vivo experiments

Although much information can be garnered from organotypic slice cultures, we
also assessed the ability of the donor cells to survive, migrate, and integrate when
transplanted in vivo. This approach has stronger clinical relevance and can provide
greater information regarding the potential of transplanted cells to treat disorders in vivo.
We assessed the viability and integration of donor cells prepared in different ways, since
the fate of transplanted cells may be influenced by treatment prior to injection. Donor
cells for in vivo transplantation were used in two ways: (i) labeled and transplanted
acutely, or (ii) placed in Complete Neurocult™ Proliferation Medium (Stem Cell
Technologies) for 2-8 days, without passaging, then dissociated, labeled, washed and
transplanted. The second treatment involved exposure to thEGF as described in the
Methods (Reynolds et al., 1992a; Reynolds and Weiss, 1996). In all cases, MAM treated
and normal ferret kits aged P7-9 days received donor cell transplants and were sacrificed
2-4 weeks later. No differences were noted between the ages and survival times. The
injections were targeted to the VZ and 1 mm superficial to the VZ (i.e. the site of the
subventricular zone, SVZ) in the region of the somatosensory cortex.
Control experiments

Control injections of dead, CM-Dil labeled cells were injected into host brains.
The cells were killed by incubation in 4% paraformaldehyde in PBS for 2 hours, and then

washed three times in buffer before injection. They were injected in the same volume as
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live cells. Although fluorescent cells could be seen at the site of injection, none migrated
to the cortex (Chapt. 3, Supplemental Figure 2B).
Overall pattern of migration

Cells were counted as described in the Methods and in Supplemental Figure 1A
and B. Figure 4 shows examples of transplant sites into normal and E33 MAM treated
hosts and the overall migration pattern. We observed that in the normal animals, both E27
and E33 donor cells migrated to a restricted middle region in the somatosensory cortex
(Chapt. 3, Figure 4D-F). In contrast, the overall distribution of the transplanted cells in
the MAM treated hosts was more diffuse, with cells migrating into the medial, middle,
and lateral cortical regions (Chapt. 3, Figure 4A-C). Higher power views of cells that
migrated into the cerebral cortex can be seen in Figure 4G-I (Chapt. 3). For both the E27
and E33 donor cells, significantly more cells were located in the middle region of cortex
in normal hosts, whereas there were no significant differences in the distribution of either
donor type in MAM treated hosts (Chapt. 3, Figure SA-B).
Donor cell type: proliferated vs acute

Acute and proliferated cells were taken from E33 normal donors and either
transplanted within 6 hours after retrieval of the embryo containing uterine horns or post
proliferation as described in the Methods. After assessing the distribution of cells that
migrated into the cortex, we found no difference between the proliferated cells and the
acutely transplanted cells. Figure 6A (Chapt. 3) demonstrates donor cells obtained at E33,
proliferated as neurospheres, and transplanted into MAM treated brains distribute
similarly to those transplanted acutely. Comparable results emerged for E33 donor cells

either proliferated or acutely transplanted into normal animals (Chapt. 3, Figure 6B).
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Since there were no significant differences between the distributions of acute or
proliferated donor cells, the data from the two conditions were combined for subsequent
analyses.
MAM vs normal host for E27 and E33 fNPs

E27 donor cells migrated differently in normal and MAM treated hosts (Chapt. 3,
Figure 6C). In normal animals, the cells reached all layers in relatively equal proportions.
In the MAM treated brains, significantly more E27 donor cells moved into the superficial
layers 1-2. Transplants of E33 donor cells in normal and MAM treated brains, however,
did not distribute differently in the two hosts, but existed in relatively equal proportions
through all cortical layers (Chapt. 3, Figure 6D). Although there was slight variability in
the overall laminar pattern of the E33 donor cells between the normal and MAM treated
hosts, there were no significant differences between the two groups. We also compared
the distribution of E27 and E33 donor cells transplanted into E33 MAM treated host
cortex. As in the other comparisons, more E27 donor cells reached the superficial layers
1-2 than the number of cells that settled in layers 3-4 and 5-6. The E33 donor cells were
more evenly distributed and showed no significant differences in the laminar pattern
(Chapt. 3, Figure 6E).
Transplanted cell phenotype

We used neuronal and glial markers to determine if we could ascertain the
phenotype of donor cells that migrated into the neocortex. A number of the fluorescently
labeled transplanted cells that migrated into the cortex were reactive for the neuronal
marker MAP2abce (Chapt. 3, Figure 7A, B, C). However, we did not find any CM-Dil

labeled cells that expressed the astrocytic marker GFAP (Chapt. 3, Figure 7D, E).
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Nevertheless, many GFAP+ cells were found in the region where cells were injected,
possibly indicating the presence of reactive cells around the injection site (Yang et al.,

2002).
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DISCUSSION

MAM treatment and the ferret model

Methylazoxy methanol (MAM) is an anti-mitotic that inhibits cell birth for a
limited period of time. In our model, we specifically target layer 4 of ferret
somatosensory cortex by injecting MAM on embryonic day 33 (E33) into pregnant
ferrets. MAM prevents DNA synthesis in dividing cells, which recovers in 8-12 hours
(Evans and Jenkins, 1976; Noctor et al., 1999). Several groups demonstrated that
administration of MAM during gestation results in selective neuronal loss, due to the
prevention of DNA synthesis during a restricted window of time (Matsumoto et al., 1972;
Evans and Jenkins, 1976; Noctor et al., 1999). MAM is also selective for interfering with
the proliferation of neurons, but not astrocytes (Cattaneo et al., 1995). Using
appropriately timed BrdU injections, we previously demonstrated that DNA synthesis
recommences within 24 hours after MAM injection and that relatively normal birth of
cells and migration of neurons after MAM treatment in ferrets (Noctor et al., 1999). In
rodents, other studies report resumption of normal cell birth after about 12 hours (Evans
and Jenkins, 1976).

