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1. Introduction

Stem cells are the precursor cells from which all mature cell types derive. As it has become
possible to isolate and culture these cells hopes have been raised that they could be used to
treat neurodegenerative disorders, such as Parkinson's, Alzheimer’s and Huntington's
diseases, spinal cord injury and stroke. With this in mind, understanding the biology of stem
cells in vitro and their behaviour once transplanted into the brain is of great interest. In this
study I have characterised the functional properties of an immortalised human fetal neural
progenitor cell line (hNPC), ReNcell VM, and investigated its integration into an in vitro

model neural environment.

1.1 Stem cells

Two characteristics define stem cells: self renewal and the ability to differentiate into other
cell types. Whether stem cells proliferate, renew or differentiate is reflected in their mode of
division. Proliferating stem cells divide symmetrically to produce two identical copies of
themselves, while self renewal is characterised by asymmetric division, where one copy and
one more differentiated cell are produced. Finally, at later stages of development stem cells
can undergo a second type of symmetric division, where two differentiated cells are produced
(Fig. 1; Gotz and Huttner 2005).

During development stem cells go through a precisely coordinated program of signals,
both extracellular and intrinsic, through which each cell population emerges at specific times
and locations (for reviews see Wurst and Bally-Cuif 2001, Lupo et al. 2006, Kreigstein and
Alvarez-Buylla 2009). As a consequence of this, the age and location from which stem cells
are derived informs their self renewal capacity, their differentiation potential and the
instructive signals they require to adopt a specific phenotype.

The initial stem cell population is pluripotent, they can differentiate into all tissue types.
Pluripotent embryonic stem cells (ESCs) are derived from the inner mass of the blastocyst,
before germ layer formation and the initial steps towards tissue specification. When cultured
in vitro these cells have robust self renewal capacity and can be maintained over long periods
of time. However, their proliferative nature means they have a high risk of forming

teratomas, which is a significant barrier to their clinical application. These cells also



@ Figure 1. Model of stem cell division
Symmetric, proliferative

T e A model demonstrating the different types of

Sé - Sf’ Q\immetric, self-renewing division stem cells undergo. The same stem cell
P C population produces neurons (early) and glia (later),

Asymmetic, | SRS depending on the time at which they differentiate.
dlffefe”“/ﬂfl\i/ p— —/ P Abbreviations: SC stem cell, PC progenitor cell, N
<PC ‘l N} (PC P 9”;0@ neuron, G glia. Modelled on Gotz and Huttner

»/ \L /»/ \e;ry\ ./ N\ (2005).
® O 0 06 6

require more guidance to differentiate into specific cell types, though protocols are
continually improving and directed neuronal differentiation can be achieved in vitro (Bibel et
al. 2004, Yan et al. 2005, Cho et al. 2008, Lee et al. 2010). Recently, induced pluripotent
stem cells (iPSCs) have been created by reprogramming adult cells to an earlier
developmental state (Takahashi and Yamanaka 2006). These cells are very similar to ESCs,
but have the advantage of not requiring embryonic tissue. They could also be derived from
individual patients, negating the need for immunosuppression to prevent rejection of
transplanted cells. However, the low efficiency of induction and differentiation pose
significant technical challenges to be overcome (Hu et al. 2010). As with ESCs, these cells
are highly proliferative and have a high risk of tumor formation, which appears enhanced by
the genetic modifications which induce pluripotency (Okita et al. 2007).

Following the formation of germ cell layers, cells become ever more restricted to specific
lineages and regional identities.  The first neurally committed stem cells (NSCs),
neuroepithelial cells, emerge with the formation of the neural plate. The neural plate
subsequently forms the neural tube, in which stem cell identity is regionally specified along
the dorso-ventral and rostro-caudal axes by gradients of morphogens (Hynes and Rosenthal
1999, Wurst and Bally-Cuif 2001). Stem cells derived from these regions are less
proliferative than ESCs, and therefore are less likely to form tumors, however they are also
less able to maintain their ‘stemness’ over long periods in vitro.

