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Abstract
Adult neurogenesis in the subventricular zone (SVZ) is a highly dynamic and
finely-tuned process, subject to modulation by various physiological stimuli. Fastdividing transit-amplifying (type C) cells are the immediate progeny of adult
neural stem cells in the SVZ. These type C cells play a key role in neurogenesis
by expanding cell numbers that eventually give rise to neuroblasts destined for the
olfactory bulbs (OB). The size of the progenitor pool, and ultimately the number
of neurons that engage in synaptic competition at the OB, is largely determined by
the balance between proliferation and differentiation of these cells. Identifying the
signalling mechanisms that regulate type C cell fate is an essential step towards
understanding how intermediate progenitor pools are maintained in the adult
neurogenic niches. A key feature of type C cells is their transient expression and
activation of epidermal growth factor receptor (EGFR), which is a critical signal
involved in regulating their undifferentiated and proliferative state in vitro, and in
maintaining the number of neurons produced in vivo. EGFR activation leads to
multiple complex signal transduction pathways, including Ca2+ liberation from the
endoplasmic reticulum (ER). Biological systems can transduce information by
initiating and/or altering the spatial and temporal dynamics of Ca2+ within the cell,
allowing for distinct biological signals to be transmitted in a process known as
Ca2+-encoding. In this study, the role Ca2+-encoding plays in EGFR signal
transduction was examined.
Primary cultures of type C cells derived from adult C57BL/6 mice were
characterised

using

multimarker

immunocytochemistry

as:

EGFR+/FGFR2+/Mash1+/Sox2+/Pax6+/nestin+/Dlx2+/DCXlow/GFAP. Live cell
Ca2+ imaging using Fluo-4-AM revealed a novel Ca2+ encoding mechanism
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downstream of EGFR activation. Stochastically appearing Ca2+ oscillations of the
baseline-spiking type were observed in approximately 40% of type C cells. The
average frequency of oscillation occurred at 54 mHz for a duration of 5.6 s. The
intertransient interval (ITI) was 10.3 s between spikes and duty cycle 0.35. Each
spike occurred with amplitude of 44.9. Ca2+ oscillations persisted in the absence of
extracellular Ca2+, indicating the involvement of internal store release. Further
analysis found that Ca2+ oscillations were dependent on phospholipase C (PLC)
and inositol trisphosphate receptor (IP3R) activation. Application of PLC inhibitor
1-[6-[((17β)-3-Methoxyestra-1, 3, 5[10]-trien-17-yl) amino] hexyl]-1H-pyrrole-2,
5-dione (U-73122; 5 µM) resulted in an 86.5 % reduction in the number of
oscillating cells

in

culture.

Similarly,

inhibition

of

IP3R

with

2-

Aminoethoxydiphenyl borate (2-APB; 50 µM) reduced the number of oscillating
cells by 74.8 %, and inhibiting the sarco-endoplasmic Ca2+ reticulum ATPase
(SERCA) pump activity (thapsigargin, 1 µM) completely abolished oscillations.
Mitogens epidermal growth factor (EGF) and basic fibroblast growth factor
(FGF2) are crucial for maintaining undifferentiated and proliferative neural
precursor cells (NPC) in culture. To investigate the involvement of their cognate
receptors; EGFR and fibroblast growth factor receptor 2 (FGFR2), in the Ca2+
oscillation signal transduction cascade, cells were maintained in medium with or
without EGF and FGF2. Long-term removal of EGF from the media significantly
altered the characteristic baseline-spiking oscillations, which was not observed
upon FGF2 removal. Furthermore, a positive concentration-response relationship
was observed between increasing EGF concentration (maximal response at
10 ng/mL) with a corresponding increase in oscillation frequency without
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significantly affecting amplitude. These data indicate that the activation of EGFR
encodes Ca2+ oscillations through frequency modulation (FM).
The nuclear transcription factor: nuclear factor of activated T-cells (NFAT) is
uniquely activated by FM Ca2+ oscillations and was hypothesised as a possible
target decoder-protein. When assayed by immunocytochemistry, all four Ca2+sensitive NFAT proteins (NFAT1-4) were expressed in type C cells. Of these the
NFAT3 isotype was identified as the principle decoder-protein activated in the
downstream signalling cascades by its import into the nucleus of type C cells.
During interphase, NFAT3 was exclusively characterised by persistent nuclear
translocation, which could be inhibited with 2-APB (50 µM). Using the thymidine
analogue 5-ethynyl-2´-deoxyuridine (EdU) to identify proliferating cells, activated
NFAT3 was also observed in EdU+ NPCs within the SVZ. It was found that upon
inhibiting the Ca2+ signal, either by antagonising EGFR (N4-(3-Bromophenyl)-N6methyl-pyrido[3, 4-d]pyrimidine-4, 6-diamine [PD158780], 2 µM) or IP3R (2APB, 50 µM and Xestospongin C, 2 µM), or by direct inhibition of NFAT
signalling (Cyclosporin A, 10 µM and NFAT inhibitor, 5 µM) there was a
concentration-dependent reduction in cell proliferation when measured by EdU
incorporation. Taken together these findings suggest a highly dynamic signalling
mechanism in which EGFR utilises Ca2+ FM and NFAT3 activation to regulate
type C cell proliferation during adult neurogenesis in the SVZ.
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Chapter One: General Introduction
1.1 Adult Neurogenesis in the Subventricular Zone (SVZ)
1.1.1

