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ABSTRACT

The stem cell field is a fairly young but fast growing scientific field. Our understanding
of stem cells has changed tremendously over the last couple of decades. This in mainly
due to the development of new techniques that has enabled us to study stem cells from
a completely new perspective. Several groundbreaking findings were made through
technical advances, such as the development of somatic cell nuclear transfer in the 50s
and the production of the first cloned mammal, Dolly the sheep in 1996, which
demonstrated that nuclei of differentiated cells could be reprogrammed. The
development of cultures of adult neural stem cells in the 90s demonstrated the presence
of stem cells in vivo that could be propagated in vitro. More recently, the development
of artificial embryonic stem cells, the so called induced pluripotent stem cells (iPS
cells), were obtained through the delivery of only four exogenous factors, Oct4, kif4,
Sox2 and cMyc to cultured fibroblasts in 2006.

The publications presented in this thesis are based on several of these
groundbreaking findings. A common theme in the work of the thesis is the use of
neural stem cell for the purpose of addressing biological questions in vitro or in vivo.
Publication I describes a new miniaturized platform for culturing embryonic stem cells
and adult neural stem cells. This platform contains 672 wells, each one holding 500nL.
The volume, large enough to culture stem cells over several days is also small enough
to drastically reduce reagent costs. The platform is suitable for large-scale screening,
where a large number of substances or culture conditions can be studied
simultaneously. Publication II presents the development of a rapid and efficient
transfection method that allows localized in vivo transfection of plasmid DNA within
adult neurogenic niches by electroporation. This strategy allows gain-and loss-of
function studies as well as fate mapping experiments. Using this approach, we found
that cadherins play an essential role for maintaining the integrity of the lateral ventricle
wall. Both publication III and manuscript IV aim to further improve the iPS cell
production. Publication III is one of the first publications where reprogramming of
neural stem cells without Sox2 is reported. The iPS cells generated displayed
pluripotency by teratoma formation and production of chimeric mice upon blastocyst
injection. Two of the mice developed tumours displaying residual proviral expression.
The use of exogenous DNA presents a potential oncogenic risk. Choice of delivery
method for the reprogramming factors in combination with reduction of the number of
factors required might bring iPS cells closer to therapeutic use. Manuscript I'V
attempts to push adult neural stem cell towards a reprogrammed state through an all-
chemical based strategy, omitting the need for exogenous DNA. Adult neural stem cells
endogenously express three of the four reprogramming factors. This allows
reprogramming of adult neural stem cell through the addition of only one factor, Oct4.
In manuscript IV Oct4 expression is chemically induced. Endogenous expression of the
pluripotency factors Nanog and Rex! were measured to investigate whether Oct4-
inducing conditions could lead to a reprogrammed state.
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INTRODUCTION

The work, upon which this thesis is based, concerns in vitro and in vivo manipulation of
mouse neural stem cells and adult neural stem cells.

The term “adult stem cells” is used for stem cells within a specialised
tissue. Adult stem cells can be found in almost all tissues of the body. However, they
make up a very small fraction of the total cell number. They represent a reserve pool of
cells, ready for action when mature cells needs to be replaced due to damage or age.

Adult neural stem cells are stem cells of the central nervous system.
Despite having been extensively studied since the beginning of the 90s, specific
markers labelling stem cell populations are still lacking. Instead, functional
characteristics, localization and a palette of protein markers are often used to describe
them. Although these cells might be rare and still undefined, they are interesting from
many perspectives, and could answer many biological questions, for example how does
the nervous system develop during embryogenesis, which environmental cues do stem
cells respond to and what kind of responses are they capable of? Several of these
questions return in pathological situations such as, degenerative diseases of the central
nervous system, stroke, spinal cord injury and tumour development.

Progress in science is often hampered by technical limitations. Our
experiments are restricted by the available methods. The publications, upon which this
thesis is based, are related to the development of new techniques or the refining of
existing techniques with the aim of manipulating neural stem cells. The assays
presented in the publications have different goals with the use of the neural stem cells
and adult neural stem cells, the development of a miniaturized platform for large
parallel screens in vitro, the development of a transfection method allowing labelling
and alteration of gene expression in the two germinal regions in vivo, to the use of
neural stem cells for the purpose of reducing risks in the production of artificial ES

cells (iPS cells) and providing information on how pluripotency is maintained.






STEM CELLS

HISTORY, CHARACTERISTICS AND TYPES

The term “stem cells” originates from the German word “Stammzellen” used to
describe the concept of stem cells in one of the earliest publications (Askanazy 1907).
Stem cells have a unique ability to reproduce themselves as well as give rise to a wide
variety of differentiated cell types. In theory, stem cells possess the capability of eternal
life. The history of cell biology starts in the middle of the 19" century with the
development of microscopy and the discovery that cells were the building blocks of
organisms. Stem cell science begins in the middle of the 20" century, when single cells
from the bone marrow where found to give rise to different kinds of blood cells, both in
rodents and in humans (McCulloch and Till 1960; Thomas, et al. 1957). Initially stem
cell based replacement therapies were considered to hold the promise of cure for a wide
variety of diseases and malignancies. In particular, blood stem cells were the first to be
used for therapeutic purposes, with bone marrow transplants being routinely performed
since the 70s as a cure for blood disorders, such as leukaemia, myeloma and immune-
deficiency disorders.

Under the name of stem cells we group a wide range of cell types. They
are all classified according to their functional characteristics and sub-grouped according
to their differentiation potency. The four major groups of stem cells are the totipotent,
pluripotent, multipotent and unipotent stem cells. Totipotent cells have the ability to
produce all the cell types found in the embryo as well as extra-embryonic tissues, such
as the placenta. The only truly totipotent cell is the fertilized egg (zygote). Pluripotent
cells are able to give rise to all tissues generating the embryo but no extra-embryonic
tissue. To date, there are five types of pluripotent cells known, embryonic stem (ES),
embryonic germ (EG), embryonic carcinoma (EC), multipotent germline stem (mGS)
and induced pluripotent stem (iPS) cells. All of them can contribute to all cell types of
an embryo as well as germline transmission upon tetraploid complementation or
injection into a morula or blastocyst. EG and EC cells contribute to a lesser extent than
the other cell types. iPS cells are artificially produced pluripotent cells equivalent to ES
cells. Multipotent stem cells have the capacity to generate cells within a germ layer
(mesoderm, endoderm or ectoderm) or a tissue. Many of the adult stem cells are

examples of multipotent stem cells. Unipotent cells can only give rise to cells within



the same lineage. They are considered stem cells, since they exhibit indefinite self-

renewing capacity.

EMBRYONIC STEM CELLS

ES cells are derived from the inner cell mass of a blastocyst. The blastocyst is an early
embryonic state that occurs 3.5 days post fertilization in mice and 4.5 days post
fertilization in humans. The blastocyst is a spherical fluid-filled structure where the
inner cell mass consist of a lump of about 20 cells, residing within the blastocyst cavity.
These cells will eventually generate the entire embryo. The British scientist Martin
Evans was awarded the Nobel Prize in physiology or medicine in 2007 (together with
Mario R. Capecchi and Oliver Smithies) for his work on isolation and propagation of
mouse ES cells (Evans and Kaufman 1981). The term “embryonic” stem cells was
established to distinguish the embryo-derived pluripotent cells from the previously used
embryo-derived carcinoma cells (Martin 1981). The derived ES cells were tested for
germline transmission and the first evidence of embryo-derived pluripotent cells was
published in 1984 (Bradley, et al. 1984).

Almost 30 years have passed since the isolation of the first mouse ES
cells. Since then, only few other mammalian species have yielded long-term cultures of
embryonic stem cells. The first primate ES cells were derived from a rhesus monkey,
by the American scientist James Thomson in 1995 (Thomson, et al. 1995). Afterwards,
the same research group derived the first human ES cells (Thomson, et al. 1998). The
ultimate potency test for stem cells is whether they have the capacity to give rise to
germline transmission upon injection into a blastocyst or morula stage embryo.
Germline transmission is regularly tested on rodent ES cells, but cannot be performed
on human pluripotent cells for ethical reasons, leaving room for speculations
concerning the stem cell capacity of human pluripotent stem cells. Stem cells are
believed to hold great promise for therapeutics. Therefore major efforts are being made
in order to improve culture conditions and establish ES cell lines suitable for

transplantation.