After the formation of the neural tube stem cells increasingly undergo asymmetric
divisions, producing progenitor cells which are more restricted in their differentiation
potential. Like stem cells, progenitor cells can divide and differentiate into one or several cell

types, but are distinct in that they lack the ability to self renew, and with each division



produce more differentiated daughter cells (G6tz and Huttner 2005, Kreigstein and Alvarez-
Buylla 2009). The distinction between stem and progenitor cells during natural development
is not well defined, here the phrase ‘stem cells’ will refer generally to both stem and
progenitor cells. When cultured in vitro progenitor cells can only propagate for a few passages
before becoming permanently quiescent. Their advantages for stem cell therapies are their
restricted potency and differentiation into defined cell types, and their limited ability to
proliferate means they pose little risk of forming tumors. A significant disadvantage is their
inability to be maintained in culture, meaning that new tissue donors would be required for
each application, precluding their use as a routine therapy. This might be overcome by
immortalisation with the oncogenic factor c-Myc or its viral homologue v-myc (Dang et al.
1999, Lee and Reddy 1999), and several immortalised human neural progenitor cell lines have
been established using such methods (Flax et al. 1998, Villa et al. 2000, Lotharius et al. 2002,
De Filippis et al. 2007, Donato et al. 2007, Villa et al. 2009). Furthermore, although v-myc
immortalised cell lines cannot be transplanted into humans, a cell line conditionally
immortalised with c-myc has been approved for clinical trials in stroke (ReNeuron Ltd 2010).
Cell lines immortalised using v-myc have been shown to be stable over long periods in culture
(Villa et al. 2004), however, v-myc and c-myc can induce genomic instability, increase
apoptosis and impair differentiation (Coppola and Cole 1986, Dang et al. 1999, Lee and
Reddy 1999). Despite this, these cell lines offer a useful model for neural progenitor

development and have relevance for clinical stem cell therapies.

1.2 Therapeutic potential of stem cells
The use of stem cells as a therapy will depend on their ability to provide a safe, efficacious
treatment which improves on the other available options. Where diseases are characterised by
loss of specific cell populations, such as dopaminergic neurons in Parkinson’s disease or
motor neurons in amyotrophic lateral sclerosis, it might be possible to replace lost cells
through transplantation of stem cells directed to a specific fate. More generally, stem cells
could provide support to at-risk cell populations, reduce pathological inflammation, and
promote endogenous mechanisms of brain repair (Goldman 2005, Lindvall and Kokia 2010).
Clinical trials have been performed in Parkinson’s disease patients using grafts of human

fetal tissue, but despite promising results from early trials double blind controlled studies



found only marginal improvements, and in some cases patients developed adverse side effects
(Freed et al. 2001, Olanow et al. 2003, reviewed in Winkler 2005). In contrast, much greater
success has been seen in animal models of Parkinson’s disease, where functional benefits
have been found using human and mouse embryonic stem cells (Kim et al 2002, Takagi et al.
2005, Roy et al. 2006, Yang et al. 2008), neural stem and progenitor cells (Studer et al. 1998,
Yasuhara et al. 2006, Redmond et al. 2007), and iPSCs (Wernig et al 2008, Hargus et al.
2010).

There is evidence for several mechanisms which could underlie the therapeutic effects.
Stem cells have been shown to secrete neuroprotective and trophic factors and to increase the
survival of endogenous dopaminergic neurons (Lu et al. 2003, Yasuhara et al. 2006, Redmond
et al. 2007). Functional improvements, and lack thereof, have also been correlated with the
number of grafted tyrosine hydroxylase (TH) positive cells, suggesting action through
dopamine release (Brederlau et al. 2006, Yang et al. 2008).