Introduction

The mammalian brain is complex in both design and function. Like the opening
lines to an elaborate play, neuroepithelial stem cells begin the development of the
nervous system. Arising within the embryo these early neural stem cells (NSC)
are induced to proliferate and are guided towards far away destinations where they
differentiate into specific neural phenotypes and undergo synaptogenesis to form a
functional neural circuitry (Taverna et al. 2014). This intricate process of
neurogenesis is well established during the development of the central nervous
system (CNS) and continues in restricted brain regions into adulthood. For many
years dogma held that neurogenesis was absent in the adult mammalian brain
despite Joseph Altman’s observations of newly generated neurons in the adult rat
hippocampus, which were largely ignored (Altman and Das 1965). It was not until
the late 1970’s when non-mammalian neurogenesis was observed, first in goldfish
where growth-related changes occurred in the central regions of the retina (Johns
and Easter 1977); and then in the brain of adult songbirds where tritiatedthymidine injections revealed that additional functional hippocampal neurons
were integrated as the birds acquired new songs (Goldman and Nottebohm 1983).
In wake of these elegant experiments, revolutionary work in adult mice (Reynolds
and Weiss 1992), and in humans (Eriksson et al. 1998) rediscovered and
definitively demonstrated that neurogenesis occurred in the adult mammalian
brain. It is now understood that restricted areas of the brain play host to a
persistent population of adult neural stem and precursor cells still capable of
developing into nervous tissue (Lois and Alvarez-Buylla 1993). These highly
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specialized neural niches within the mammalian CNS include the subgranular
zone of the dentate gyrus in the hippocampus (Altman and Das 1965), the
subventricular zones (SVZ) lining the lateral ventricle walls (Lois and AlvarezBuylla 1993), and potentially within central cortical regions (Matsumura et al.
2003). Of these, the paired SVZs are the most prolific of the neurogenic regions
(Lois and Alvarez-Buylla 1993).
Many studies have indicated that Ca2+ signalling plays an important role
regulating cellular functions during adult neurogenesis including NPC
proliferation (Fiorio Pla et al. 2005, Kong et al. 2008, Liu et al. 2010), migration
(Bolteus and Bordey 2004, Ariano et al. 2011) and differentiation (Ciccolini et al.
2003, D'Ascenzo et al. 2006, Castiglione et al. 2008). During these processes Ca2+
acts as a second messenger downstream of receptor activation, and does so
through direct interactions with Ca2+ effector proteins. During certain signalling
events, the intracellular Ca2+ ([Ca2+]i) can transiently oscillate which serves two
major functions; to avoid cytotoxic effects that occur with elevated [Ca2+]i during
prolonged signalling events (Duchen 2000), and to convey specific information to
downstream effector proteins. Some of these effector proteins have the ability to
detect and interpret these oscillatory patterns of [Ca2+]i in order to initiate different
cellular programs. The unique cellular information that is encoded in the
dynamics of [Ca2+]i can be altered depending on the stimulus type and strength,
which contributes to the vast range of Ca2+-sensitive signal transduction pathways
(Smedler and Uhlen 2014).
This dissertation explores the role of Ca2+ signalling in the regulation of adult
mouse SVZ-derived type C cell biology. The temporal and spatial characteristics
of the Ca2+ encoding were quantified and the potential upstream signalling
16

pathways activated tested. Through a detailed analysis of the Ca2+ signal at least
one major downstream decoder protein was identified as a transcriptional
regulator activated in response to [Ca2+]i oscillations. These investigations are
particularly relevant to the field of adult neurogenesis in that they uncover a key
regulatory pathway utilized by type C cells during neurogenesis in the SVZ. The
principle role of type C cells is to amplify cell numbers, presumably in order to
maintain progenitor pools, and therefore uncovering a key regulatory mechanism
governing their proliferation provides a fundamental understanding of adult
neurogenesis from first principles.
1.1.2

Cellular Architecture of the Rodent SVZ

The SVZ is a highly vascularised region characterized by an impressive level of
cellular organisation that supports the lifelong maintenance of a population of
NSCs. These cells extend from intimate contact with the cerebral blood vessels
through the ependymal (type E) cell layer to make direct contact with the
cerebrospinal fluid in the lateral ventricles. Autocrine and paracrine signalling
molecules from neighbouring cells and blood vessels are involved in the complex
regulation of neurogenic homeostasis that allow for the subsequent generation of
mature neuronal phenotypes (Alvarez-Buylla and Garcia-Verdugo 2002).
The SVZ niche is composed of five primary cells types that can be identified
immunohistochemically with antibodies specific to unique cellular proteins,
morphologically and by electron microscopy. In rodents, ciliated ependymal cells
(type E1 and E2) form the innermost layer of cells that line the ventricular cavity
walls (Doetsch et al. 1997, Mirzadeh et al. 2008). Radial glia-like cells (type B),
also known as SVZ astrocytes, form the next layer (Doetsch et al. 1999) and can
be further subdivided into two phenotypes (type B1 and type B2) based on
17