ADULT STEM CELL

The term “adult stem cells” is used for stem cells within a specialised tissue. Adult stem
cells are multipotent and found in almost all kinds of tissues. Their function is tissue
repair and maintenance of homeostasis within the organ they belong to. Adult stem
cells are rare often located in special niches that create a suitable environment for the
stem cell populations. The niche has the major task of regulating the stem cell pool,
maintaining the population and at the same time responding to the needs of the
surrounding tissue.

The first adult stem cells were discovered in the late 50s in the bone
marrow (Thomas, et al. 1957). Today, we know that adult stem cells reside within
almost all organs in the human body. Adult stem cells are multipotent cells with diverse
proliferative capability. Organs subjected to harsh environments, such as skin, gut and
blood have stem cells with much higher proliferative capacity than for example muscle
stem cells and neural stem cells found in the CNS.

Using adult stem cells for scientific or therapeutic purposes is less
controversial in comparison to ES cells. Nowadays, adult stem cells are the only stem

cells commonly used in therapeutics.






ADULT NEURAL STEM CELLS

THE DISCOVERY OF MAMMALIAN NEUROGENESIS

It is a well-accepted concept that non-mammalian vertebrates, like fish, newts and birds
have ongoing neurogenesis throughout adulthood (Brockes 1997; Johns and Easter
1977; Nottebohm, et al. 1990). Vertebrate classes such as amphibians and fish have
amazing regenerative capacity, this has been illustrated by the severing of legs, optical
nerves and even spinal cord (Becker, et al. 1997; Brockes 1997; Johns and Easter
1977). However, mammals in general, and humans in particular, were believed to have
lost this capacity as evolution progressed, this was especially true when it comes to the
CNS. The primate and the human brain were considered to be too sophisticated and
complex to have maintained such a primitive but useful function. Ramon y Cajal, one
of the most famous neuroscientist and Nobel prize laureate in 1906, stated that
“Everything may die, nothing may be regenerated”’ (Cajal 1913). This dogma has
changed slowly over the years. In fact, the first publication reporting the presence of
neurogenesis in the adult mammalian brain by Altman and Das was not well received
(Altman and Das 1965). By using a thymidine analogue (tritiated thymidine) that
incorporates in the genome of dividing cells, they demonstrated that there is an addition
of neurons in the hippocampal area of adult rats. Altman confirmed, using the same
labelling method, that new cells are born after birth also in the olfactory bulb (OB) of
adult rats (Altman 1969). However, limitations of the methods at that time made it
impossible to state for sure that the labelled cells were indeed neurons and the
publications were therefore discarded by the majority of neuroscientists at that time. It
took until the beginning of the 80s before the morphology of the tritiated thymidine
labelled cells could be studied in more detail by electron microscopy (Kaplan 1981).
The year after, the development of a new thymidine analogue, 5-bromodeoxyuridine
(BrdU) (Gratzner 1982), made it possible to co-label the proliferative cells with cell-
type specific markers. Sceptics still argued that the BrdU labelled cells were not
neurons and that BrdU labelling could be a sign of DNA-repair rather than cell
turnover. One long lasting argument for the absence of adult neurogenesis was that a
stable non-proliferative neuronal circuit was necessary for the maintenance of learning

and long-term memory formation (Rakic 1985a; Rakic 1985b).



In vitro studies performed in the early 90s demonstrated that cells from
forebrain regions could be propagated over time as free-floating clusters, so-called
neurospheres. These neurospheres could give rise to secondary spheres clonally,
displaying self-renewing behaviour. They also displayed multipotent features,
generating the three main subtypes of cells found in the nervous system, neurons,
astrocytes and oligodendrocytes upon differentiation (Reynolds, et al. 1992; Reynolds
and Weiss 1996; Richards, et al. 1992). These experiments showed that cells with
neurogenic stem cell or progenitor capacity (at least in vitro) resides in the adult
mammalian brain.

Adult neurogenesis has been mostly studied in rodents over the years, but
studies also in non-human primates and humans have demonstrated the presence of
adult neurogenesis (Curtis, et al. 2007; Doetsch and Alvarez-Buylla 1996; Eriksson, et
al. 1998; Kornack and Rakic 1999; Lois and Alvarez-Buylla 1993; Lois and Alvarez-
Buylla 1994; Sanai, et al. 2004). Nowadays, it is widely accepted that proliferative
regions exist in the adult mammalian brain and that there are two major sites of
neurogenesis, the subventricular zone/olfactory bulb (SVZ/OB) region and the dentate
gyrus (DG) of the hippocampus. Adult neurogenesis replaces and adds neurons to the
OB and hippocampus. This maintains the function of the tissue as well as providing
plasticity to the organ (Garthe, et al. 2009; Imayoshi, et al. 2008; Magavi, et al. 2005;
Winner, et al. 2002). The SVZ/OB and the DG are not solely neurogenic niches. Both
regions are able to produce cells of the glial lineage. SVZ/OB give rise to
oligodendrocytes of the corpus callosum, fimbria and striatum (Jackson and Alvarez-

Buylla 2008) and the DG gives rise to subgranular zone astrocytes (Suh, et al. 2007).

ADULT NEURAL STEM CELLS ORIGIN AND IDENTITY

Neurogenesis occurs between E12 and E20 in the rodent cerebral cortex. Glial cells,
astrocytes and oligodendrocytes, are formed at later stages, around E16 and onwards.
The forebrain is generated from neuroepithelial cells residing in the basal
neuroepithelium along the anterior-posterior neuroaxis. Neuroepithelial cells are
elongated cells that make contacts with both the ventricle and the pial surface of the
developing brain. As cortex thickens during the progression of embryogenesis, the
neuroepithelial cells are stretched out maintaining their bipolar contacts. These

extended cells most likely transform into radial glia cells, the major stem cell



population of the embryonic and postnatal brain (Anthony, et al. 2004; Merkle and
Alvarez-Buylla 2006; Seri, et al. 2004). Radial glial cells give rise to interneuron-
producing cells in the adult mouse brain, establishing a link between these embryonic
precursor cells and the neural stem cells of the adult germinal zones (Merkle and
Alvarez-Buylla 2006; Merkle, et al. 2004; Seri, et al. 2004). The radial glial cells have
also been demonstrated to be the source of ependymal cells in the adult lateral wall
(Spassky, et al. 2005).

Establishment of neural stem cell identity is of considerable interest for
the understanding of adult neural stem cells and their role in health and disease. This is
hampered by the lack of an unambiguous stem cell marker, making it difficult to solely
study the stem cells populations. Today, neural stem cells are defined by a set of
markers and functional characteristics, such as localization, morphology, cell cycle
properties and BrdU incorporation together with the stem cell functional characteristics;
multipotency and self-renewal. Marker proteins associated with the adult neural stem
cells are Nestin (Lendahl, et al. 1990), Sox2 (D'Amour and Gage 2003), BLBP
(Rousselot, et al. 1997), Promininl (Coskun, et al. 2008; Uchida, et al. 2000) and
GFAP (Doetsch, et al. 1999a; Doetsch, et al. 1999b). However, none of these markers
are selective enough to specifically pinpoint the multipotent neural stem cell
population. The neural stem cell population in the SVZ shares several features with
radial glia-like astrocytes and ependymal cells. They express the mature astrocyte
marker GFAP and the ependymal and stem cell marker Promininl (Marzesco, et al.
2005; Weigmann, et al. 1997) and in many cases are found intermingled between the
ependymal cells in the lateral wall extending one single cilia into the ventricle
(Doetsch, et al. 1999a; Luo, et al. 2008; Mirzadeh, et al. 2008; Shen, et al. 2008). The
role of the mature astrocyte marker GFAP as a stem cell marker has been shown
through labelling GFAP-expressing subpopulations, either virally or through transgenic
approaches (Doetsch, et al. 1999a; Garcia, et al. 2004; Imura, et al. 2003). These studies
conclude that GFAP-positive cells are proliferative and display a bipolar morphology
different from mature GFAP-positive astrocytes and that these cells can give rise to
mature neurons populating both the OB and the hippocampus (Doetsch, et al. 1999a;
Garcia, et al. 2004; Laywell, et al. 2000; Seri, et al. 2001).