Ferrets are an excellent animal to study for this model. They have a relatively
long period of corticogenesis (Noctor et al., 1999), allowing precise targeting of a
specific cortical layer with an injection of MAM. In addition, they have a highly
convoluted cerebral cortex, typical of higher order mammals, which makes research more
relevant to humans. Finally, we have described very precise characteristics that result
from E33 MAM injections into pregnant ferrets, which establishes this treatment as an

ideal model for attempts at cortical repair.
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Why do cells migrate more efficiently when injected into the VZ vs 1Z?

We found that transplants of cells into the VZ were significantly more effective in
reaching the neocortex than injections of cells into the IZ. These findings suggest that the
neocortical VZ provides cues to cells migrating into the cerebral cortex. Several reports
support this notion. As cells migrate from the VZ into the neocortex, a period of
retrograde migration often occurs in which migrating cells turn back into the VZ and then
finally reverse and continue into the neocortex, suggesting cues are being received from
the VZ (Kriegstein and Noctor, 2004; Noctor et al., 2004). In addition, spontaneous Ca™
fluctuations occur in radial glia and have been suggested to play a role in neuronal
migration and cell division (Komuro and Rakic, 1996; Owens and Kriegstein, 1998;
Weissman et al., 2004). The fluctuations originate in the VZ (LoTurco et al., 1991) and
appear to be spontaneous, but also occur in response to electrical or mechanical
stimulation (Weissman et al., 2004). Blocking the Ca™ currents causes failure of neurons
to migrate into the cortical plate, substantiating the idea that calcium transients are
necessary for proper migration (Komuro and Rakic, 1998). Kriegstein and colleagues
suggest that calcium increases may assist neuronal migration by coordinating specific
events as neurons leave the VZ en route to the cortical plate (Weissman et al., 2004).
Since the calcium waves originate in the VZ, this notion validates the idea that the VZ
contains key signaling information for migrating neurons.

Another recent study suggests that Slit is a protein secreted by the choroid plexus
and may diffuse through the VZ and act on migrating neurons by repelling them away
from their source (Sawamoto et al., 2006). Slitl and Slit2 are present in the CNS and act

on the Robo class of receptors (Nguyen-Ba-Charvet et al., 2004). The action of Slit may
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provide a mechanism that repels certain classes of neurons away from their origin in the
VZ and toward the neocortex or other targets (Ward et al., 2003).
Laminar distribution of cells after transplantation into organotypic cultures.

Our studies found very little difference between donor cell type (E27, E33,
mNSC) or host type (normal vs MAM) and the ultimate laminar distribution of the cells
transplanted into organotypic cultures. After transplantation into either normal or MAM
treated slices, all donor cell types tended to migrate into the upper cortical plate. The
organotypic cultures used in our study were relatively young in terms of the overall
laminar fate; they were prepared at PO and remained in culture for 3 days. We used young
brains because they survive better in organotypic culture conditions, but this
compromised the ultimate laminar fate of the migrating transplants.

The finding of all donor types in the upper cortical plate suggests that all the
transplanted cell types were influenced by the environment of the host slice, which would
be generating neurons migrating into the cortical plate at the time of the injection (P0).
Our findings agree with the earlier work of McConnell and colleagues who demonstrated
that environmental cues are important in deciding the laminar fate of migrating neurons
(McConnell and Kaznowski, 1991; McConnell, 1995; Frantz and McConnell, 1996).
These researchers determined that when cells were transplanted into the brains of
developing ferrets, neurons forming the earliest generated cortical layers (i.e. young
neurons) were more flexible in their ability to respond to the environment (the host) than
older neurons, which form later generated cortical layers. Therefore, a laminar fate
restriction occurred as the animals matured (Bohner et al., 1997; Desai and McConnell,

2000). Moreover, the fate of the younger, more adaptable neurons was determined by the
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location (i.e. the environmental cues) in which they underwent their last cell division
(Bohner et al., 1997; Desai and McConnell, 2000). The studies conducted here were
within the time frame identified by McConnell and colleagues to allow the last cell
division within the host tissue. This reinforces the idea that all the donor cells (E27, E33,
and mNSCs) responded to cues in the slice, because cells migrating at this time PO-P3
would all be either in the upper cortical region or migrating to that site.

A recent study by Temple and colleagues, however, reports that proliferating
cortical cells do not use external environmental cues to decide their fate, but rely on an
intrinsic program to determine cell phenotype and their probable laminar location (Shen
et al., 2006). Although this study is very interesting, it did not establish the laminar
position of migrating cells, but used clonal analyses to assess cell fate, as determined by
laminar immunocytochemical markers. A migrating cell in a relatively normal
environment after transplantation (such as those observed by McConnell and associates
in vivo) may be influenced by factors not available to cells in a clonal analysis. The same
is true for our experiments in an organotypic environment, which allows us to assess
actual laminar fate.

Location of transplanted cells in vivo

In contrast to the situation in organotypic cultures, transplants to ferret kits in vivo
revealed distinctions between normal and MAM treated hosts and the age of the donor
cells. After injections of donor cells into MAM treated host kits, the transplants migrated
from the middle to the medial and lateral extents of our target area in somatosensory
cortex. In contrast, the transplants into normal host kits migrated to a limited region in the