differences in tissue histology and cellular morphology. Type B1 cells generally
have a larger cytoplasm and associate closely with the ependymal cell layer in a
pinwheel formation. They extend a single apical process into the ventricular space
to contact the cerebrospinal fluid, and a basal process which terminates on nearby
blood vessels (Mirzadeh et al. 2008). Most studies agree that type B1 cells
function as the resident stem cells within the SVZ (Doetsch et al. 1999, Garcia et
al. 2004, Beckervordersandforth et al. 2010, Lee et al. 2012). Type B2 cells on the
other hand do not contact the ventricle and remain mostly within the parenchyma
of the SVZ, some interacting with migrating type A cells (Doetsch et al. 1997,
Shen et al. 2008). Functional differences between type B1 and B2 cells are, at
present, not well understood and will hereafter be referring to type B1 cells as
type B cells unless specified. Type B2 cells will only be discussed briefly.
Type B cells undergo a slow, asymmetric division and give rise to a self-copy as
well as a transient amplifying (type C) cell (Morshead et al. 1998). Type C cells
then undergo a highly proliferative phase of symmetrical divisions, establishing
an extensive population of migrating neuroblasts (type A cells) that also continue
to proliferate as they migrate anteriorly in chains along the rostral migratory
stream (RMS) and into the olfactory bulbs (OB) (Doetsch et al. 1997). Type B1
and B2 cells form interactive “glial tubes” around the type A cells as they migrate
(Lois et al. 1996), during which they secrete factors contributing to their
continued migration and proliferation (Snapyan et al. 2009). Once type A cells
enter the OBs, they migrate radially and then differentiate into one of the granular
or periglomerular interneuron subtypes (Batista-Brito et al. 2008). While their
function is not well understood, it is believed they are involved in odour
discrimination (Ihrie and Alvarez-Buylla 2011, Ming and Song 2011). The final
18

SVZ niche cell type are microglia which are the resident immune cells dispersed
throughout the SVZ. While they are primarily involved in inflammatory responses
(Ekdahl et al. 2009) and are often activated during pathological conditions such as
ischemia and ageing, microglia can also secrete soluble factors that contribute to
the regulation of neurogenesis. For example, co-culturing neural precursor cells
(NPC) with microglia enhances the number of new neurons produced (Walton et
al. 2006).
1.1.3

Cellular Architecture of the Human SVZ

There are several features of adult neurogenesis in the SVZ that differ in humans
compared to rodents and other non-primate mammals. Firstly, the human SVZ
exhibits several well-defined layers of cells (layers I-IV) in contrast to the
pinwheel structure observed in rodents (Mirzadeh et al. 2008). The layer most
adjacent to the ventricle (layer I) consists of multi-ciliated ependymal cells with
basal cytoplasmic projections that extend into a hypocellular gap. In the second
layer (layer II, also known as the hypocellular layer), the ependymal extensions
interact with type B cell processes and is mostly devoid of cell bodies (QuiñonesHinojosa et al. 2006). A “ribbon” configuration of proliferative type B cells make
up the third layer (layer III), interspersed with some oligodendrocyte precursor
cells (OPCs) and ependymal cells. Finally, the innermost layer (layer IV) consists
of myelin tracts and neuronal cell bodies (Gonzalez-Perez 2012). A distinguishing
feature of adult human neurogenesis is the absence of the prominent chain
migration towards the OBs, in contrast to what is observed in most mammals
(Sanai et al. 2004). Instead, a substantial number of new neurons are destined for
the striatum, a forebrain structure mostly involved in cognition and reward
functions (Ernst et al. 2014). Despite the structural differences, neurogenesis in
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the SVZ of humans and other non-primate mammals comprises of similar, if not
the same, cell types and underlying biological processes.
1.1.4

Overview of SVZ Cell Biology

One common difficulty encountered when investigating the contribution of each
SVZ cell type to neurogenesis is the ability to definitively identify each cell type.
Methods of cell identification include observing morphological differences, as
well as relative protein expression by immunohistochemical markers (Mamber et
al. 2013). Both the location of the cell within the niche and the cell soma size can
be used to identify type B, C and A cells morphologically, however this method is
insufficient and further identification is required (Mirzadeh et al. 2008). At
present there is no single definitive cell marker that can be used to reliably
identify each SVZ cell type. The substantial commonality between each
subsequent cell type and their protein expression highlights the need for caution
when attributing biological function to a SVZ cell phenotype. To further
complicate identification, proteins that are expressed during a particular
developmental stage of one cell type may, upon differentiation, be expressed later
by a different cell type (Mamber et al. 2013). Thus, in order to conclusively
identify a particular cell type, the use of multiple markers must be employed.
Some of the key immunochemical markers commonly used to identify each of the
SVZ cell phenotypes will be discussed and have been summarised in Fig 1.1-1.
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Figure 1.1-1 Subventricular zone cell type specific marker expression
There is no one marker that can distinguish amongst multiple cell types within the
adult rodent SVZ. Instead, one must use a number of markers to aid in proper cell
type identification. This image represents some of the most common markers used
in the field and what cell types they label within the SVZ. Some markers are only
expressed in a specialised number of cells, for example putative OPCs*. Gradients
indicate overlapping expression. BLBP: brain lipid binding protein; CD133:
cluster of differentiation marker 133; CD24: cluster of differentiation marker 24;
DCX: doublecortin; Dlx2: distal-less homeobox 2; EGFR: epidermal growth
factor receptor; FGFR3: fibroblast growth factor receptor 3; GFAP: glial fibrillary
acidic protein; GLAST: glutamate aspartate transporter; LeX: Lewis X antigen;
Mash1: mammalian achaete scute homolog-1 ; NG2: neural/glial antigen 2; Olig2:
oligodendrocyte lineage transcription factor 2; OPC: oligodendrocyte precursor
cell; Pax6: paired box 6; PSA-NCAM: polysialylated neuronal cell adhesion
molecule; s100B: calcium binding protein B; Tuj1: neuron-specific class III betatubulin.
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1.1.5

Ependymal Cells (Type E)