NEUROGENESIS IN THE SVZ/OB SYSTEM

The subventricular zone (SVZ) is the largest germinal zone in the adult CNS. It
comprises a thin area, located along the entire lateral ventricle wall covering the
striatum. The SVZ harbours the neural stem cells and neuronal precursors generating
newborn neurons destined for the OB. The SVZ/OB system is a highly productive
region in rodents, producing between 30 000-60 000 new cells per day (Biebl, et al.
2000; Lois and Alvarez-Buylla 1994). The majority of these neurons will not survive
and be functionally integrated into a neuronal circuit (Winner, et al. 2002). This
excessive production resembles very much the neurogenic behaviour during
embryogenesis (Oppenheim 1991).

The neural stem cell niche is closely associated with an extensive blood
vessel system found along the lateral wall of the lateral ventricle (Shen, et al. 2008;
Tavazoie, et al. 2008). This enables close contact between the cells in the niche and the
immediate surrounding. The SVZ niche comprises at least four different kinds of cells,
ependymal cells, neural stem cells, transient amplifying cells and neuroblasts. The
ependymal cells are multiciliated cells lining the lateral wall that separates the
subventricular region from the cerebrospinal fluid in the lateral ventricle. They provide
a barrier as well direct signal molecules and promote neuroblasts migration along the
lateral wall with their beating cilia (Mirzadeh, et al. 2010; Sawamoto, et al. 2006). The
ependymal cells are post-mitotic under physiological conditions (Bruni 1998; Bruni, et
al. 1985; Carlen, et al. 2009; Doetsch, et al. 1999b; Spassky, et al. 2005). The neural
stem cells (also called type B cells) reside juxtaposed to the ependymal cell layer. They
are often described as astroglial-like, expressing GFAP and a palette of other markers,
none of them specific for the adult neural stem cell population. Type B cells, represent
a relatively quiescent population that give rise to a highly proliferative, transient
amplifying population (type C cells) (Doetsch, et al. 1999a). The transient amplifying
population is the main population labelled with proliferative markers such as BrdU,
Ki67 and proliferating cell nuclear antigen (PCNA). This population expresses protein
markers such as DIx2, Mash1 and FGFR. These intermediate progenitors give rise to
PSA-NCAM-positive immature neuroblasts (type A cells) that migrate tangentially in
chains through the rostral migratory stream (RMS) to the OB. The RMS is a tube-like
structure formed by astrocytes separating the migrating neuroblasts from the
surrounding parenchyma. Once in the OB, the neuroblasts start migrating radially into

different layers of the OB, where they differentiate into the two main types of



GABAergic interneurons, the granule interneurons and the periglomerular interneurons
(Goldman 1995; Lois and Alvarez-Buylla 1993; Luskin 1993).

The type of interneurons formed is decided already at their origin in the
SVZ, long before the immature neuroblasts have reached the OB. Different regions of
the SVZ have been found to generate different kinds of interneurons. This regional
specificity is maintained even when cells are heterotopically grafted. Anterior and
dorsal regions of the SVZ mainly give rise to periglomerular interneurons and dorsal
regions to superficial granule interneurons, whereas the ventral regions mainly give rise
to deeper granule interneurons (Merkle, et al. 2007). A recent study has also
demonstrated that glutamatergic interneurons can be formed from neural stem cells in

the dorsal regions of the SVZ (Brill, et al. 2009).

NEUROGENESIS IN THE HIPPOCAMPUS

New neurons are formed in the hippocampus throughout the lifetime of the organism,
although somewhat declining with age (Kuhn, et al. 1996). About 9 000 new cells per
day have been reported in young adult rats (Cameron and McKay 2001) and about 10-
times less in adult primates (Kornack and Rakic 1999). The neural stem cells of the
hippocampus reside in the so-called subgranular zone (SGZ) of the DG, at the border of
the hilus and the granule cell layer of the DG (Seri, et al. 2004). The stem cells of the
hippocampus display astrocytic features much like the SVZ neural precursor cells.
They express GFAP and have long radial processes making close contacts with blood
vessels (Palmer, et al. 2000). The neural precursor population, also called type-1 cells
or B-cells, have been further subdivided into two types the radial astrocytes (rA) and
the horizontal astrocytes (hA) (Seri, et al. 2004; Suh, et al. 2007). The rAs have a round
or pyramidal cell body and a radial process that penetrates the granule cell layer and
extending towards surface of the DG. This long radial process is branched in the
molecular layer. On the other hand, the hAs exhibit no radial process, but a thin basal
lamellae oriented tangentially along the SGZ. They commonly express astrocytic and
radial glial markers such as Sox2, Vimentin, Blbp and Musashil. Fate-mapping studies
on Sox2-expressing populations have demonstrated that they give rise to neuroblasts
that migrate to the granule cell layer, where they integrate and form glutamatergic
excitatory dentate granule cell neurons (Suh, et al. 2007). Furthermore, this study

showed that the Sox2-positive population also gave rise to SGZ astrocytes and identical



Sox2-positive cells, consistent with true stem cells features such as, multipotency and
self-renewal in vivo.

The maturing neurons migrate a short distance to the granule cell layer
where they predominantly generate local glutamatergic excitatory granule neurons. The
maturing granule neurons extend an axon, called mossy fiber, into the CA3 region of
the hippocampus (Hastings and Gould 1999) and dendrites into the molecular layer of
the DG. The mossy fibers contact inhibitory interneurons of the granule cell layer, hilus
and CA3 area as well as excitatory mossy cells in the hilus and CA3 pyramidal cells
(Henze, et al. 2000). Neurons have been documented to be fully integrated and
functional about 4 weeks post cell division (van Praag, et al. 2002; Zhao, et al. 2006).
At this stage, they are morphologically undistinguishable from pre-existing granule
neurons (Kempermann, et al. 2003).

The hippocampus is a well-studied region with an undisputable role in
learning and memory formation. The anatomical regions of the hippocampus seem to
play somewhat different roles. The dorsal part of the hippocampus is involved in
learning and memory formation and the ventral part of the hippocampus have been
shown to take part in affective behaviour (Bannerman, et al. 2004). Hence, regulation
of neurogenesis in the hippocampus has been connected to learning, memory formation
and regulation of mood (Garthe, et al. 2009; Kee, et al. 2007; Warner-Schmidt and
Duman 2006; Zhao, et al. 2008).

CULTURING OF ADULT NEURAL STEM CELLS

The first cultures of adult neural stem cells were performed in the early 90s (Reynolds,
et al. 1992; Reynolds and Weiss 1992). These pioneering publications proved that
precursor cells could be found in vivo and propagated in vitro as free-floating clusters,
neurospheres. The hallmarks of stem cells, self-renewal and multipotency are based on
these primary findings. Neural stem cells self-renew clonally while kept in FGF2 and
EGF. The removal of mitogens results in the displaying of their multipotent properties,
giving rise to the three main cell types of the CNS, neurons, astrocytes and
oligodendrocytes. Neurosphere assays are still very much in use today, with minor
modifications to the original protocols. In addition to neurospheres, neural stem cells

can also be cultured as adherent monolayers on matrix (Pollard, et al. 2006).
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Neural stem cell cultures are derived from a single-cell suspension
isolated from the region of interest. The cell suspension is maintained in uncoated
tissue culture dishes under serum-free conditions with supplement of mitogens. Neural
stem cell cultures have been successfully derived from many regions along the
neuroaxis of the CNS, from the OB to the spinal cord (Golmohammadi, et al. 2008;
Gritti, et al. 2002; Weiss, et al. 1996). They can be isolated from human, mouse and rat,
embryonic and adult CNS.