middle part of the somatosensory cortex, just superficial to the injection site. This was
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true for both E27 and E33 donor cells. These observations suggest that MAM treated
cortex was a more permissive substrate for the donor cells in that they distributed widely
throughout the cortex, whereas the donor cell distribution was very limited in normal
cortex. Many studies indicate differences in the ability of cells to migrate in a damaged
brain versus healthy host tissue, suggesting that damaged cortex may release a homing
signal to transplanted cells (Ourednik et al., 2002). Interestingly, Sheen et al. (Sheen et
al., 1999) indicated that the HiB5 multipotent neural precursor line integrates into host
tissue when transplanted in utero, but not into the adult brain undergoing induced
apoptotic degeneration. Findings such as these indicate that research done in this study
holds more promise for translation into clinical cures versus studies that transplant
progenitor cells in animal models of disease that induce cell death. The neonatal MAM
treated ferrets provide a permissive environment for transplanted cells, (although we have
a diminished layer 4 from an acute teratogenic insult), at the time the donor cells are
transplanted endogenous cells are still migrating and the cortical layers are starting to
form. Another possibility suggested by McConnell and colleagues and relevant to our
study, is that constant feedback exists from the developing cortex to cells leaving the VZ
(Desai and McConnell, 2000). They suggest that signals from neurons recently arrived in
the cortex communicate to VZ cells that a layer is complete and no new cells are needed
in that specific site. This idea may account for fewer transplanted cells migrating into to
“normal” cortex as these brains had a full complement of neurons in each layer at P7-9.
In E33 MAM treated brains, however, layer 4 remains incomplete, and feedback signals

may encourage the migrating cells.
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We additionally found that the transplanted cells migrated differently depending
on the age of the donor cells and in normal vs MAM treated animals. E27 donor cells,
which would normally reside in the lower cortical layers, migrated preferentially to the
upper cortical layers in MAM treated cortex, while they distributed evenly through the
cortical layers in normal animals. E33 donor cells distributed relatively evenly through
the cortical layers in both types of hosts. The E27 donor cells, however, appeared to
respond to the environment of the host, suggesting they were more flexible in their fate.
One possibility is that the MAM treated brains may actually lack specific cues that
inform cells to stop migrating when they reach a target layer, therefore allowing the more
flexible E27 cells to keep migrating.

Differentiation of donor cells

When the cells transplanted in vivo were assessed to see if they displayed
different phenotypes, we found a number of CM-Dil labeled transplanted cells were
immunoreactive to neuronal antibodies. No fluorescently labeled donor cells were
positive for GFAP, even though the same population of cells grown in culture
differentiated into neurons and astrocytes. Indicating the different influences on
phenotype in vitro versus in vivo. Albeit, it is possible that our markers were not sensitive
enough to detect specific proteins, it is also possible that most transplanted cells in our
experiments differentiated into neurons. Several studies suggest that cues in the host
environment can direct grafted cells to become neurons (Macklis, 1993; Sheen et al.,
1999; Ogawa et al., 2002; Yang et al., 2002). The host environment may specifically

encourage neuronal differentiation of transplanted cells in several disease models such as
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Huntington’s and Parkinson’s. Transplanting neural progenitor cells into MAM treated

animals neonatally may drive them towards a neuronal fate.

Summary

Over the past decade the possibility of using progenitor cells and stem cells to
repair damaged brain has become a reality (Horner and Gage, 2000; Lindvall et al., 2004;
Goldman, 2005; Conti et al., 2006). Much of the previous research focused on
neurodegenerative diseases. Our research targets cortical neuropathology at an early time
point, when the brain contains factors and cues that support cell survival, migration,
differentiation and integration. This has important clinical relevance as younger brains
are plastic and more likely to respond positively to treatment with stem cells (Sheen et
al., 1999). Taken together, our data indicate that progenitor cells are able to survive,
migrate and differentiate in host cortex. In young animals, the host cortex influences

laminar fate of the cells.
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Supplemental Information

Papain vs no engyme

The use of enzymes to dissociate cells may remove the extracellular receptors, affecting
how cells respond to cues from the extracellular environment. In order to assess if the
dissociation method affected the migratory fate of cells; we mechanically dissociated
cells using a Pasteur pipette or dissociated cells from the same litter by first digesting the
tissue in Earl's Balanced Salt Solution (EBSS) (Gibco) with the enzyme 1 mg/ml papain
(Roche, Indianopolis, IN), 0.2 mg/ml cysteine (Sigma), 0.2 mg/mlEDTA (Sigma)
0.1mg/ml DNase and incubated for 30 minutes in a 37°C water bath with manual rocking
every few minutes. The solution was centrifuged, the supernatant discarded and the cell
rich solution transferred to EBSS containing 10mg/ml of albumin, bovine fraction V
(Sigma) and 10mg/ml trypsin inhibitor Type 1I-O, chicken egg white (Sigma), the
solution was triturated then centrifuged. Following centrifugation, the supernatant was
discarded and the cells resuspended in PBS without calcium or magnesium (Gibco) and
0.6% glucose (Sigma) and labeled with CM-Dil (see Methods), prior to being injected
into host organotypic cortex (Gritti et al., 2001). We found that cells had a similar pattern
of migration with either type of dissociation method (Supplemental figure 1A). When
cells were injected into the ventricular zone (VZ) of MAM treated slices the papain-
dissociated cells, as well as the mechanically dissociated cells, migrated to the cortical
plate and once in the cortical plate, were located in the upper cortical region. There were

no significant differences between groups.
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Type of media

We also assessed whether the type of media and the presence or absence of serum (which
contains undefined components) influence laminar fate. We found that laminar fate was
not affected by the type of media. For all types of media, more cells were found in the
UCP vs the MCP or LCP after injections into the VZ. The following paradigms were
used: i) MEM with Earle’s salts without L-Glutamine (Gibco) supplemented with 100ml
(10%) normal horse serum (NHS) (Gibco), 10mg gentamicin, 10ml L-glutamine-200mM
100x (Gibco) and 6g of glucose (Sigma) per 1000ml of media. (ii) Neurobasal media
(Gibco) with 20ml B-27 50x (Gibco), 10ml N2 100x (Gibco), 10mg gentamicin, 10ml L-
glutamine-200mM 100x (Gibco) and 6g of glucose per 1000ml. (iii) Exposure to the
MEM + 10% NHS serum containing media for 3 hours, which was then removed and

replaced with the Neurobasal media.
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Chapter 3 Figures