Multi-ciliated ependymal cells line the inner surface of the ventricle walls where
they primarily act to propel and filter cerebral spinal fluid (Cathcart and
Worthington 1964), their role in the regulation of adult neurogenesis however,
remains unclear. Ependymal cells can be identified by the expression of the cell
surface glycoprotein Prominin-1, also known as cluster of differentiation marker
133 (CD133) (Coskun et al. 2008, Obermair et al. 2010). Prominin-1 is also
expressed by a small number of type B cells in the SVZ (Mirzadeh et al. 2008,
Beckervordersandforth et al. 2010). Likewise, the Ca2+-binding protein s100B and
the cell adhesion glycoprotein heat stable antigen, (also known as cluster of
differentiation marker 24: CD24) is commonly used to identify ependymal cells
(Mirzadeh et al. 2008, Pastrana et al. 2009, Nomura et al. 2010). However, s100B
is also expressed by mature astrocytes (Raponi et al. 2007, Lee et al. 2012) and
some type A cells have been reported to express CD24 (Calaora et al. 1996,
Spassky et al. 2005).
Similar to type B cells, ependymal cells are derived from embryonic radial glial
cells (Spassky et al. 2005) and because of this, initial reports suggested they may
act as adult NSCs (Johansson et al. 1999). During embryogenesis multipotent
radial glial cells play an essential role in the development of the CNS by acting as
scaffolds radiating outward from the neural tube, hence their name, and are used
by migrating neuroblasts to traverse the developing parenchyma (Rakic 1988,
Rakic 2003). Several unsuccessful attempts to demonstrate multipotentiality from
purified ependymal cells have led to the general consensus that once mature,
ependymal cells are unipotent and postmitotic (Chiasson et al. 1999, Capela and
Temple 2002, Doetsch et al. 2002, Spassky et al. 2005). A possible exception may
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be under particular cellular conditions such as ischemia where ependymal cells
can be stimulated to divide, and exhibit radial glial cell characteristics (Zhang et
al. 2007). Although ependymal cells do not appear to directly participate in adult
mammalian neurogenesis they do interact closely with type B cells (Mirzadeh et
al. 2008) and may help to regulate neurogenesis indirectly through secreted
factors as one of the supporting cells (Gajera et al. 2010).
1.1.6

Radial Glia-Like Cells (Type B)

Type B cells share ultrastructural characteristics with astrocytes; hence they are
sometimes also referred to as SVZ astrocytes. Type B cells also express numerous
proteins that are characteristic for glial cells including the putative astrocyte
identifier glial fibrillary acid protein (GFAP) (Doetsch et al. 1997, Doetsch et al.
1999, Capela and Temple 2002, Shen et al. 2008, Pastrana et al. 2009).
Interestingly, the GFAP δ isoform has been reported to exclusively mark type B
cells in humans (Quiñones-Hinojosa et al. 2006), however in rodents it is
expressed within type B cells and mature astrocytes (Mamber et al. 2012). GFAP
may be highly expressed, such as in retinal astrocytes (Mansour et al. 2008),
diffuse or even absent, depending on the area of brain parenchyma under
investigation (Sancho-Tello et al. 1995, Dahiya et al. 2011). In the adult mouse
SVZ, GFAP expression is commonly used to delineate between type B cells and
their immediate progeny, type C cells (Doetsch et al. 1999).
Type B cells also express the astrocytic markers brain lipid binding protein and
glutamate aspartate transporter (Mori et al. 2005), which support the notion that
type B cells are of a glial lineage. Both vimentin and nestin are intermediate
filaments that function as organelle anchors and signalling proteins within cells
(Pallari and Eriksson 2006). Vimentin is typically expressed in mature astrocytes,
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however in the SVZ it is observed in both ependymal cells and type B cells
(Doetsch et al. 1997, Doetsch et al. 1999, Coskun et al. 2008, Mirzadeh et al.
2008). Nestin is a typical marker of immature cells and is expressed in type B and
type C cells, but not ependymal cells (Mamber et al. 2012). Thus,
nestin+/vimentin+/GFAP+ expression can be used to delineate type B cells from
ependymal cells. The Lewis X (LeX, cluster of differentiation marker 15 (CD15)
or stage specific embryonic antigen 1 (SSEA-1)) carbohydrate has been proposed
as a type B cell identifier and potential stem cell marker (Capela and Temple
2002, Shen et al. 2008), although LeX expression has also been reported on type
C cells (Aguirre et al. 2004). One protein that is proposed to delineate type B from
type C cells is fibroblast growth factor receptor (FGFR) isotype 3, however it does
not discriminate type B cells from mature astrocytes in the SVZ (Young et al.
2010).
Type B cells share many features of radial glial cells including tissue histology
and cellular morphology, which has led to the notion that they retain stem cell
potential in the adult SVZ (Ihrie and Alvarez-Buylla 2008). Common
immunohistochemical markers expressed by radial glial cells and type B cells
include brain lipid binding protein, glutamate aspartate transporter, and the radial
glial cell marker 2 protein (Hartfuss et al. 2001, Park et al. 2009). Initial studies
made use of in vivo lineage elaboration, where they tracked radial glial cells using
the carbocyanine dye Dil and demonstrated that Dil-labelled cells could
differentiate into astrocytes (Voigt 1989), suggesting the first link between radial
glial cells and type B cells. It was later established that only the GFAP+ type B
cells remain in the SVZ after infusion of the anti-mitotic drug cytosine-β-Darabinofuranoside (Ara-C) to inhibit rapidly proliferating type C cells (Grant
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1998), indicating type B cells were relatively quiescent. Some type B cells
retained the proliferation marker bromodeoxyuridine (BrdU), indicating they were
slowly dividing, and were then shown to regenerate the SVZ germinal layer in
adult mice, thus providing evidence of their stem cell properties (Doetsch et al.
1999). Further investigation revealed that isolated GFAP+ type B cells gave rise
to self-renewing, multipotent neurospheres in vitro (Doetsch et al. 1999), which
has been confirmed numerous times since (Capela and Temple 2002, Garcia et al.
2004). A direct link between type B cell and radial glial cell lineage was later
confirmed (Merkle et al. 2004), and type B cells were also established as the
precursor cells to OB interneurons (Garcia et al. 2004). Although most evidence
indicates that type B cells act as NSCs within the adult SVZ, evidence as to
whether or not these cells retain multipotentiality in vivo remains elusive.
Typically, type B cells remain in a quiescent phase until activation, upon which
they then upregulate proteins such as epidermal growth factor receptor (EGFR)
(Pastrana et al. 2009) and integrin β1 (Kazanis et al. 2010), and asymmetrically
divide to form one self-copy and a type C cell (Morshead et al. 1998). Only a
small number (approximately 4 %) of “activated” type B cells are dividing at any
given time, with an approximate cell cycle duration of 17-18 hrs (Ponti et al.
2013).
1.1.7