Despite their successes, several issues emerge from animal studies. Graft survival tends to
be low, requiring a large volume of cells to achieve sufficient cell numbers, and the majority
of surviving cells remain at the graft site, which limits their therapeutic reach. The
differentiation of dopaminergic neurons from human cells is also generally low, and the
survival of neurons has been seen to decrease over time (Roy et al. 2006, Yasuhara et al.
2006). Though engrafted neurons have been shown to develop functionally and to receive
synaptic input from the host (Kim et al. 2002, Wernig et al. 2004, 2008), it remains unclear if
these cells have any functional significance, and whether the environment will allow stem
cells to functionally replace lost neurons. Finally, graft growth and tumor formation have
been seen with ECSs and iPSCs, even where the cells had been pre-differentiated prior to
transplantation (Brederlau et al. 2006, Roy et al. 2006, Yang et al. 2008), indicating that
techniques would have to be improved before transplantation into humans. To overcome
these issues a greater understanding of the processes underlying stem cell development and

their integration into the host environment is required.

1.3 Calcium signalling in the development of stem cells
Of the many messengers cells use, Ca*" is one of the most multi-faceted. It has well

established roles in proliferation, apoptosis, survival, migration, differentiation and neurite



growth (Santella 1998, Berridge 2000, Orrenius et al. 2003, Gomez et al. 2006), and therefore
understanding the Ca** signalling active in stem cells may offer insight into aspects of their

development important for stem cell therapies.

1.3.1 Encoding calcium signals

2+

The variety of Ca*"’s roles results from its interaction with different Ca** sensing proteins, and
their subsequent effect on intracellular signalling pathways. For example, calmodulin and
calmodulin-dependent protein kinases (CaMKs), mitogen-activated protein kinases (MAPKs),
several protein kinase C (PKC) isoforms, and calcineurin, to name but a few, are all regulated
by Ca* (Berridge 2000), and gene transcription networks dependent on NFAT, NF-kB,
DREAM, CREB and MEF-2, again to name but a few, are also regulated by Ca*" and Ca**-
activated signal cascades (Hogan et al. 2003, Mellstrom et al. 2008).

Having so many processes regulated by a single ion requires a coding system that allows
signals to be discriminated. This is achieved through a combination of the frequency and
amplitude properties of the Ca** signal, its spatial location, and the differing Ca** affinities of
proteins (Berridge 2003, Rizzuto and Pozan 2006). This was demonstrated in B lymphocytes
and Jurkat T cells, where the frequency and amplitude of Ca®* signals differently activated
NFAT and NF-kB dependent gene transcription (Dolmetsch et al. 1997, 1998). For this
purpose cells have developed a broad range of ion channels, pumps, exchangers and buffers
through which intracellular Ca** can be tightly controlled (Berridge 2003).

When a Ca®*-permeable channel opens the increase in cytoplasmic Ca** will be greatest
around the pore of the channel, and will decrease with distance as the Ca*" diffuses through
the cytoplasm. Unopposed, Ca** would then diffuse through the cytosol to reach a uniform
concentration. However, due to the presence of Ca**-binding proteins much of this Ca** will
be rapidly sequestered, producing mircodomains of differing Ca®>* concentrations within the
cell (Naraghi and Neher 1997, Faas et al. 2011). Because of this the location of Ca**-binding
proteins in relation to the source of Ca** will effect the Ca** dynamics they observe, and the
subsequent activation of downstream signalling pathways. A stark example of this with
relevance to cell replacement therapies is the activation of synaptic versus extrasynaptic N-
methyl-D-aspartate (NMDA) receptors in neurons. Ca*" influx through NMDA receptors has
been shown to promote survival by activation of CREB and PI(3)K/Akt pathways, whereas



Ca* influx through extrasynaptic NMDA receptors opposed CREB activation and promoted
apoptosis (Hardingham et al. 2002, Papadia et al. 2005). Therefore, the neuroprotective
versus neurotoxic actions of glutamate are dependent on the type and location of the receptors
activated, and a single ligand can have opposing effects in the same cell depending on those
receptors activated.

It can be concluded that not all Ca*" signals are equivalent, and that characterising each
step, from entry through cascade activation to downstream effects, is important for

understanding their biological role.