Figure 1. Cell culture models of ferret embryonic cells. A is a clonal assay of E27 ferret
neural progenitor cells proliferated as free floating neurospheres and passaged 2x before
being used for the clonal assay. Cells were dissociated into a single cell suspension and
plated at a very low density in a collagen matrix. The single cells were followed for 21
days. Individual cells were identified by drawing a circle around them on the bottom of
the dish and allocating a reference number. The cells were imaged every 3 days with a
digital camera to capture their clonal expansion. The grid underneath the sphere was a
2x2 mm scoring dish used to determine the size of the sphere. Scale bar = 1000 um. B
shows E33 free floating ferret neural progenitor cells. After 1 DIC, cells had yet to form
spheres. Within 5 days spheres began to form. At 6 DIC spheres were about 200 um in
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diameter. Spheres were continuously passaged (approximately every 8 days) and they
gave rise to new spheres. Scale bar =200 um. C and D show that E33 ferret
neurospheres were differentiated in a manner similar to mouse neurospheres. The
proliferation media containing EGF was removed and the cells were exposed to
differentiation media containing serum. Whole spheres or single cells that had been
dissociated from whole spheres were plated on a glass poly-L-ornithine coated coverslip
and allowed to differentiate over several days. Ferret neurospheres gave rise to different
cell types including neurons (TUJ1+) and astrocytes (GFAP+), or remained
undifferentiated (Nestint). Scale bar = 100 pm.
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Chapter 3, Figure 2. Schaefer, A.W. and Juliano, S.L.
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Figure 2. Location of donor cell injections into organotypic host slices. Images of E27
(A, B, C) or E33 (D, E, F) ferret neural progenitor cells (fNPS) injected into the
ventricular zone (VZ) or intermediate zone (IZ) of ferret slices. Donor cells were labeled
with the lipophilic fluorescent dye CM-Dil. After injections into the VZ, many cells
could be seen in the CP, with a paucity of cells in the [Z. When cells were injected in the
1Z, they remained there and few cells migrated away from the site of injection. Higher
power views show the neuron-like morphology of donor cells (C, F). A, B, D, E Scale
bar = 600 um C, F Scale bar = 100 pm G, H. The right side of each graph demonstrates
that significantly more cells reached the cortical plate after injections into the VZ,
compared with IZ injections (Mann Whitney, * P<0.001). The left side of each graph is a
break-down of the cells that migrated into the CP. Within the CP, significantly more cells
reached the upper cortical plate (UCP) when the injections were made into the VZ. This
is true for both E27 (G) and E33 (H) donor cells. A two-way ANOVA revealed
significant differences between VZ and 1Z groups. A subsequent Holm-Sidak pairwise
comparison test indicated significant differences between the percentage of cells that
reached UCP in slices receiving either E27 or E33 injections (# P<0.050). Error bar
values represent the standard error of the mean (SEM). MCP, middle cortical plate; LCP,
lower cortical plate. The number of organotypic slices analyzed for each condition is
indicated in the graph legend.
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Chapter 3, Figure 3. Schaefer, A.W. and Juliano, S.L.
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Figure 3. Distributions of transplanted cells after injection into normal and MAM treated
organotypic hosts. Figure A-E demonstrate examples of injections into organotypic
cultures obtained from normal (B, D) and MAM treated (A, C, E) animals. They received
injections of either E27 (A, B), E33 (C, D) or mouse neural stem cells (E). Higher power
views of transplanted cells with neuronal morphology can be seen in the right hand
columns. Asterisks indicate the injection site. The images in the right hand column show
differentiated, neuronal morphology of the donor cells. Scale for the left hand images of
A, B, C, D, E is 500 um; for the higher power images in the right hand column, 10 pm.
Graphs F-H represent the distributions of cells in the organotypic cultures after
transplantation. F and G show that for E27 (F) and E33 (G) donor cells in both normal
and MAM cortex, more cells reached the CP (cortical plate) as indicated in the right side
of the graph using a paired t-test (*P<0.050). The left side of the graph indicates that of
the cells reaching the CP, a greater number of these cells migrated into the upper cortical
plate (UCP) after injection in the VZ. This is true for both E27 and E33 donor cells and
for normal and MAM treated hosts. This was determined using the two-way ANOVA
followed by the Holm-Sidak test, (# P<0.050). H demonstrates that all the three donor
types of cells transplanted into organotypic slices migrated in a similar pattern, including
the E27 and E33 fNPs, as well as the mNSCs (mouse neural stem cells). MCP, middle
cortical plate; LCP, lower cortical plate. The number of organotypic cultures for each
condition is indicated. Error bar values equal SEM.
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Chapter 3, Figure 4. Schaefer, AW. and Juliano, S.L.

Figure 4. Injections of CM-Dil labeled donor cells into MAM treated and normal
animals in vivo. A-C is an example of a donor cell injection into a MAM treated host,
while D-F is an example of a transplant into a normal host. A and D demonstrate the CM-
Dil labeled injection and B and E are an overlay of the injection with a bisBenzimide
nuclear stain of the same image. Positions of the migrating cells are indicated in C and F
with white dots. G-I are higher power images that show CM-Dil labeled cells that have
migrated into the neocortex. G is from the MAM treated cortex and H and I are from the
normal cortex. Scale bar = 1000 um for A-F and 10 pm for G-I
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Chapter 3, Figure 5. Schaefer, A.W. and Juliano, S.L.
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Figure 5. Graphs demonstrating the overall distribution pattern after injection into
normal and MAM treated host kits. A shows that injections of E27 fNPs (ferret neural
progenitor cells) were relatively evenly distributed throughout the mediolateral aspect of
the somatosensory cortex after injection into MAM treated cortex, whereas they remained
clustered to the middle region, superficial to the injection site in normal host kits. A two-
way ANOVA, followed by Holm-Sidak indicated significantly more cells in the lateral
aspect of MAM cortex versus normal cortex (¥ P<0.050). Using the same statistical tests,
comparisons within the normal cortex showed significantly more cells in the middle
aspect of the cortex for E27 (A) and E33 (B) transplanted cells (# P<0.050). Graph B
shows significantly more cells in the middle region of normal cortex compared to MAM
(* P<0.050). Error bar values equal SEM. The number of animals (N) and total number of
slices used for each condition are indicated.
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Chapter 3, Figure 6.