Transit Amplifying Cells (Type C)

As mentioned previously, the immediate progeny of type B cells are transit
amplifying (type C) cells. Throughout most of development, multipotent radial
glial cells either generate daughter neurons directly or produce a second, more
restricted intermediate precursor cell, also referred to as a basal progenitor cell,
which populates the embryonic SVZ. It is believed that these basal progenitor
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cells are the embryonic equivalent of adult type C cells (Urban and Guillemot
2014). In the adult SVZ, type C cells make up the majority (approximately 40 %)
of proliferating cells (Ponti et al. 2013) and undergo 2-3 rapid symmetrical
divisions about every 18-25 hrs prior to their differentiation into type A cells
(Gritti et al. 1999, Ponti et al. 2013). A small number of type C cells also give rise
to OPCs (Menn et al. 2006), and under certain conditions type C cells exhibit stem
cell properties in vitro, such as multipotentiality and self-renewal, as determined
by the neurosphere assay (Doetsch et al. 2002).
The majority of proliferating type C cells exist in small clusters in close proximity
to type B cells and the underlying SVZ vasculature, whereas a subpopulation of
OPC-forming type C cells are distributed evenly through the SVZ (Shen et al.
2008). Type C cells are typically identified by the upregulation of transcription
factors mammalian achaete-scute homolog-1 (Mash1, also known as Ascl1)
(Parras et al. 2004, Adachi et al. 2007, Puverel et al. 2009, Kim et al. 2011),
distal-less homeobox 2 (Dlx2) (Doetsch et al. 2002, Castiglione et al. 2008, Jones
and Connor 2011) and paired-box 6 (Pax6) (Jones and Connor 2011). Both Mash1
and Dlx2 expression may be retained in some type A cells (Suh et al. 2009, Kim
et al. 2011) and Mash1 has been reported in a small percentage of type B cells
(Parras et al. 2004). EGFR upregulation occurs almost exclusively on type C cells,
making it a consistent marker (Doetsch et al. 2002, Aguirre et al. 2005), although
a small number EGFR+ activated type B cells have been reported (Pastrana et al.
2009, Gonzalez-Perez and Quinones-Hinojosa 2010), so it must be used in
conjunction with other cell identifiers.
As mentioned previously, a subset of type C cells also express the OPC lineage
markers oligodendrocyte transcription factor 2 (Olig2) (Menn et al. 2006) and
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neural/glial antigen 2 (NG2) (Aguirre et al. 2004, Dromard et al. 2007), which are
crucial proteins for the formation of oligodendrocytes. Oligodendrogenesis in the
SVZ is generally scarce, however it can be enhanced under certain conditions, for
example in response to demyelinating lesions (Menn et al. 2006), and to increased
EGFR signalling (Gonzalez-Perez et al. 2009). Overexpression of EGFR during
early postnatal development for example, leads to the expansion of
NG2+/Mash1+/Olig2+ type C cells in the SVZ and increased oligodendrogenesis
(Aguirre et al. 2005). Aside from this sub-population of OPC-generating cells, the
primary role of type C cells is to generate large numbers of type A cells for
incorporation into the OBs.
1.1.8

Neuroblasts (Type A)