1.3.2 Routes of calcium entry

Ca*" can be mobilised from two sources: the extracellular space and internal stores in the
endoplasmic reticulum. Ion channels in the plasma and endoplasmic reticular membranes
allow rapid Ca*" influx into the cytosol in response to various stimuli, both extracellular and
intracellular. On a much slower timescale, ion exchangers and pumps take up or extrude Ca*
to maintain the resting concentration (Fig. 2; Berridge 2003, Clapham 2007).

Release from intracellular stores is mediated by inositol 1,4,5-trisphosphate receptors
(InsP3-Rs) and ryanodine receptors (RyRs). The activity of these channels is modulated
through various mechanisms, but the principle agonists are InsPs, for InsP3-Rs, and Ca*" itself
for both types of receptor. Many modifications (including InsP; binding) activate the
channels by altering their sensitivity to Ca*" (for in-depth reviews see Fill and Copello 2002,
Foskett et al. 2007). With the appropriate conditions this enables Ca**-induced Ca** release
and the propagation of Ca®* signals across cells through activation of adjacent receptors
(Cheng and Lederer 2008).

There are several ion channel families which allow influx of Ca** from the extracellular
space. Of these, voltage-sensitive Ca®" channels (Ca,) are the best characterised They are
divided into L-type (Ca,1.1-1.4), P/Q-types (Ca,2.1), N-type (Ca,2.1-2.3) and T-type (Ca,3.1-
3.3) channels, all of which are activated by depolarisation and are highly Ca*" selective
(summarised in Catterall et al. 2005). In the brain they are principally found in neurons,
where they shape neural activity patterns and underlie the Ca”*"-induced exocytosis of

neurotransmitter at synapses (Reuter 1996, Bean 2007).
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Figure 2. Mechanisms controlling cytesolic Ca**

The cytosolic Ca®* concentration is set by ion exchangers and pumps (A). The Na*/Ca*-K* (NCKX) and
Na'/Ca®* (NCX) exchangers swap Na" ions for Ca** (and K), the direction of transport is dependent on the Na*
gradient. Ca**-ATPases at the plasma membrane (PMCA) and endoplasmic reticulum (SERCA) remove Ca®*
from the cytoplasm. SERCA pumps are responsible for replenishing Ca®* in the endoplasmic reticulum. (B)
Ca* signal can originate from the opening of Ca®"-permeable ion channels in the plasma membrane or via
activation of RyR or InsPs;-Rs. Activation of metabotropic receptors, such as receptor tyrosine kinases (RTK) or
G protein-coupled receptors can initiate release from internal stores via PLC-mediated InsP; production. From

Clapham 2007.

Neurotransmitters and other ligands can activate Ca®’-permeable ion channels in the
plasma membrane or induce release from internal stores, depending on the type of receptor
activated. Glutamate activates NMDA receptors, which are one of the principle glutamate
receptors found at synapses and their Ca** conductance is vital for some forms of synaptic
plasticity (Malenka and Bear 2004). Glutamate can also induce Ca®" release from internal
stores through activation of G protein-coupled metabotropic glutamate receptors, which
activate phospholipase C (PLC) and production of InsP; (Masu et al. 1991, Abe et al. 1992).

Extracellular ATP can also induce Ca** increase through ionotropic (P2X) and
metabotropic (P2Y) receptors (North 2002, Hussl and Boehm 2006). These receptors are
widely expressed by many cell types and have wide ranging roles in development
(Zimmerman et al. 2006).

The largest, and least understood, of Ca**-permeable ion channel families is the transient

receptor potential (TRP) channel family. There are approximately 28 members of the



mammalian TRP family, all but two of which conduct Ca**. They are divided into three main
subfamilies: canonical (TRPC), vanilloid (TRPV) and melastatin (TRPM), alongside the more
distantly related ankyrin (TRPA), polycystin (TRPP) and mucolipin (TRPML) channels.
These are distributed widely throughout many tissue types, and have been identified in the
brain during development (Striibling et al. 2001, Zechel et al. 2007). TRP channels show
complex gating properties, responding to a diverse range of stimuli variously including
temperature, osmolarity, stretch, pH, voltage, and chemical compounds (Caterina et al. 1997,
Voets et al. 2004, Maroto et al. 2005, Yeh et al. 2005, Spassova et al. 2006, Leffler et al. 2007
Dhaka et al 2009), though as yet few endogenous extracellular ligands have been identified.
They can also be regulated by various intracellular mechanisms, such as G protein-coupled
receptors, PLC activation, diacylglycerol, and phosphorylation through PKA, PKC and PKG
(Zhu et al. 1998, Li et al. 1999, Kim et al. 2003, Hofmann et al. 1999; for general reviews see
Pedersen et al. 2005, Ramsey et al. 2006).