Adult neural stem cells from the mouse SVZ/OB region typically express
the protein marker Sox2, Nestin, Blbp, RC2, SSEA1, musashil and EGFR. However,
cells displaying such markers are intermingled with cells expressing markers of more
mature cell types, such as PSA-NCAM and beta-tubulin III (Kaneko, et al. 2000;
Suslov, et al. 2002). A neurospheres is a compact cluster of cells, sometimes displaying
cilia-like cytoplasmatic protrusions from the surface. The inner core is composed of
more differentiated cells and depending on the sphere size, even necrotic cells. This
might be due to a lower access to the oxygen and mitogens present in the medium (Bez,
et al. 2003; Ostenfeld, et al. 2002). This is a limitation of the sphere cultures in
comparison to adherent neural cultures, where all cells have the same access to
nutrition and metabolite exchange. However, compact spheres formed under free-
floating conditions are also believed to create a niche for stem cells. Therefore they
may resemble the in vivo situation closer than the adherent cultures.

Neural stem cell cultures have provided valuable information about
neurogenesis within the mammalian nervous system. However, in vitro culturing
systems have also limitations. Cultures are sensitive to the culturing methods, such as
the frequency and method of passaging, concentration of factors in the medium and
overall number of passages (Caldwell, et al. 2001; Irvin, et al. 2003; Morshead, et al.
2002). The composition of the sphere cultures also changes with the overall size of the
sphere, containing a mixture of stem cells, progenitor cells and cells at different stages
of maturation. The heterogeneity increases with sphere size (Parmar, et al. 2003;
Reynolds and Weiss 1996; Suslov, et al. 2002). Cell cultures are highly artificial; the
neural stem cells are extracted and propagated without the instructive cues from their
niche. Culture conditions are also fairly generous, allowing all dividing cells to be
propagated (Seaberg and van der Kooy 2003). This results in primary spheres
composed of a mixture of cells, where many of the cells have the ability to clonally
form secondary spheres. The majority of the secondary spheres will be derived from

progenitor cells and not from a stem cell. All these factors have led to some
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discrepancies between the data of different research groups, sometimes making
comparison difficult.

Extended culturing of any stem cell population is not advisable. This
might lead to overall changes in the composition of the culture. This is also true for
adult neural stem cells, where increased proliferative capacity at the expense of
differentiation capacity has been reported. The neural stem cell cultures display a bias
towards astrocytic fate with reduced capacity to generate neurons and oligodendrocytes
after long term culturing (Chang, et al. 2004; Vukicevic, et al. 2010). This might be
caused by selection from the culture conditions, by fast dividing cells over multipotent
cells or by a general loss of stem cell capacity over the number of passages. Extended
culturing also increases the risk for chromosome instability (Ferron, et al. 2004;
Vukicevic, et al. 2010) and overall alterations in the gene expression. The later is still
controversial. Some publications report that the intrinsic regional specification is
maintained or partially maintained (Hitoshi, et al. 2002; Ostenfeld, et al. 2002; Parmar,
et al. 2002) whereas others report the opposite (Hack, et al. 2004; Santa-Olalla, et al.
2003). This might be due to differences in culture conditions as well as regional
differences within the CNS.

Despite these limitations, neural stem cell cultures have several
advantages, making them useful as tools in stem cell biology. Neural stem cell cultures,
adherent or free-floating, provide an excellent platform for expansion of adult neural
stem cells. The cultured cells are easily manipulated through plasmid transfection or
virus infection allowing for loss-of- function or gain-of-function experiments as well as
fate-mapping experiments. The neural stem cell cultures can be expanded and
investigated further, for stem cell characterisation, as model system for differentiation
and intrinsic specification between stem cell populations, both regional and temporal.
The culture conditions are defined serum-free conditions, allowing studies on how

different cells respond to any extrinsic cue added to the culture medium.

Neural stem cell cultures play a pivotal role in the publications presented in this thesis.
Publications I and IV are based on neurosphere cultures, adherent adult neural cultures
or both. The work in publication III was also based on neural stem cells. However,
these were differentiated from ES cells through exposure to neural stem cell medium

(Conti, et al. 2005).
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INDUCED PLURIPOTENT STEM CELLS

NUCLEAR REPROGRAMMING

An organism consists of many different and specialised cell types. However, all of
them are originally derived from one single cell, the fertilized egg (zygote). The zygote
is the ultimate stem cell, with the capability to generate the entire organism as well as
extra-embryonic tissue, such as the placenta. The fact that one single cell can contain
all the information necessary for all cell types is not so surprising, but the fact that all
cells of the adult body maintain identical genetic information (with exception for
mature antibody producing cells) is perhaps more astonishing. This was first
demonstrated by some elegant experiments by the British scientist John Gurdon in the
60s. He showed that frog eggs with nuclei from the skin or the intestinal epithelium
could give rise to live tadpoles (Gurdon 1962; Gurdon and Uehlinger 1966). His
experiments concluded that the differentiation process does not cause any irreversible
changes to the genome, despite the great variation in morphology and functionality
among mature cells. Gurdon’s experiments were preceded by the development of a
method called somatic cell nuclear transfer (SCNT), where a naked nucleus was
transferred into an enucleated egg (Spemann 1938). This method reached a technical
breakthrough when Robert Biggs and Thomas King demonstrated that the nuclei from
early frog blastocyst stage embryos could generate live tadpoles upon injection into
enucleated eggs, leading to the world’s first cloned animal, a tadpole (Briggs and King
1952).

It would then take until 1996 before the world’s first mammal was
cloned, Dolly the sheep (Campbell, et al. 1996). Dolly was cloned using SCNT, from a
cultured mammary gland cell, taken from an adult sheep. The cloning of Dolly caused a
world sensation and was over the years, followed by numerous publications reporting a
range of cloned animals, such as cow, mouse, pig, cat, horse and dog (ABS global,
1997; (Galli, et al. 2003; Lee, et al. 2005; Polejaeva, et al. 2000; Shin, et al. 2002;
Wakayama, et al. 1998). This proved that the differentiation process could be reversed
even for more complex animals than frogs.

The closest scenario to cloning humans (which for obvious reasons is not
allowed) would be the successful derivation of primate ES cells from an adult monkey

using SCNT. Indeed this was successfully performed in 2007 (Byrne, et al. 2007).
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Animal cloning can answer many questions concerning how pluripotency
is restored and maintained. However, animal cloning has a very low success rate and
requires the questionable use of oocytes. On the other hand, cell fusion experiments
might represent a more straightforward method to study the plasticity of a differentiated
stage (Blau and Blakely 1999). Cell fusion is, as the name implies, two cells fused at
the level of cytoplasm, with the nuclei either remaining separate or fused. This has
shown that the more dominant and often larger nucleus overwrites the transcriptional
profile of the more submissive nucleus and imposes its own gene expression pattern
onto the other one. This is the case for both the fusion of two somatic cells (Harris
1967, Pomerantz and Blau 2004) and for the fusion of a somatic cell with a pluripotent
cell. The phenotype of the less differentiated nucleus reverts the transcript of the mature
cell nucleus to a stem cell-like expression pattern (Cowan, et al. 2005; Miller and
Ruddle 1976; Tada, et al. 2003; Tada, et al. 2001; Yu, et al. 2006). The still open
question was, whether it was the nucleus or the cytoplasm of the pluripotent cell that
mediated this effect? The problem was solved by an elegant experiment, where the
nuclei and the cytoplasm of ES cells were separated and fused with cells isolated from
neurosphere cultures. The neurosphere cells fused only with ES cell cytoplasm did not
display any reprogramming. However, neurosphere cells fused with the ES cell nucleus
only did exhibit nuclear reprogramming, concluding that the reprogramming effect is a
nuclear mediated effect (Do and Scholer 2004). The reprogramming of human somatic
cells is an attractive strategy to acquire patient specific cell lines, which can be
customized for cell replacement therapies. However, fused cells, although pluripotent,
are tetraploid, less viable and have lower proliferative capacity than normal cells. The
method is also quite inefficient and will therefore not be the sought as a solution in cell
replacement therapy. Despite this, cell fusion experiments have demonstrated that cells
can maintain and constantly instruct themselves and daughter cells to stay in a lineage
and that nuclear reprogramming can occur without cell division (Bhutani, et al. 2009;
Do and Scholer 2004).