Schaefer, A.W.and Juliano, S.L.
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Figure 6. Graphs of the cortical distribution of donor cells transplanted into ferret kits.

A and B compare the distribution of cells that were either proliferated or transplanted
acutely. For E33 fNPs (ferret neural progenitor cells), the distributions were similar when
comparing the distributions in MAM treated animals (A) or assessing the pattern in
normal hosts (B). No significant differences were observed. C and D compare the cortical
distributions of transplanted E27 versus E33 donor cells. When E27 fNPs were injected
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into MAM treated hosts (C), the donor cells preferentially migrated into layers 1-2.
Transplants of E33 fNPs into normal and MAM hosts, however, were distributed
relatively equally among cortical layers (D). E compares the distribution of E27 versus
E33 donor cell transplants in MAM treated hosts. There were significantly more E27 vs
E33 donor cells in layers 1-2 (two-way ANOVA followed by Holm-Sidak pairwise
comparisons; (*P<0.05). The same statistical tests indicated that there are significantly
more E27 cells in layers 1-2 vs layers 3-4 and 5-6 (# P<0.05). Error bar values equal
SEM. The number of animals (N) and slices used in each condition are indicated in the
graphs.
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Chapter 3, Figure 7. Schaefer, A.W. and Juliano, S.L.




Figure 7. Images of double labeled cells after transplantation into ferret kits. Figure A-C
show donor cells of different morphology that were double labeled for neuronal markers
(MAP). Shown are images of immunoreactivity for MAP in green, the CM-Dil label in
red and a merged image. D-E show examples of immunoreactivity for the astrocytic
marker GFAP in green, and CM-Dil in red. Merged images are also shown. No GFAP-
CM-Dil double-labeled cells were observed. Scale bar = 10 pm.
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Chapter 3, Supplemental Figure 1. Schaefer, AW. and Juliano, S.L
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Supplemental Figure 1. Parcellation of cortex for quantification. The neocortical layers
were outlined using the nuclear stain of bisbenzimide to determine the laminar
boundaries in the somatosensory cortex of normal (A) and MAM treated cortex (B). The
red line delineates layer 2 and the pia; the pink line delineates layers 3 and 4; the light
blue line borders layers 5 and 6. The white dashed lines divide the outlined cortex into
lateral (to the left), middle, and medial segments (to the right). The MAM treated cortex
(B) displays a different sulcal pattern than the normal cortex (A). Scale bar = 1000 pm.
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Chapter 3, Supplemental Figure 2. Schaefer, A.W. and Juliano, S.L.

Supplemental Figure 2. Images of control experiments. Both the organotypic cultures
(A) and ferret kits (B) received control injections of dead, CM-Dil labeled cells to assess
the possibility that extraneous dye might lead to cellular label that was not from the
transplanted cells. Although CM-Dil fluorescence could be seen at the injection site,

there were no labeled cells in the cortex or far from the injection site. Scale bar in A =
1500 pm, B = 3000 pum.
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Chapter 3, Supplemental Figure 3. Schaefer, A.W.and Juliano, S.L.
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Supplemental Figure 3. The effect the mode of dissociation and the type of media on the
ability of donor cells to migrate into the neocortex on organotypic slices. A demonstrates
that the mode of dissociation (using enzymes versus no enzymes) did not affect the
migratory pattern of donor cells. Transplants were made into the ventricular zone (VZ) of
both normal and MAM treated cortex. B shows that different types of media did not
affect the migratory pattern of donor cells. Error bar values equal SEM. Three different
types of media were used: MEM, NB (neurobasal), or a short exposure to MEM followed
by culture in NB. Transplants were made into normal and MAM treated cortex. See text
for details. DIC, days in culture.
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Chapter 4

Discussion

The overarching goal of this research is to elucidate the mechanisms of cortical
development and eventually provide a cure or a repair mechanism for cortical dysgenesis.
At risk mothers could be followed prenatally, pathogenesis detected early and allogeneic
stem cells transplanted into a baby’s brain during the perinatal period when there is still a
fair amount of plasticity in the central nervous system. This would hopefully result in
children that are less severely affected by their neural pathogenesis; they would reach
their developmental milestones on time and function normally within society. To
develop these possibilities we developed two animal models of cortical dysgenesis that
mimic some of the neurological disorders seen in the human population and we
developed a variety of approaches to garner information on the potential for cortical

repair.
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Rescue of the E24 MAM phenotype

Use of MAM on E24 has a greater teratogenic effect than injection of the anti-
mitotic later on in gestation. Injection of MAM on E33 leads to diminished layer 4. These
animals live to adulthood and function normally. Use of MAM on E24 produces ferret
kits that die within the first few days after birth. Our first study expounds upon the role of
reelin in radial glial morphology as well as its importance in neuronal layering. We used
a coculture system where mouse cortex is cultured next to ferret cortex. We found that
the diffusion of factors is sufficient to improve both migration and radial glial
morphology when wild type mouse tissue was used. When reeler tissue was used, we
were able to improve radial glial morphology but not cortical migration. This elucidated
the dichotomy between normal radial morphology and cortical migration. Just improving
radial morphology, without the presence of reelin was not sufficient to induce cells to
migrate to their proper laminae. The phenotype could be rescued by the normotopic
presence of reelin. Reelin expressing HEK 293T cells placed at the pial surface of the
E24 MAM treated cortex restored normal migration and radial morphology. This finding
indicates that although reelin is not required for improved radial morphology (as another
factor in the reeler cortex was able to restore radial glial alignment), it is capable of
rescuing the E24 MAM phenotype. The mouse and human reelin genes are orthologous.
Mutations to this gene in the human produce ataxia, mental retardation and epilepsy
(Olson and Walsh, 2002). The ability to rescue the phenotype in mouse holds promise for

managing defective reelin signalling related symptoms in humans.
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Neural Progenitor cells and the E33 MAM Model