Ca®" can also enter cells via connexins. Pairs of connexins form gap junctions between
cells which allow the passage of ions and small metabolites between cells, including Ca** and
inositol 1,4,5-trisphosphate (InsPs;; Goldberg et al. 2004). Uncoupled connexins can also act
as “hemi-channels” opening onto the extracellular space, allowing influx of Ca*" and release
of signalling molecules such as ATP (Cotrina et al. 1998, Goodenough and Paul 2003), and
these have been implicated in the initiation of Ca®* waves in the ventricular zone of the

developing neocortex (Weissman et al. 2004).

1.3.3 Roles of calcium signalling during stem cell development

The actions of Ca®* are fundamental to many processes during development, including
proliferation, apoptosis, migration and neural development, each of which has important
consequences for the development of stem cell therapies.

Proliferation has long been known to be regulated by Ca*" and calmodulin (Rasmussen and
Means 1987, 1989), though still relatively little is known about how it regulates the cell cycle
machinery. The cell cycle consists of four sequential stages through which cells pass as they
proliferate: G1, S, G2 and M. G1 and G2 are gap phases where the cells synthesise proteins
in preparation for DNA synthesis in S phase and mitosis in M phase, respectively. During the

cycle Ca** signals are required for entry into G1, and for transition at the G1/S and G2/M



boundaries (Santella 1998). Entry of quiescent cells into G1 is dependent on Ca*" influx
stimulated by growth factors, for fibroblast growth factor-2 (FGF-2) this has been associated
with TRPC1 channels in rat NSCs (Pla et al. 2005), and in mouse ESCs epidermal growth
factor (EGF) has been shown regulate proliferation via Ca**-dependent MAPK and PKC
signalling (Heo et al. 2006).

The rate of progression through G1 was found to be proportional to the concentration of
calmodulin (Rasmussen and Means 1987, 1989), and therefore could potentially be controlled
by Ca** signalling. This might be of particular interest for stem cell development, as there is
evidence that the speed of G1 has a direct influence on neurogenesis (Calegari and Huttner
2003, Lange et al. 2009). Ca*" might be linked to this process through hyperpolarisation of
the membrane by K* channels, which appears to be required for G1 progression (Wonderlin
and Strobl 1996). If so, methods of manipulating this process could be useful for stem cell
therapies.

The requirement for Ca** influx at the G1/S and G2/M boundaries may form part of the
checkpoint controls that prevent damaged cells from progressing. At these checkpoints
damaged cells will either attempt DNA repair or initiate apoptosis, depending on the extent of
the damage (Zhou and Elledge 2001).

Initiation of apoptosis can occur through several Ca**-dependent mechanisms present in the
cytosol, endoplasmic reticulum and mitochondria (Orrenius et al. 2003). In one situation,
deregulation of Ca*" homeostasis results in an overload of Ca*" in the endoplasmic reticulum
and mitochondria, leading to the release of apoptotic signals by the mitochondria (Pinton et al.
2008). Anti-apoptotic proteins Bcl-2 and Bcl-X; act to reduces levels of Ca*" in the
endoplasmic reticulum, preventing stress and subsequent activation of apoptotic signalling
pathways (Pinton et al. 2000), and over-expression of Bcl-X; in human NSCs was shown to
increase the survival of dopaminergic neurons (Liste et al. 2004), indicating this pathway is
active in stem cell survival.