Both SCNT and cell fusion experiments prove that the epigenetic status
of a cell can be reset to a pluripotent state. However, both these experimental set ups

requires the use of either oocytes or ES cells, both controversial cell sources.
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NUCLEAR REPROGRAMMING BY DEFINED TRANSCRIPTION FACTORS

In September 2006 Takahashi and Yamanaka presented a groundbreaking publication
where they described the production of pluripotent, ES cell-like, cells derived from
mouse tail-tip fibroblasts (Takahashi and Yamanaka 2006). They proved that ectopic
overexpression of only four key transcription factors, Oct4, Sox2, Kif4 and cMyc, in
combination with Fbx15 selection (an Oct4 target gene), was sufficient to induce
reprogramming of these terminally differentiated adult cells. The new stem cells were
named induced pluripotent stem cells, or iPS cells, and they displayed pluripotency
through their ability to generate teratomas, but they were unable to generate live
chimeras. This problem was solved the year after, using more stringent selection
criterias for the selection of reprogrammed cells (Nanog or Oct4), resulting in iPS cells
undistinguishable from ES cells and in successful live chimera production (Maherali, et
al. 2007; Okita, et al. 2007; Wernig, et al. 2007). This remarkable reprogramming was
not exclusive for fibroblasts, but also for example B-cells, stomach cells, liver cells and
pancreatic B-cells were reprogrammed using the same quartet of transcription factors
(Aoi, et al. 2008; Hanna, et al. 2008; Stadtfeld, et al. 2008a).

Only one year after Yamanaka's sensational publication, two independent
research groups reported the reprogramming of human somatic cells, also fibroblasts
with either the four factors published by Yamanaka or by a combination of Oct4, Sox2,
Nanog and LIN28 (Takahashi, et al. 2007; Yu, et al. 2007). These iPS cells were tested
for pluripotency by teratoma formation assays.

The discovery of direct reprogramming of somatic human cells
introduced a whole new world of possibilities. The method was free from the
questionable use of oocytes and ES cells and successful in generating pluripotent cells
from a wide variety of somatic cell types. Direct reprogramming moved science one
step closer to customized cells for replacement therapy, without the risk of rejection as
well as provided a source for patient-specific ES-like cell lines for disease modelling
and drug screening. However, there were some major safety issues involved in the
creation of iPS cells according to the original Yamanaka-version of reprogramming.
First was the tumorigenic concern, the use of oncogenic factors and the retroviral
choice of delivery and second, the low efficiency in the production of iPS cells. The
oncogenic factors used in the original Yamanaka reprogramming cocktail were cMyc

and KIf4. These are two known oncogenes and studies on mice produced by iPS cells or
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their offspring have demonstrated fast growing tumours upon their reactivation
(Duinsbergen, et al. 2008; Huangfu, et al. 2008b; Nakagawa, et al. 2008; Okita, et al.
2007). cMyc was early found to be dispensable among the four factors in the
reprogramming process (Aoi, et al. 2008; Nakagawa, et al. 2008; Wernig, et al. 2008b;
Yu, et al. 2007). KIf4 has more recently been successfully omitted in the
reprogramming process, requiring either VPA or the addition of a third reprogramming
factor Esrrb (Feng, et al. 2009; Lyssiotis, et al. 2009). Reprogramming without cMyc
and KIf4 is less efficient, why these genes are considered to play a facilitating role in
the reprogramming process (Nakagawa, et al. 2008; Wernig, et al. 2008b). Another
tumorigenic concern was raised by the choice of delivery method used to introduce the
exogenous transcription factors. Retroviruses have the advantage of stable integration
and high expression of the reprogramming factor but there is always a risk of causing
insertional mutagenesis. Therefore, non-integrating strategies to deliver the
reprogramming factor were soon investigated. Strategies using non-integrating viruses,
such as adenoviruses (Stadtfeld, et al. 2008b; Zhou and Freed 2009), and complete
virus-free strategies using plasmid-based delivery systems followed (Kaji, et al. 2009;
Okita, et al. 2008). However, all the methods mentioned so far require the addition of
exogenous DNA. To my knowledge, there is only one publication that presents a non-
exogenous DNA reprogramming strategy, where they use recombinant cell-penetrating
proteins of the four factors, Oct4, K1f4, Sox2 and cMyc to mediate the reprogramming
(Zhou, et al. 2009).

The first four factor-induced reprogramming protocols had a very low
success rate, with only 1 out of ~2 000 somatic cells successfully reprogrammed
(Okita, et al. 2007). This had to be addressed before iPS cells could really become a
reliable source of stem cells. Today there is a long list of chemicals, culture conditions
and gene expression modifications that not only accelerate the reprogramming process
but also can substitute for one or two of the original reprogramming factors. Chemicals
shown to enhance the efficiency are for example VPA (Huangfu, et al. 2008b), AZA
(Mikkelsen, et al. 2008), BIX-01294 (Kubicek, et al. 2007; Shi, et al. 2008a; Shi, et al.
2008b), vitamin C (Esteban, et al. 2009) or a combination of MEK-inhibitor
(PD0325901) and GSK-3-inhibitor (CHIR99021) (Silva, et al. 2008). Hypoxic culture
condition was also reported to improve the reprogramming efficiency (Yoshida, et al.
2009). In addition to the reprogramming factor, manipulation of gene expression has
also greatly enhanced the reprogramming efficiency. Genes promoting reprogramming

by overexpression are, for example, Nanog and Lin28 (Hanna, et al. 2009), and genes
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that promote reprogramming by downregulation of their expression are for example,
p53, p21 (Hanna, et al. 2009; Hong, et al. 2009) and Ink/Arf (Li, et al. 2009). Gene
expression can also be modified by microRNAs. MicroRNAs are short non-coding
single-stranded RNAs. They are a part of the gene regulatory machinery, by binding to
messenger RNAs and committing them to degradation, deadenylation or transcriptional
repression (Bagga, et al. 2005; Du and Zamore 2005; Zhao and Srivastava 2007).
MicroRNAs are involved in tissue specification and maintenance, most likely through
the repression of key genes for undesired differentiation fates. This has been described
in particular for ES cells maintenance (Chen, et al. 2007; Ivey, et al. 2008). The role of
microRNAsS in reprogramming is not completely understood. However, there are a few
microRNAs that have been implicated in the reprogramming process. Overexpression
of miR-320 in human cancer cells, for example, have led to reprogrammed human cells
(Lin, et al. 2008). Lin28, one of the reprogramming factors, might regulate pluripotency
directly through the regulation of the Let7 family of microRNAs (Newman, et al. 2008;
Viswanathan, et al. 2008) and the overexpression of mouse miR-291, miR-294 and
miR-295 can increase the reprogramming efficiency of Oc#4, Sox2 and Klf4 transduced
mouse fibroblast but not in combination with cMyc. The result might suggest that one
of the roles for cMyc is regulating transcriptional activation of these mouse ES cell

specific microRNAs (Judson, et al. 2009).

Major events in the reprogramming process

How the reprogramming process occurs is still largely unknown. The exact time scale
and sometimes order of critical events is hard to state since it is a gradual and not a
step-wise process and also because of the heterogeneity of the cells undergoing
reprogramming. Despite being a gradual process, some events must occur to establish
pluripotency. (1) Induction of cellular proliferation, most likely mediated through the
exogenous transcription factor cMyc. It is believed to play a role in the initial process of
reprogramming (Sridharan, et al. 2009). cMyc has been found to accelerate the cell-
cycle progression through G1 by positively regulating the cyclin-Cdk complex (Amati,
et al. 1998). More recent studies of cMyc and its role in reprogramming have shown
that cMyc directly regulates the expression of microRNAs involved in regulating cell-
cycle progression through regulation of key cell-cycle molecules such as cyclin D2 and
p21 (Judson, et al. 2009; Lee, et al. 2008; Wang, et al. 2008). (2) Resetting of the