Migration of ferret embryonic donor cells on organotypic slices

In our second study, we used the organotypic culture model to show that
exogenous cells injected onto organotypic slices could survive, migrate, and differentiate
on tissue from the same or different species. We determined that location of injection had
an important consequence on destination. We hypothesized that injecting the cells in the
1Z, just below the CP (the projected target of the injections) would increase the number of
cells that invaded the CP as they would have to migrate over a short distance. Cells were
also injected into the VZ, where endogenous cells are born. Significantly more cells
migrated to the CP when injected in the VZ versus the IZ. We postulate that, since cells
are normally born in the VZ, and donor cells are transplanted when endogenous cells are
migrating to the cortex, that the VZ contains signals, not present in the IZ, to leave the
VZ and invade the CP. (See Chapter 3 for more information). This finding may be
important for clinical studies, where the precise site of transplantation can influence the
ultimate distribution of injected cells.
Migration of mouse embryonic donor cells on organotypic slices

Knowing from our first study and previous work in the laboratory that diffusion
of factors from the mouse cortex could affect radial morphology and cell migration in the
ferret cortex (Hasling et al., 2003) we tested the ability of mouse cells to migrate in E33
MAM cortex. Mouse cells had a migration pattern similar to ferret cells (Chapter 3,

Figure 3 E, H). This confirms findings from our first study that cells from other species
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are capable of responding to exogenous cues from another animal, and supports the
notion of conservation of signaling mechanisms involved in brain development
(Schuurmans and Guillemot, 2002; Casanova and Trippe, 20006).

Migration and differentiation of ferret donor cells in vivo

The results from the culture of the ferret neural progenitor cells and their survival,
migration and differentiation in the organotypic slice model led us to pursue the ability of
the progenitor cells to survive, migrate, differentiate and integrate in the disrupted and
normal cortex in vivo. Compared to the organotypic cultures, in vivo transplanation could
provide signaling cues, molecules and factors in a 3D environment. Organotypic cultures
degrade over time, in vivo transplantation would allow more time for cells to migrate and
integrate into host tissue and this approach is more clinically relevant.

We asked whether the migration pattern of donor cells differed if they were
proliferated in the presence of EGF prior to transplantation or if they were acutely
transplanted. This was important to assess, as transplantation studies generally use either
acute transplantations or proliferated cells, and not both methods to assess the ability of
donor cells to repair the dysgenic nervous system (Sheen et al., 1999; Yang et al., 2000;
Englund et al., 2002b; Englund et al., 2002a; Ourednik et al., 2002; Yang et al., 2002;
Eriksson et al., 2003; Wernig et al., 2004). Our study did not find any significant
differences in the migration pattern of the acutely transplanted versus proliferated cells in
MAM treated or normal animals, suggesting that the fate of the donor cells was not
significantly altered during its exposure to the proliferation media containing EGF and a
hormone/salt mixture (Stem Cell Technologies) (Reynolds and Weiss, 1996). A possible

reason for this is that the cells we transplanted include a mixed population of cells, when

114



used acutely as well as following proliferation. In both cases we most likely have
mitotically active neural precursors and committed neuronal and glial precursors, as well
as post-mitotic neurons and glia. Proliferating the donor cells also maintains a portion of
the progenitor cells mitotically active and does not inhibit survival of differentiated cells
at the early passages (Gritti et al., 2001), thus we can infer that the ratio of mitotic to
post-mitotic cells is similar in the acutely transplanted versus cells that were transplanted
following several days of proliferation. Transplantation studies by McConnell in the
ferret cortex indicate that “only terminally post-mitotic daughters inherit a laminar
commitment, whereas daughters that retain a proliferative potential also retain a
multipotent laminar fate” (McConnell and Kaznowski, 1991). The distribution of our
donor cells to different layers in the host cortex is indicative of their mixed origins.
Electrophysiology of the E33 MAM treated Ferret

The good survival, migration and differentiation of donor cells in vivo is
promising in terms of the ability of progenitor cells to improve cortical deficits. One of
our goals was to assess the functional potential of transplanted cells using multi-electrode
array (MEA) recordings (Ayanda Biosystems, Lausanne, Switzerland). We knew from
previous work in the lab that MAM treated cortex has an abnormal current source
density profile (McLaughlin and Juliano, 2005). This abnormal pattern probably arises
from widespread thalamocortical afferents, which normally terminate in layer 4, as well
as alterations in the laminar position of GABAA, receptors. These structural changes
appear to result in a shift in the normal balance of excitation and inhibition (Noctor et al.,
2001a; Palmer et al., 2001; Jablonska et al., 2004). The MEA allows us to record from

the entire cortex simultaneously, when all conditions of a region of cortex are the same.
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Using the MEA, we obtained preliminary data supporting improved functional responses
in MAM treated animals that received transplants (Chapt. 4, Figure 1, 2 A, B). This work
needs to be further elucidated and remains as an exciting future direction for this project.
Another goal was to assess integration of the donor cell in the host tissue using
patch clamping techniques in collaboration with Maria Braga, Ph.D. Preliminary data
indicates that the donor cells are integrated into the host tissue (Chapt. 4, Figure 2 C, D,
E), but technical challenges limited the ability to record from a large number of cells.
One of the challenges is that transplanted donor cells are much smaller than endogenous
cells making them difficult to patch successfully. Also, the transplanted cells appear to be
very fragile, perhaps due to the presence of CM-Dil in the cell membrane, leading to
poorly formed seals with the patch pipettes. Finding a way to efficiently infect ferret
donor cells with green fluorescent protein would be one avenue that we would like to
pursue to determine if this method reduces the number of cells that do not form effective
seals.
Culturing cortical cells from embryonic ferrets: a new source of neural stem cells?
Cell culture allowed us to assess the potential of ferret neural progenitor cells, to
determine if it is possible to culture ferret progenitor cells, expand them several times,
and differentiate them. These cells are phylogenetically closer to human cells compared
to mouse progenitor cells. There are serious moral and ethical concerns with using human
embryonic neural progenitor cells, thus using ferret neural progenitor cells provides a
relatively inexpensive, accessible source of progenitor cells for scientific research and
transplantation into other species (such as a monkey) as opposed to using mouse stem