Migration and neurite growth are important aspects of stem cell integration into their host
environment. In developing neurons Ca*" signalling controls saltatory migration, neurite
growth and turning, and neurite retraction (Gomez et al. 2006, Zheng and Poo 2007). Global
increases in Ca®* can promote neurite outgrowth and migration, and inhibition of Ca*'
signalling impairs migration (Komuro and Rakic 1996). In accordance, Ca*" increases have

been shown to promote neurite outgrowth in differentiating mouse primary NSCs (Ciccolini



et al. 2003), and knockout of TRPC1 or TRPC4 was found to reduce neurite length in human
stem cell-derived neurons (Weick et al. 2009). However, TRPC5 channel activity has been
shown to inhibit neurite growth (Greka et al. 2003, Hui et al. 2006), and in some cell types
Ca*" decrease has been shown to promote neurite outgrowth (Tang et al. 2003), suggesting
that intracellular regulation of Ca*" signals also regulates growth versus retraction. There is
also evidence that different types of channel may differentially contribute to responses to
guidance cues, possibly through differing Ca®" conductances. Netrin is a chemoattractant
which induces Ca** signals via L-type Ca, channels, and blocking these channels switches the
response from attraction to repulsion (Hong et al. 2000). However, this repulsive action also
requires Ca*" influx as lowering extracellular Ca** or applying Cd** (which blocks L-types Ca,
channels and some TRP channels) prevented both attractive and repulsive responses (Song et
al. 1998, Hong et al. 2000), indicating that both are mediated by Ca*"-dependent signalling
pathways.

Growing axons and dendrites must determine the appropriate synaptic partners from the
many others they come into contact with. In the process of synaptogenesis highly localised
Ca*" signals occur in filopedia of dendrites within minutes of their contacting an axon. These
signals appear to stabilise the structure of the filopedia, as filopedia with higher frequency
transients were more likely to stabilise into a dendritic spine, whereas with lower frequencies
filopedia were more likely to retract (Lohmann and Bonhoeffer 2008). The mechanism
underlying these Ca** signals is unknown, but might be activated by adhesion molecules
(Nishimune et al. 2004, Sanes and Yamagata 2009), and therefore could act as a mechanism
of selecting appropriate synaptic partners, where inappropriate cell types fail to induce
sufficient Ca®* signals. In stem cells this process may be informative for their ability to
integrate correctly into the host neural networks, and may lead to methods of engineering cells
to integrate specifically into the host.

The expression of recognition molecules and responsiveness to different guidance
molecules will depend on the identity adopted by differentiating neurons. What role Ca** has
in determining neuronal identity is unclear; in Xenopus it is well established that the
frequency of Ca®* transients determines the expression of GABA, glutamate and acetylcholine
in spinal neurons (Gu and Spitzer 1995, Borodinsky et al. 2004), however, limited data is
available from mammalian cells. Ciccolini et al. (2003) reported that Ca®" signals regulated

the adoption of a GABAergic phenotype in mouse primary striatal NSCs, but how widespread
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this mechanism may be is unclear. There have also been reports of Ca®" regulating
neurogenesis in mouse neural crest cells and primary cortical NSCs via InsP3-Rs and Ca,
channels, respectively (Carey and Matsumoto 1999, D’Ascenzo et al. 2006), but again, the
general importance of such mechanisms has yet to be established.

It is clear that Ca** signalling plays important roles at different stages of cell development,
and that understanding what these roles are and the mechanisms underlying them could lead
to methods of guiding development. This requires characterisation of the Ca*" signalling
mechanisms present in different cell types, and of the influence promoting or inhibiting these

signals has on stem cell development.

1.4 Functional development of stem cell-derived neurons

Any stem cell-derived neuron must be capable of developing the appropriate functional
properties, particularly for therapies that aim to replace lost cells. The most fundamental of
these are the voltage-gated Na (Na,) and K (K,) currents which underlie action potential
generation (Hodgkin and Huxley 1952), and the expression of neurotransmitter receptors and
release of neurotransmitter in response to stimulation, which underlie synaptic
communication.