Type A cells (neuroblasts) typically have an elongated morphology with an
extended leading process and growth cone (Lois et al. 1996). They are identified
by the expression of proteins associated with neurons including anti-polysialic
neural cell adhesion molecule (PSA-NCAM), neuron-specific class III betatubulin (Tuj1) and doublecortin (DCX) (Lim and Alvarez-Buylla 1999,
Seidenfaden et al. 2006, Castiglione et al. 2008, Saaltink et al. 2012). A small
number of type A cells have also been reported to express Mash1 (Parras et al.
2004), which is most likely a result of the lineage transition from type C to type
A.
As type A cells migrate anteriorly along the RMS towards the OBs, they are
ensheathed by type B cells, forming glial “tubes” that secrete soluble factors that
regulate migration (Mason et al. 2001). The exact function of these glial
interactions remains unclear; however they are not essential for type A cell
migration (Wichterle et al. 1997). As type A cells migrate they divide
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approximately every 18 hrs prior to their subsequent differentiation in the OBs
(Ponti et al. 2013). This is subject to various mitogenic and anti-proliferative
signals from the surrounding environment which alter cell cycle length and speed
(Hagg 2005). One such example is the synthesis and release of the
neurotransmitter γ-Aminobutyric acid (GABA) from type A cells, which acts as
an autocrine and paracrine signalling molecule. Both type B and type A cells
express GABA receptors, which when tonically activated by GABA, result in
decreased proliferation, thus negatively regulating the number of new neurons
produced (Nguyen et al. 2003, Liu et al. 2005). Type A cells also display some
plasticity in their lineage choice under certain conditions. For example DCX+ type
A cells in the adult SVZ can be converted to an oligodendrocyte fate after
demyelination of the corpus callosum (Jablonska et al. 2010).
The OBs are arranged in multiple layers, each layer consisting of different neuron
subtypes at various stages of development (Price and Powell 1970). Primary
olfactory sensory neurons project to glomeruli where they synapse with mitral and
tufted cells, making up the glomerular layer. Juxtaglomerular cells surround the
glomeruli, and consist of three morphologically distinct subtypes; periglomerular
cells, external tufted cells, and superficial short-axon cells. The tufted cell and
mitral cell somas are located in the following two layers; the external plexiform
layer and mitral cell layers respectively. The internal plexiform layer, in which
axons from mitral cells external tufted cells run, and the granule cell layer, which
is largely composed of granule cells, both lie beneath the mitral cell layer
(Nagayama et al. 2014). Once type A cells reach the OBs, they enter at the core
and then migrate radially to populate the granular and glomerular layers. Nearly
half of adult SVZ-born neurons become GABAergic granule cells (subtypes I-IV)
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(Petreanu and Alvarez-Buylla 2002, Merkle et al. 2014), with a minority forming
GABAergic (Whitman and Greer 2007) and glutamatergic (Brill et al. 2009)
periglomerular cells. Several markers can be used to identify the various neuronal
subtypes within the OBs, including neuronal nuclei (NeuN), calretinin/calbindin,
tyrosine hydroxylase, and glutamate decarboxylase 65 (Ming and Song 2011).
Despite the large number of type A cells produced, many die within the first 4
weeks of entering the OBs and it believed that their continued survival is
regulated by the amount of sensory input (olfaction) (Rochefort et al. 2002, Lledo
and Saghatelyan 2005).
1.1.9

Neurosphere Assays

One well-established method used to manipulate and examine the in vitro
physiology of SVZ-derived neural precursor and stem cells is the neurosphere
assay. In this assay SVZ tissue is first isolated, dissociated and then cultured in
serum-free media conditions containing the mitogens epidermal growth factor
(EGF) and fibroblast growth factor 2 (FGF2) (Reynolds and Weiss 1992,
Deleyrolle and Reynolds 2009). Following an incubation period of approximately
7 days, heterogeneous aggregates known as neurospheres that contain multipotent
NPCs can be isolated. When cultured in the absence of mitogens, some cells
derived from neurospheres establish multipotentiality by giving rise to all three
major cell phenotypes of the brain; neurons, oligodendrocytes and astrocytes.
Self-renewal can be defined as the capability of a cell to generate a clone (Gil‐
Perotín et al. 2013). Together with possessing the ability to continuously selfrenew, which is identified by the successive dissociation and re-seeding of
neurospheres, some cells within neurospheres meet the defining characteristics of
NSCs (Gage et al. 1995, Chojnacki and Weiss 2008). At present it is not possible
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to identify adult NSCs in vivo with a single definitive cell marker, thus, along with
verifying their multi-potency, multiple markers are employed post-hoc when
using the neurosphere assay.
There are some limitations when utilising neurosphere assays to quantify the
number of stem cells present in culture since not all neurospheres are generated
from a true stem cell. It has been reported that precursor cells with a more defined
lineage can form neurospheres in vitro, for example type C cells (Doetsch et al.
2002). Therefore, because the biological properties of cells can change when
subcultured from high passage numbers, it may be important to obtain cells at
earlier passages in some assays. Lastly, like all in vitro investigations, the
neurogenic niche of the SVZ is not perfectly mimicked during the neurosphere
assay, and cellular interactions may result in different outcomes in vivo. For
example, it has been shown that under neurosphere-forming conditions the
transcription factors Olig2 and Pax6 become up-regulated, thus affecting cell fates
(Hack et al. 2004). The retrospective identification of cells by their behaviour
under culture conditions in vitro may not reflect what is essentially occurring in
vivo, which is an accepted limitation encountered when using in vitro neurosphere
assays (Deleyrolle and Reynolds 2009). Nonetheless, the neurosphere assay is an
invaluable research tool as it allows manipulation, examination and observation of
NPCs in a controlled environment. The addition of EGF and FGF2 are crucial to
maintaining these NPCs in an undifferentiated state, and both growth factors lead
to the activation of distinct and common signalling pathways.
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1.2 Growth Factor Signalling in the Adult SVZ
1.2.1

Receptor Tyrosine Kinases

Mitogens EGF (Hunter et al. 1984) and FGF2 (Spivak-Kroizman et al. 1994) bind
to and activate their cognate receptors, which function as receptor tyrosine kinases
(RTK). RTK signalling mediates cellular processes linked to proliferation
including cell cycle progression, metabolism and cell survival (Schlessinger
2000), and because of this, mutations and/or overexpression of RTKs are often
linked to tumorigenesis and malignant cell formation (Normanno et al. 2006). The
basic RTK structure consists of an extracellular ligand-binding domain connected
via a transmembrane helix to an intracellular protein tyrosine kinase domain,
which is subject to phosphorylation by various kinases. Most RTKs are activated
by ligand-induced dimerisation and tyrosine autophosphorylation, leading to the
activation of various adaptor proteins and a multitude of downstream signalling
cascades, including the liberation of Ca2+ (Schlessinger 2014). The proliferating
type C cells within the adult SVZ express EGFR (Doetsch et al. 2002) and FGFR2
(Frinchi et al. 2008, Galvez-Contreras et al. 2012) and respond to growth factors
EGF and FGF2 under neurosphere-forming conditions (Gage et al. 1995). The
downstream effector molecules these receptors signal to modulate the
proliferation and differentiation of type C cells remains unknown.
1.2.2