cells. We found ferret donor cells could be expanded and differentiated using protocols
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intended for mouse culture. Cells proliferated as free-floating spheres in proliferation
media could be passaged several times, and differentiated into neurons and astrocytes
(Chapter 3, Figure 1 B, C, D). Using the colony forming cell assay and placing single
cells at low density in a collagen matrix we found that a single cell could give rise to
clones measuring more than 1000 pm over a period of three weeks (Chapter 3, Figure 1
A). These observations suggest that the potential use of ferret neural stem cells could be a

powerful tool for use in future studies to repair damaged cerebral cortex.
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Future directions

There are many aspects of this research that can be further pursued. Several
questions still remain unanswered.
Cell Culture

We would like to continue optimizing the protocols for proliferating and
passaging ferret neural progenitor cells in culture and to determine specific
concentrations of mitogens and other factors that promote ferret proliferation and
differentiation. There are numerous publications reflecting diverse approaches to
culturing mouse progenitor cells for optimal proliferation. They also report components
that can be added to influence cell fate such as: leukemia inhibitory factor (LIF), platelet-
derived growth factor (PDGF), ciliary neurotrophic factor (CNTF), brain-derived growth
factor (BDNF), or nerve growth factor (NGF) (Reynolds et al., 1992; Gage et al., 1995;
Johe et al., 1996; Reynolds and Weiss, 1996; McKay, 1997; Marmur et al., 1998;
Svendsen et al., 1999; Vescovi et al., 1999b; Caldwell et al., 2001; Erlandsson et al.,
2001; Tropepe et al., 2001).

It would also be useful to quantify the percentage of mitotically active to post -
mitotic neurons, astrocytes and oligodendrocytes immediately following dissociation and
at different times during proliferation. Furthermore, layer specific antibody markers such
as reelin, which labels cells from layer 1, Cux1 which is a marker for layer 2/3 cells, or
the layer 5 marker ER81, could be used to assess whether cell phenotype changes over

time (Shen et al., 2006).
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Cell Labeling

Second, we would like to infect ferret progenitor cells with GFP at a high rate of
efficiency. Currently the rate of efficiency using a lentiviral vector (Biogenova,
Rockville, MD) or pNIT GFP remains at ~10%. A longer cell cycle in the ferret and other
differences at the cellular level may impact on the ability of ferret progenitor cells to be
transfected or infected with virus relative to mouse progenitor cells. Although we injected
GFP labeled ferret progenitor cells in vivo after 7 days of proliferation, to allow time for
the GFP to be expressed, we found only a few fluorescent GFP cells near the site of
injection. Efficient infection of ferret donor cells with GFP would improve the possibility
of being able to patch clamp a GFP+ cell in host tissue to better evaluate functional
integration into host cortex.
Transplantation of donor cells from the ganglionic eminences

In the E33 MAM treated brain we know that GABAergic elements are
specifically disturbed (Jablonska et al., 2004; Poluch et al., 2007). GABAergic cells arise
from the ganglionic eminences and migrate tangential to the cortical plate in superficial
and deep streams. Once they reach they cortical pate, they migrate radially to their final
destination (Poluch et al., 2007). Due to the alterations of GABAergic elements in MAM
treated cortex, it will be important to assess the transplantation of cells obtained
specifically from the ganglionic eminences. One question to test is whether the migration
pattern is similar to the population of cells taken from the cerebral cortex. A second
question could assess if transplantation of donor cells from the ganglionic eminences
either themselves or transplanted in conjunction with donor cells from the dorsal

telencephalon alter the functional response profile in host tissue.
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Behavioral Analysis

Another question of interest is the distinction in behavior between the E33 MAM
treated and normal ferrets. E33 MAM treated ferrets appear relatively normal. For
example, they grow at the same rate as normal ferret kits, they socialize with other
ferrets, and do not appear overtly abnormal. From day-to-day care of the ferrets, many of
the caretakers indicate that the adolescent male MAM treated ferrets have less refined
social skills than their untreated counterparts. This type of behavior can be related to
human clinical diagnoses of hyperactivity or attention deficit disorder more predominant
in males versus females subsequent to an in utero neurotoxic event (Rice and Barone,
2000). We hope to initiate a series of studies to evaluate behavioral deficits in MAM
treated ferrets that may help us correlate subtle behavioral alterations with clear clinical

correlates and whether treatment with cell transplantation alters their behavioral skills.
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Conclusion

This thesis adds to the scientific body of knowledge in several ways:

1) We used an animal model that is higher up on the phylogenetic scale, and is
closer to humans with its protracted corticogenesis, convoluted cortex, and complex
social behavior in comparison to the rodent.

ii) We used MAM treatment at two different time points, on E24 which has a
severe constellation of defects and results in postnatal mortality as well as on E33 with
more subtle cortical abnormalities and survival to adulthood.

iii) We used several approaches to elucidate factors associated with cortical
dysgenesis and the potential for repair.

a. Cocultures of E24 MAM treated tissue with cortex from the reeler mouse
provides evidence that reelin is not necessary for radial alignment, but is
crucial for cortical lamination and that cocultures with reelin secreting
cells rescues this phenotype

b. Injection of E27 and E33 donor cells onto organotypic slices demonstrated
that the cells could survive, migrate, and differentiate in vitro.

c. Injecting the cells in the ventricular zone versus the intermediate zone
provided evidence that location of injection is important with significantly
more cells migrating to the upper cortical region following injection into
the VZ versus the 1Z in vitro.

d. Cells from a different species, i.e., mouse neural stem cells, could also

survive, migrate, and differentiate in ferret tissue, indicating that cells
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from another species can respond to factors appropriate for migration and
survival.