Neurons derived from ESCs and iPSCs have been shown to develop functionally in vitro,
generating action potentials and forming synaptic connections (Johnson et al. 2007, Wernig et
al. 2008, Kock et al. 2009, Kim et al. 2011). Detailed characterisation of non-immortalised
hNPCs has shown they could differentiate into GABAergic and dopaminergic neurons in
vitro, and that they develop key functional properties of neurons, such action potential
generation and expression of neurotransmitter receptors (Milosevic et al. 2006, 2007, Wegner
et al. 2008, 2009). However, functional development in v-myc immortalised cell lines
appears limited, and has not been shown to be stable over long periods in culture.
Spontaneous and evoked action potentials have been described (Lotharius et al. 2002,
DeFilippis et al. 2007, Donato et al. 2007, Tonnesen et al. 2010), but where more detailed
analyses were performed they showed limited maturation and expression of voltage-gated
currents (Donato et al. 2007). Identifying the cause of this and methods to compensate would

enhance the potential of immortalised hNPCs for cell replacement therapies.
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1.5 Activity-dependent neuronal survival

The functional development of neurons is not just important for their mature role. In the
developing brain an extensive period of cell death coincides with a period of synaptogenesis,
during which immature neurons that fail to establish themselves in developing neural
networks undergo apoptosis (Oppenheim 1991, Buss et al. 2006). This process of
programmed cell death is crucial in establishing the connectivity of neural networks and
removing unwanted neurons. As differentiating stem cells are not immune to this process it
may have consequences for the success of cell replacement therapies.

Synaptic activity can mediate survival through activation of Ca**-dependent processes, via
NMDA receptors or Ca, channels (Koike et al. 1989, Hardingham et al. 2002, Léveillé et al.
2010), and through release of neurotrophic factors at synapses (Davies 2003). In the
developing substantia nigra, dopaminergic neuron survival is mediated through the release of
GDNF from their post-synaptic targets in the striatum (Oo et al. 2003, Burke et al. 2004), and
excitation has been linked to the survival of developing substantia nigra dopaminergic
neurons in primary cultures of mouse ESCs through a Ca**-dependent mechanism (Douhou et
al. 2001, Salthun-Lassalle et al. 2004), and in midbrain slice cultures (Katsuki et al. 2001,
2003). These observations suggest that the survival of stem cell-derived neurons after
transplantation could be influenced by their ability to integrate into the host neural networks,
and therefore demonstration of activity dependencies in human stem cell-derived neurons and
subsequent investigation of the underlying mechanisms may lead to methods of enhancing

survival in vivo.

1.6 Organotypical slice cultures as a model neural environment
The environment into which stem cells would be transplanted differs considerably to both that
of cell cultures and of the developing brain. The signals which would regulate differentiation
and processes such as migration, axon growth and synapse formation are largely absent, and
very little is known about the mechanisms underlying host-graft interactions.

Organotypical slice cultures provide a model neural environment in which interactions
between stem cells and their host can be investigated, while maintaining the advantages of in

vitro systems, namely a controllable environment, ease of manipulation, high throughput and
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accessibility. The co-culture system does not replicate in vivo transplantation per se, as
cultures must be made using embryonic or postnatal tissue, at which times the nervous system
is still developing. Many of the basic structural features are present however, including
neural networks, and in the case of hippocampal cultures there is a considerable literature on
the cellular and chemical composition of the environment (Gdhwiler et al. 1997, Holopainen
2005, Forster et al. 2006, Lossi et al. 2009). It should also be noted that the environment is
that of injured rather than healthy tissue, as the process of slicing induces an inflammatory
response from the tissue. This can be considered beneficial for modelling stem cell-host
interactions since inflammation accompanies neurodegenerative disorders, including
Parkinson’s disease (Przedborski 2007).

It has previously been demonstrated that when transplanted onto organotypic hippocampal
slice cultures mouse embryonic stem cells can differentiate into functional neurons which
receive synaptic input (Benninger et al. 2003, Tonnesen et al. 2011), and into glia (Scheffler
et al. 2003, Husseini et al. 2008). Expression of neuronal markers has also been induced in