Epidermal Growth Factor Receptors (EGFR)

The EGFR family of RTKs comprise of four structurally similar receptors; EGFR
(ErbB1, Her1), ErbB2 (Her2), ErbB3 (Her3) and ErbB4 (Her4). Activation of
ErbB2 and ErbB3 are dependent on interactions with other EGFR receptors, as
they either do not directly bind a ligand (ErbB2), or lack intrinsic kinase activity
(ErbB3) (Singh and Harris 2005). In mammals, the activation of EGFR is
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mediated by the autocrine and paracrine binding of several different growth
factors including; EGF, transforming growth factor- α (TGF-α), heparin-binding
EGF-like growth factor, betacellulin, amphiregulin, epiregulin, and epigen (Harris
et al. 2003). Activated EGFR then signals through multiple complex pathways to
mediate proliferation and cell survival

including mitogen-activated protein

kinases (MAPK), phosphoinositide-3 kinases (PI3K), signal transducer and
activator of transcription (STAT), G protein-coupled receptors, and the liberation
of Ca2+ from the ER through the phospholipase C gamma (PLCγ)-mediated
hydrolysis of phosphatidylinositol 4,5 bi-phosphate (PIP2) (Schlessinger 2000,
Dailey et al. 2005, Nishimoto and Nishida 2006). Activation of EGFR is regulated
by the availability and quantity of ligand, as well as interactions with tyrosine
phosphatases that can interfere with the amplitude and kinetics of the receptor
signals (Xu et al. 2005), thereby modifying the resulting biological responses
(Lemmon and Schlessinger 2010)
Following ligand binding, clathrin-mediated endocytosis of EGFR delivers the
receptor-ligand complex to early endosomes, which is dissociated and then either
recycled back to the cell membrane or transported to lysosomes for subsequent
degradation (Waterman and Yarden 2001). Internalisation of EGFR thus regulates
the intensity and duration of receptor activation and signalling events within the
cell. While in signalling endosomes EGFR can remain enzymatically active
(Carpentier et al. 1987, Di Guglielmo et al. 1994), contributing to the activation of
pathways regulating cell proliferation and survival (Wang et al. 2002). Evidence
suggests that internalised EGFR may also function as a transcription factor by
translocating into the nucleus and binding to regulatory components in DNA such
as the cyclin D1 promoter (Lin et al. 2001).
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1.2.3

Epidermal Growth Factor Receptor Signalling in the SVZ

While it remains unclear if EGF exists in the SVZ (Tropepe et al. 1997) or if other
ligands of the EGFR, such as TGF-, are the key signalling molecules, EGFR
activation is essential in the regulation of type C cell population expansion and
cell fate in the adult SVZ (Kraus et al. 1996, Szopa et al. 2013). A characteristic
feature of type C cells is the transient upregulation and expression of EGFR
(Doetsch et al. 2002), which when activated by EGF or TGF-, induces a
significant expansion in the proportion of EGFR+ type C cells undergoing mitosis
(Kuhn et al. 1997, Ninomiya et al. 2006). Conversely, in TGF-α -null mice the
rate of proliferating cells in the SVZ is decreased, along with the number of new
neurons produced (Tropepe et al. 1997). Upregulation of EGFR is also an
important marker of glioblastoma in the adult brain (Taylor reference). The cancer
stem cell theory remains one of the current hypotheses on the origin of
glioblastoma, which suggests that the dysregulated proliferation of resident stem
and precursor cells in neurogenic niches leads to the development of cancerous
phenotypes (Chen et al. 2010).
In vitro, EGF stimulation results in EGFR upregulation and a significant increase
in neurosphere size and number compared to FGF2 stimulation, which can be
inhibited upon treatment with the EGFR inhibitor 4-[(3-Bromophenyl) amino]6,7-dimethoxyquinazoline hydrochloride (Alagappan et al. 2009). This is
probably due to the majority of neurospheres consisting of type C cells, which are
most responsive to EGFR stimulation (Doetsch et al. 2002). This is supported in
vivo, where the activation of EGFR enhances type C cell proliferation while
concurrently decreasing the number of type A cells (Doetsch et al. 2002).
Interestingly, short-term EGF exposure in vivo also results in the rearrangement of
33

activated type B cells in contact with the lateral ventricle, whereas the total
number of type B cells remains unchanged. Long-term infusions of EGF results in
more cells expressing astrocyte markers in the SVZ (Doetsch et al. 2002), and in
the OBs (Kuhn et al. 1997). In contrast to EGFR activation, the selective
inhibition of EGFR promotes neurogenesis in cultured neurospheres (RomeroGrimaldi et al. 2011), suggesting that while EGFR activation promotes type C cell
expansion and gliogenesis, it can also negatively regulate neurogenesis. As
mentioned previously, EGFR activation also has a key role in the promotion of
oligodendrogenesis (Aguirre et al. 2005, Gonzalez-Perez et al. 2009, GonzalezPerez and Quinones-Hinojosa 2010, Gonzalez-Perez and Alvarez-Buylla 2011)
and constitutive EGFR activation in the forebrain leads to diffuse hyperplasia with
immature cells displaying markers of oligodendrocyte lineages (Ivkovic et al.
2008).
In addition to the proliferation and lineage fate of precursor cells, EGFR
signalling also modulates cell migration within the SVZ. Interactions between
type A cells and extracellular matrix integrins were shown to promote EGFinduced migration both in vitro and in vivo, and overexpression of EGFR
enhanced their migratory potential (Aguirre et al. 2005). Purinergic and EGFR
signalling pathways appear to be involved in this process through the regulation of
cytoskeletal proteins (Grimm et al. 2010).
1.2.4