chromatin structure, DNA methylation and histone modifications in part mediated by
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proliferation. This gradual relaxation of the chromatin structure enables the exogenous
pluripotency factors Sox2, Oct4 and Kif4 to access necessary target genes in order to
establish an “in house” pluripotency network. Oct4 and Sox2 dimerize and co-occupy,
often together with K/f4, the promoter region of several pluripotency factors including
their own promoters (Boyer, et al. 2005; Kim, et al. 2008b; Masui, et al. 2007). Histone
methylation plays a critical role in the reestablishment of pluripotency. Global histone
methylation patterns need to be restored to an ES cell-like state. This is at least in part
mediated through Oct4, Sox2 and Nanog co-occupying promoter and recruiting
polycomb group proteins, leading gene expression alteration through histone
methylations (Lee, et al. 2006). The Oct4 and Sox2 complex have also been found to
directly regulate the transcription of several chromatin-remodeling factors such as
histone demetylaeses (Loh, et al. 2006; Loh, et al. 2007). (3) A more stem cell-like
overall chromatin structure results in a step-wise downregulation of tissue specific
genes (such as #hy! in fibroblasts) in parallel with (4) step-wise upregulation of
embryonic markers such as alkaline phosphatase and stage-specific embryonic antigen-
1 (SSEA-1) and later on induction of endogenous pluripotency genes, Oct4, Nanog and
Sox2 (Okita, et al. 2007; Wernig, et al. 2008b; Wernig, et al. 2007). (5) Silencing of the
exogenous factors by upregulation of de novo DNA methyltransferases Dnmt3a and
Dnmt3b, once again directly regulated by Oct4, Sox2 and Nanog along with other
transcription factors (Sinkkonen, et al. 2008). Meanwhile, maintaining the endogenous
factors by a self-sustainable pluripotency network. (6) Reactivation of the inactive X
chromosome (in female cells) through repression of Xisz. This also mediated directly
through the binding of the core pluripotency transcription factors, Oct4, Nanog and
Sox2, to the Xist locus (Do, et al. 2008; Maherali, et al. 2007). The generated iPS cells
should be capable of giving rise to new iPS daughter cells over a sustained period as

well as displaying true pluripotency in order to be considered bona fide stem cells.

Reprogramming for everyone?

Various cell types, from mouse, rat, monkey and humans, have been successfully
reprogrammed. Nevertheless, the efficiency and the number of factors required vary
with cell type and only a small portion of the cells exposed to reprogramming factors
becomes pluripotent. A larger portion of the cells seems to become stuck in a partially

reprogrammed state dependent on a continuous expression of the extrinsic
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reprogramming factors (Mikkelsen, et al. 2008; Silva, et al. 2008; Takahashi and
Yamanaka 2006). Is the low reprogramming efficiency due to some intrinsic
differences that make some cells more prone to dedifferentiate or is it only a cell culture
artifact? Can all cell types be reprogrammed or can only a subset of cells in a
population or organ dedifferentiate to a fully pluripotent state, an elite population?
Previous SCNT studies demonstrate that less differentiated cells, such as tissue specific
stem cells, reprogram easier than fully mature cells (Blelloch, et al. 2006). Similar
results were obtained recently in a reprogramming assay using hematopoietic cells at
different stages of maturation (Eminli, et al. 2009). The immature hematopoietic stem
and progenitor cells were up to 300 times easier to reprogram than terminally
differentiated B and T cell. This does not support the conclusion that only a subset of
cells can be reprogrammed or that a more mature differentiation state might be a barrier
for reprogramming, rather it would be more consistent with an elite model

The fact that fully differentiated cells have been reported to reprogram
would speak against the theory that less differentiated cells are the only ones that
reprogram (Eggan, et al. 2004; Eminli, et al. 2009; Hanna, et al. 2008; Hanna, et al.
2009). The great increase in reprogramming efficiency over the last years, in some
cases more than 100-fold, is also not in the line of an elite model. The increase in
reprogramming efficiency is due to the addition of chemicals such as VPA, AZA,
2i+LIF as well as more stringent selection. This would all argue that the number of
reprogramming-susceptible cells is not fixed, but does it mean that all cells can be
reprogrammed? The question was elegantly answered by a recent publication (Hanna,
et al. 2009), where they took advantage of inducible so called “secondary” iPS cells
(Markoulaki, et al. 2009; Wernig, et al. 2008a). Secondary iPS cells are derived from
somatic cells carrying the same pattern of integration (number and location) of drug-
inducible Oct4, Sox2, KIf4 and cMyc viral transgenes. The reprogramming is initiated
simultaneously by the addition of doxycycline to the culture medium. The cell-to-cell
variation that is normally seen in transduced cultures is thus avoided. Hanna et al.
demonstrated that >92% of all cells (monoclonal B-cells) could be reprogrammed over
an 18-week period. The process could even be accelerated 2-fold using p53 or p21
inhibition or Lin28 overexpression. Furthermore, they concluded that this acceleration
in reprogramming was caused by an equal shortening of the overall cell cycle length.
The astonishing number of reprogrammed cells clearly points to the direction that
reprogramming is a stochastic process, where most likely all cells have the potential to

be reprogrammed.
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IPS CELLS FROM ADULT NEURAL STEM CELLS

Tissue specific stem cells, such as adult neural stem cells endogenously express
pluripotency markers (Sox2, Kif4 and cMyc) as well as (SSEA-1 and AP) (Kim, et al.
2008a). They are therefore considered to be at a more advanced stage in the
reprogramming process than terminally differentiated cells. Ectopic expression of Oct4
alone, together with the endogenous expression of Sox2, Kif4 and cMyc was shown to
be sufficient to reprogram adult mouse and human foetal neural stem cells to a
pluripotent stage (Kim, et al. 2009a; Kim, et al. 2009b). One-factor iPS cells are
interesting in many aspects. First, they show that reprogramming can occur with the
addition of only one factor, eliminating the need for oncogenic factors and reducing the
risk for integrating tumorogenesis. Second the factor Oct4 is sufficient and required for
reprogramming both human and mouse neural stem cell, and third, the capacity to
reprogram neural stem cells with only one factor might indicate that the neural stem
cells are transcriptionally closer to pluripotent cells than mature fully differentiated

cells.

CHEMICAL REPROGRAMMING

Human and mouse mature cells have been successfully reprogrammed with only two
factors, always using Oct4 but in combination with, KIf4, cMyc (Maherali and
Hochedlinger 2009; Shi, et al. 2008a) or Sox2 (Huangfu, et al. 2008b). Adult mouse
neural stem cells and human foetal neural stem cells are the only cell types, that have
been reprogrammed using only one factor, Oct4 (Kim, et al. 2009a; Kim, et al. 2009b).
This marks major progression in comparison to the four-factor induced reprogramming
strategy. Omitting the need for any exogenous DNA either integrating or episomal is of
greatest interest. This has so far only been described in one publication where they used
four recombinant cell-penetrating reprogramming proteins, Oct4, Sox2, Klf4 and cMyc
(Zhou, et al. 2009). This later strategy still requires the addition of oncogenic factors.
A pure chemical induced reprogramming strategy would be preferred, providing the
possibility to circumventing the need for both exogenous DNA and oncogenic proteins.

There are a few publications reporting the use of chemical instead of one or two of

20



original reprogramming transcription factors. The factors replaced are Sox2, K1f4 or
cMyc (Huangfu, et al. 2008a; Ichida, et al. 2009; Lyssiotis, et al. 2009; Maherali and
Hochedlinger 2009; Shi, et al. 2008a). However, to my knowledge, there are no

publications presenting an all-chemical reprogramming strategy.
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AIMS OF THE THESIS

Listed according to publication

1la.

1Ib.

1Ia.

1IIb.

Iv.

To develop a new miniaturized platform for in vitro assays of
embryonic and adult stem cells.

To develop a simple and efficient technique to transfect cells of

the CNS, enabling gain- or loss-of function studies as well as fate
mapping in vivo.

To investigate the role of cadherins in the integrity of the lateral ventricle
wall.

To reprogram neural stem cells using only three factors.

To investigate whether 4-hydroxy tamoxifen induced translocation of

cMyc can contribute to reprogramming of neural stem cells.

To investigate whether adult neural stem cells can be pushed towards a
reprogrammed state using only chemicals.