e. Ferret neural progenitor cells were injected into perinatal ferrets via a bore
hole in the skull and into the brain. All the animals recovered immediately
from the surgery, there were no incidences of infection or death due to
surgery, animals grew in length and gained weight similar to their non-
surgery treated littermates, indicating minimal physiological consequences
to the animal after undergoing brain surgery.

f.  Donor cells survived, migrated from the VZ to the CP, and differentiated
into MAP2abc+ neurons, demonstrating the potential of progenitor cells to
replace lost neurons.

g. After in vivo injections, MAM cortex exhibited an environment more
conducive to migration as a greater number of donor cells were found in
the superficial layers compared to the pattern of migration in normal
cortex, which was more evenly distributed. In addition, the distribution of
transplanted cells in normal cortex was very restricted compared to the
widespread and diffuse tangential dispersal after injection in MAM treated
cortex.

h. We are pioneers in the field of ferret progenitor cell culture as we are the
only laboratory to proliferate and culture ferret neural progenitor cells.

The results conveyed in this thesis provide one more step on the way to improving
the lives of children born with cortical malformations. By culturing E24 MAM treated

tissue for just 2 days with wild type or heterozygous mouse tissue or reelin expressing
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cells we were able to restore cortical migration and radial morphology. In the E33 MAM
model, exogenously transplanted cells survived, migrated, and had differentiated
morphology within 3 days when transplanted onto organotypic slice. In vivo, transplanted
cells also survived, migrated to the cortex and differentiated into neurons within 2-4
weeks. Furthermore, the observation that young ferrets awoke quickly from anesthesia,
immediately began nursing when returned to the jill, did not incur any infections, gained
weight and ambulated similarly to their non-surgery treated siblings, is evidence that
brain surgery in young mammals does not have serious physiological repercussions. In
addition, the mortatlity rate was the same as their littermates that had not undergone
surgery. The positive outcome from this research provides the groundwork for promising
future research that will hopefully one day lead to the improvement of lives for children

born with neural defects.
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Chapter 4 Figures

Chapter 4, Figure 1. Schaefer, A.W.
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Figure 1. This figure shows an example of two traces recorded using a multi-electrode
array (MEA). The array with a slice situated on the electrodes is shown in the center of
the image. Placement of the electrodes is indicated with black dots. The outer surface of
the slice is on the left and indicated with a white dotted line (Pia); the inner surface of the
slice is on the right (white matter, WM). The stimulating electrodes are shown as red
dots. All the electrodes recorded activity, but only two traces are shown, which correlate
to the activity recorded at the blue and yellow dots. Time to peak amplitude for both
traces was approximately 3.5 ms after the stimulus. The stimulus artifact can be seen at
t=0 ms. The activity recorded in the traces returns to baseline after about 23.5 ms. The
recordings were conducted under conditions when excitatory activity in the slice was
enhanced using: depolarizing KCI 10 mM, the glutamatergic agonist glutamate 100 pM,
and the inhibition of GABA4 receptors with bicuculline 4 uM to diminish GABAergic
drive.

MEA (Ayanda Biosystems, Lausanne, Switzerland) Custom made 3D, 6x10 array of
electrodes with 400um spacing between electrodes. The platinum electrodes have a 70
pm diameter, they are 80-95 pm in height and have a resistance of 200-250 kQ.
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Figure 2. A. Illustrated here are contour maps of responses during recordings from a P25
E33 MAM treated ferret that received a transplant of E27 ferret neural progenitor cells on
P9. Recordings were made using a 6x10, 3D micro-electrode array (Ayanda Biosystems).
The responses are presented as contour maps at two time points in response to white
matter stimulation. The initial sinks in response to stimulation (bipolar microelectrode)
occur in layer 4 (left image) and progress to the upper layers 5 msec later (bottom
column) for normal cortex & MAM cortex with transplants (fNPs on the right). In MAM
treated cortex alone, the sinks do not occur in an organized manner (central column). The
precise site of recording for A is illustrated in B. Transplanted CM-Dil labeled cells can
be seen in the cortical plate. C. Illustrates patch clamp recordings from a cell transplanted
into a P7 ferret kit surviving until P25. The cell was recorded with 10 uM BIC, 100 uM
APV, and 10 pM picrotoxin in the extracellular solution. Traces of AMPA receptor-
mediated spontaneous excitatory postsynaptic currents in the whole-cell voltage-clamp
mode at a holding potential of —70 mV. Mean amplitude 208 +42 pA, frequency 1.2 Hz,
resting membrane potential -64 mV.
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Cp
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EGF

List of abbreviations
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alcohol related neurodevelopment disorders
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basic fibroblast growth factor
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Vybrant lipophilic dye, 1,1’-dioctadecyl-3,3,3”,3’-tetramethyl-
indocarbocyanine perchlora

((5-(and-6)-(((4-chloromethyl)benzoyl)amino)tetramethylrhodamine) -
mixed isomers)

central nervous system
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disabled-1

days in culture

Dulbecco’s Modified Eagle Medium

epidermal growth factor
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MCP
MEA
MEM
mNSC
MZ
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NGF
NHS

nl

fetal alcohol syndrome
ferret neural progenitor cells
gamma-aminobutyric acid
glial fibrillary acidic protein
green fluorescent protein
heterozygous
intraperitoneal

intermediate zone
intermediate zone, deep
intermediate zone, superficial
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lower cortical plate
leukemia inhibitory factor
methylazoxy methanol
middle cortical plate
multi-electrode array
minimum essential medium
mouse neural stem cells
marginal zone
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nerve growth factor
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PDGF platelet-derived growth factor
PI3K phosphoinositide-3 kinase
SvVz subventricular zone

UCP upper cortical plate

VLDLR very low-density lipoprotein receptor
WM white matter

WT wild type

\4 ventricular zone

Genes:

DCX doublecortin gene

FLN filamin gene

LiIS1 lissencephaly gene

RELN reelin gene
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