23



24



SUMMARY OF RESULTS

Listed according to publication

Publication I describes the development of a miniaturized platform for in vitro studies
of stem cells. The miniaturized platform consists of 672 wells, each holding 500nL.
The outer size of the platform has standard slide format and fits therefore into standard
laboratory equipments such as microscopes, plate-readers or flow cytometers. The
platform has a glass bottom enabling excellent optical conditions for automatic or
manual analysis. Three kinds of stem cells were cultured in the platform, mouse ES
cells, human ES cells and mouse adult neural stem cells. The miniaturized platform
allowed culturing assays for maintenance of stem cells, both in bulk assays and
clonally. Differentiation assays along the ectodermal lineage was also successfully

performed.

Publication II describes the development of a rapid and efficient transfection method
in vivo by the use of electroporation. The two major germinal regions of the CNS, the
SVZ and the DG of hippocampus were successfully targeted in adult mice. The use of
electrical current made it possible to direct the transfection to specific parts of the
lateral wall by altering the positioning of the electrodes. The transfection resulted in
efficient plasmid uptake and expression. Expressions of the transfected plasmids were
detected as early as 36h post electroporation and up to 4 months post electroporation,
this enables short- and long-term experiments. Simultaneous injection of three plasmids
resulted in over 98% co-expression enabling the use of in vivo electroporation for more
complex experiments. The use of cell population specific promoters enabled
subpopulation specific expression.

The targeting efficiency varied with the concentration and the size of the
injected plasmid, giving the highest targeting efficiency for small highly concentrated
plasmids. The targeted cells were mainly ependymal cells, but also cells from the
adjacent subependymal layer, such as GFAP-positive cells, Ki67-positive cells and
Dcx-positive cells (for lateral ventricle wall electroporation). Furthermore, fate-
mapping experiments in the SVZ demonstrated that targeted cells could give rise to
neurons in the olfactory bulb. Targeting of cells in the DG of the hippocampus
provided a patch of transfected cells. These cells were mature NeuN-positive neurons

within the granular cell layer and immature Vimentin-positive cells in the SGZ.
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Optimal conditions for plasmid uptake in the CNS was evaluated and
found to be 200V and 5 pulses each lasting 50mili seconds. The passing of electrical
current through the CNS of the mice did not cause any detectable damage such as burns
or wounding. This was also assessed by western blot for injury response related
proteins and EEG-measurements. A normal EEG pattern was detected within 2h post

electroporation.

The in vivo electroporation method was used to assess the role of cadherins in the
lateral ventricle wall. A DN-cadherin construct was electroporated into the lateral wall
resulting in reduction of endogenous cadherin expression and detachment of the
ependymal cells already 2 days post electroporation. This was followed by polyp-like

structures protruding into the lumen of the ventricle.

Publication III is one of the first publications reporting reprogramming to pluripotency
omitting exogenous Sox2 from the original cocktail of four factors. This was
accomplished by the use of neural stem cells that endogenously express Sox2. The
neural stem cells were positive for Nestin and could be differentiated to neurons (TujI)
and glial cells (GFAP). A 4-OH tamoxifen inducible cMyc (MYCER™M) was
constructed to allow cellular localization control of cMyc. The established neural stem
cells were transduction with retroviruses containing the factors Oct4, Klf4 and cMyc or
MYCER™ The reprogramming efficiency was about 0.4% for cMyc and 0.001% for
inducible cMyc. The reprogramming efficiency was not dependent on whether Sox2
was added to the cocktail or not, demonstrating that the endogenous expression of Sox2
was sufficient to promote factor-induced reprogramming of neural stem cells. Three
iPS cell colonies were expanded and one of these was further analysed in comparison
with wild type ES cells. Endogenous mRNA and protein levels of Oct4 and Sox2 were
found to be similar to ES cells. Further analysis of the iPS cell clone revealed
expression of the pluripotency markers SSEA1, AP and Oct4 to the same degree as in
ES cells and that they were karyotypically normal. A genome-wide expression profile
on the iPS clone showed high correlation to ES cell expression, (Pearson correlation =
0.98, iPS cells vs. ES cells). The iPS cells were tested for pluripotency in vitro using
the embryonic body assay. The iPS cells gave rise to cell types characteristic of the
three germ layers. Furthermore, the iPS cells were tested in vivo for teratoma formation
and chimera production capacity. The teratomas displayed differentiation into all germ

layers and in total twelve mice were derived from blastocyst injected iPS cells. Eight
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out of the twelve mice showed chimerism, 5-15% evaluated by the coat color. Neither
of these animals managed to produce any offspring derived from the injected iPS cells.
Moreover two female mice developed tumours, with residual viral expression of

inducible cMyc as well as KIf4.

Manuscript I'V intends to assess whether chemicals can be used to induce or replace
endogenous Oct4 expression in adult neural stem cells. Three chemical conditions
demonstrated induction of endogenous Oct4 expression, N°-Phenyladenosin (OA),
Bupivacaine hydrochloride (OB) and a combination of OB and the chemical
Tyrphostin (OT). Endogenous expression levels were measured using quantitative RT-
PCR and the highest levels of Oc#4 expression was detected in the combination of OB
and OT chemicals. Induced endogenous expression levels of the pluripotency genes
Nanog and Rex] were also detected following 7 days of chemical exposure. The
highest levels of Nanog and Rex] were detected with the combination of OB and OT.
An unexpected result of the treatment was loss of adhesion properties
displayed both in the neurosphere cultures and adherent neural stem cell cultures.
However, small clusters of cells were detected at the bottom of the culture dish, three

days after removal of chemicals and addition of ES cell medium.
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METHODOLOGICAL CONSIDERATIONS, DISCUSSION
AND CONCLUSIONS

Listed according to publication

Publication I

The miniaturized platform described in publication I was developed to function as a
screening platform for stem cells. The use of the platform is intended for more
industrialized scales of screening, where a large number of substances or culture
conditions can be studied in parallel. The advantage of the platform is also a limitation
when working in smaller scale. The high throughput of the platform is limited by the
available technical devices, such as flow cytometers for single cell seeding enabling
clonal assays, robots for liquid handling and detection instruments for high throughput
analysis. The platform was tested in all of these instruments with good results.
However, much of the work presented in the publication is performed by manual
handling, coating, seeding, medium exchange and analysis. This is time consuming and
far from optimal, but provides a proof-of-principle concerning culturing assays of
different stem cell types.

Another disadvantage in culturing stem cells is the fast proliferation,
which requires dissociation of clones every 3-7 days depending on the stem cell type.
Thus, our investigation of stem cell cultures was limited to 7 days. Longer culturing
assays are of course possible but require automatic devices to split the cells. This did

not affect differentiation assays performed on these stem cells.

The platform provides a functional tool for large-scale screening of various stem cell
types, human and mouse ES cells as well as mouse adult neural stem cells. It offers
simultaneous culturing and analysis of 672 different conditions at once. The size of the
wells are small enough to drastically reduce regency cost, but large enough to enable
weeklong experiments. The platform allows various kinds of assays, such as clonal

experiments of stem cells and differentiation experiments.
Publication IT

Publication II describes the development of an in vivo electroporation method,

complementary or in some cases even an alternative to transgenic animals or virus-
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mediated delivery of constructs. The method is an extension of the previously
established in utero electroporation technique and adult mammalian muscle
electroporation. The method has several advantages. First, it is fast, requires only
plasmid DNA, eliminating the need for virus or animal production. Second, several
constructs can be electroporated at once, enabling complex experiments. Third, the
contra-lateral side automatically provides a matched control for the experiment. Fourth,
it allows directed targeting of cells or population-specific expression in various regions
of the CNS.

The ventricle wall has the advantage of being adjacent to the fluid-filled
ventricular system, allowing spread of the injected plasmid over larger areas and thus
allowing a high targeting efficiency. This is however not the case for other regions of
the CNS, such as the DG of the hippocampus, where only a compact patch is targeted.
Another limitation of the restricted targeting is that only cells first in line are
transfected, that is ependymal cells and few cells of the subventricular region. These are
the same limitations as for virus-mediated delivery of constructs.

The electroporation method also raises some concerns when it comes to
injuries. The injection of a plasmid creates an injury and a glial scar along the needle
tract. This is however inevitable also when using viruses. The analysis can be
performed on the contra-lateral side of the injection to ensure that any effects of the
injection are avoided. The effect of current-induced injury responses is also highly
relevant. Five 200V pulses are passed through the CNS of the anesthetised adult mouse.
No superficial damage, such as burns, was detected and no differences in injury-related
markers were identified at the protein level. EEG-recordings demonstrated that there
were current-induced alterations in the theta oscillations immediately after the
electroporation, but this was normalized between 30min to 2h post electroporation.
Application of electrical current to the CNS is performed in humans as a therapy for
affective disorders. These treatments lead to detectable changes in neurogenesis and
apoptosis, in a seizure dependent manner, in experimental animals. The current level
used to target cells through electroporation never reached up to the seizure inducing
levels performed on humans.

Cadherins (E- and N-cadherins) were shown to play a vital role for the
ependymal layer integrity. The expression of cadherins co-localized primarily with the
S100B-positive ependymal cells. Lowering of endogenous cadherins using a DN-
cadherin, (an N-terminal truncated version of human N-cadherin) resulted in loss of

ependymal cells. This might not be too surprising, since cadherins are known to play a
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vital role in adherens junction formations. The ependymal cells were found to fall off
due to reduced cell attachment capacities and not to any major extent due to increased
cell death caused by the treatment. A similar result was seen through expression of DN-

cadherin introduced by adenovirus.

In conclusion, genetic manipulations of adult mouse neurogenic niches are possible

using an in vivo electroporation strategy. Plasmid DNA is injected and transfected to a
region of choice without detectable damage. Both loss- and gain-of-function as well as
fate mapping experiments were performed and cadherins were demonstrated to play an

important role in the integrity of the lateral ventricle wall.

Publication III

Publication III demonstrates that the endogenous expression level of Sox2 in neural
stem cells is sufficient for the reprogramming into pluripotent iPS cells. The addition of
Sox2 to the cocktail of three factors did not increase the overall reprogramming
efficiency. Later publications came to the same conclusion, and even further reduced
the number of factors needed down to only Oc#4. Several attempts to derive iPS cells
without cMyc were made, but none of them resulted in ES-like colonies. We speculated
in the article that this could be due to the difference in the reprogramming process
between fibroblasts and neural progenitor cells. Following publications have
demonstrated that cMyc can be omitted from the reprogramming cocktail also in the
case of neural stem cells, however, with reduced reprogramming efficiency. An
inducible cMyc was created to control the localization of cMyc and to reduce the
tumorigenic risk. This led to severe reduction in the reprogramming efficiency and to
the unfortunate development of tumours in two female mice. One reason for the
reduced reprogramming efficiency for inducible cMyc could be that the levels and the
duration of nuclear cMyc were much decreased in comparison with non-inducible
cMyec. The tumours were found to be entirely iPS cell derived and high in inducible
cMyc expression. Both mice generating tumours had only weeks before delivered pups
and we speculated that the effect of inducible cMyc was pregnancy related. No further
investigation was made to rule out other causes, such as insertional mutagenesis caused
by the viruses at the time of publication. Subsequently, studies have demonstrated that
the iPS cells had a normal number of chromosomes but carried a karyotypic

abnormality, that was discovered by combined binary ratio fluorescence in situ
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hybridization. The iPS cells had a translocation of a part of chromosome 11 to the
telomeric region of chromosome 8. To our knowledge, this translocation has never
been described in relation to any tumours. However, we cannot rule out the
contribution of the translocation to the tumour or that virus mediated insertional
mutagenesis was the cause of the tumours.

Neural precursor cells were derived and used instead of adult neural stem
cells for two main reasons. First, to efficiently generate selectable neural precursor cells
by targeting with an Oct4PurATK construct, allowing us to select reprogrammed cells
through positive puromycin selection. Second, to generate clonally derived cells at
sufficient numbers to perform the experiments needed. The choice of retroviral delivery
was to ensure high and long-term expression of the reprogramming factors, and
efficient silencing of virus expression upon complete reprogramming.

The iPS clone demonstrated Oct4 levels similar to ES levels. Quantitative
RT-PCR was performed to ensure that the expression levels were endogenous and not
proviral derived. The high endogenous expression levels of Nanog, which is
undetectable in neural stem cell, indicates that reactivation of endogenous locus has
occurred.

Out of eight colonies that were picked, three could be expanded and only
one was ES-like. One explanation to the lack of expansion could be that the colonies
were not fully reprogrammed, but rather representing a pre-reprogrammed state. This
could perhaps have been modulated with the addition of ES medium containing MEK-
inhibitor and GSK-inhibitor in addition to LIF, as shown after publication of this work
(Silva, et al. 2008), in order to help pre-reprogrammed cells to reach a fully
reprogrammed state. These are only speculations but it would have been interesting to
investigate further. The levels of chimerism detected were fairly low, based on coat
color, PCR analysis of proviral integration in various organs and the lack of germline
transmission. Later studies performed on the iPS cells revealed chromosome instability.

This might also provide an explanation to the lack of iPS cell derived offspring.
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Manuscript IV

Manuscript IV concerns an all-chemical approach towards reprogramming of adult
neural stem cells. Previous publications have shown that Oct4 is the only factor that
needs to be added to adult neural stem cells in order to create fully reprogrammed cells
(Kim, et al. 2009b) and also that reprogramming factors can be substituted by
chemicals, so that they reduce the need for exogenous DNA (Ichida, et al. 2009;
Mabherali and Hochedlinger 2009). Candidate chemicals in this manuscript were found
in a large chemical screen performed on fibroblasts, in an attempt to find chemicals that
could either induce or replace Oct4 expression. Four of the candidate chemicals
discovered were tested in this manuscript. They were N6-Phenyladenosin or Oct4-A
(OA), Bupivacaine hydrochloride or Oct4-B (OB), Sinomenine or Oct4-S (OS) and
Tyrphostin or Oct4-T (OT).

Three out of the four chemicals had an effect on endogenous Oct4
expression levels also in adult neural stem cells measured on mRNA levels.
Nevertheless, the expression levels detected were not at the same level as Oct4
expression in ES cells. However, the mRNA analysis was performed on cell
populations, not clonally. This provides an average value of the overall expression
levels and a potential underestimation of the individual expression levels for some
clones. mRNA levels of Nanog and RexI were also measured to investigate whether the
induced Oct4 levels could result in re-expression of other pluripotency factors. Similar
chemical conditions found to induce Oct4 also induced Nanog expression and in some
cases also Rex! expression. The detection of mRNA levels only is not enough to state
that the adult neural stem cells are reprogrammed. Further analysis of the cells needs to
be performed. However, the detection of endogenous expression of both Oc#4 and
Nanog is interesting and could indicate that the adult neural stem cells are capable to
respond in that direction, without the addition of exogenous DNA.

Chemicals were tested on both neurosphere cells and adherent adult
neural stem cells. Expression levels of Sox2 and cMyc were similar, but the level of
KIf4 was found to be higher in neurosphere cultures in comparison to adherent cultures.
Adherent cultures have some advantages compared to neurosphere cultures in this
situation: the number of cells in each experiment is easier to control, appearing colonies
are much easier to detect, the overall number of cells generated are higher and the
colonies can be expanded for longer times and even frozen down for future analysis.

The loss-of-adhesion properties detected early on in all the chemical

treated cells, both free-floating and adherent, lack explanation so far. One speculation is
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that they lose their N-cadherin expression and fails to upregulate E-cadherin
expression.

The overall findings after addition of the candidate chemicals are
interesting and potentially promising, but further experiments and more analyses needs
to be performed in order to conclude whether adult neural stem cells can reprogrammed

to bona fide iPS cells using an all-chemical approach.

In conclusion, this study aims at an all-chemical approach towards reprogramming of
adult neural stem cells. Three candidate chemicals were found to induce endogenous
Oct4 expression in adult neural stem cells. The levels of Oct4 were much lower than
the expression levels detected in ES cells. However, the Oct4 expression was sufficient
to induce endogenous expression of the pluripotency genes Nanog and Rex!. These
findings need to be further analysed to verify whether iPS cells can be generated from

adult neural stem cells through an all-chemical strategy.
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