Fibroblast Growth Factor Receptors (FGFR)

The FGFR family of RTKs exhibit diversity in tissue expression and ligandbinding characteristics (Miki et al. 1992). Four different receptors; FGFR1,
FGFR2, FGFR3, and FGFR4, each can be activated by one or more of 23 ligands,
designated FGF1-23 (Reuss and von Bohlen und Halbach 2003). Unlike EGFRs
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which are activated by the binding of a single ligand, successful activation of
FGFR involves the interaction of both its ligand and the presence of heparin
sulphate proteoglycan, which acts to stabilise the FGFR dimerisation (Ornitz and
Leder 1992). The activation of FGFRs and their downstream signalling cascades
remain similar to EGFR, and mediate cellular programs related to proliferation
and survival (Schlessinger 2004).
1.2.5

Fibroblast Growth Factor Receptor Signalling in the SVZ

FGF2 (also known as bFGF), is a crucial signalling molecule during early
development (Murphy et al. 1994), where it regulates the production of new-born
neurons in the CNS (Woodbury and Ikezu 2014). This process translates through
to the adult brain, where in the SVZ, FGF2 remains one of the primary neurogenic
mitogens. Astrocytes and type B cells are the primary sources of FGF2 production
in the SVZ and CNS (Newman et al. 2000, Kirby et al. 2013), which can activate
four types of receptors; FGFR1, FGFR2, FGFR3 and FGFR4 (Woodbury and
Ikezu 2014). Each receptor is differentially expressed by the SVZ cell types
(Frinchi et al. 2008, Mamber et al. 2013); FGFR1 and FGFR2 are highly
expressed on the proliferating type C cells, FGFR3 is primarily expressed on nonproliferative type B cells, and FGFR4 is either lowly expressed or absent (Frinchi
et al. 2008). The activation of FGFR by FGF2 promotes a neural (Kuhn et al.
1997) or OPC (Azim et al. 2012) lineage in the adult SVZ, and
oligodendrogenesis during development (Furusho et al. 2011). In addition, FGF2
is often supplemented into neurosphere-forming media along with EGF, where it
enhances the proliferation of NPCs, while maintaining them in an undifferentiated
state (Gritti et al. 1999, Deleyrolle and Reynolds 2009). A limited number of
investigations have suggested that growth factor-mediated proliferation of
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neurosphere-derived cells in culture may involve Ca2+signalling pathways (Mishra
et al. 2006, Stafford et al. 2007), although the molecular mechanisms remain
unclear.
1.3 Calcium Physiology
1.3.1 General Introduction to Calcium Homeostasis
Few signalling molecules are as versatile and dynamically regulated as the
calcium ion. The complexity of Ca2+ signal transduction pathways is reflected in
the large number of biological processes that they regulate, which range from
fertilisation (Steinhardt et al. 1977) through to apoptosis (Hajnoczky et al. 2000).
The cell continuously modulates the levels of [Ca2+]i through dynamic interactions
of pumps, binding proteins and channels, which result in distinct Ca2+ signals.
Cytosolic Ca2+ signals appear in many forms and are generally classified as
transient, sustained or oscillatory. Downstream signalling proteins within the
cytoplasm or nucleoplasm ‘decode’ the Ca2+ signal and relay the information
through subsequent activation of specific cellular pathways (Berridge et al. 2003).
Under physiological conditions the [Ca2+]i, (approximately 100 nM) is much
lower than the extracellular fluid leading to a large ion gradient reflected in the
magnitude of the Nernst potential. Due to the potential cytotoxicity of Ca2+ via its
ability to act as a catalyst, numerous ion pumps continuously work to exclude
Ca2+ from the cytoplasm by expulsion or storage (Berridge et al. 2003).
1.3.2

Calcium Efflux

Ca2+ efflux is governed by a number of membrane-bound pumps which actively
pump Ca2+ against its concentration gradient, and in doing so, resets the cell for
further Ca2+ signalling events. These pumps include the plasma membrane
calcium ATPase (PMCA) which utilises adenosine 5’-triphosphate (ATP) as an
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energy source, and the Na+/Ca2+ exchanger pumps, which exchange one Ca2+ for
three Na+ (Clapham 2007). PMCAs are generally more efficient at maintaining
low [Ca2+]i over long durations, whereas Na+/Ca2+ exchangers can make rapid
adjustments required during depolarisation events (Hilgemann et al. 2006). In
addition to Ca2+ efflux, several buffering proteins including calbindin and
calretinin can bind free cytosolic Ca2+, which effectively removes it from having
an active signalling role in the cytoplasm (Berridge et al. 2003, Clapham 2007).
1.3.3

Calcium Compartmentalisation

Another key mechanism to remove free cytosolic Ca2+ is its compartmentalisation
into one of the primary internal Ca2+ stores, the endoplasmic reticulum (ER). This
process is regulated by the sarco-endoplasmic reticulum ATPase (SERCA) pump,
a family of pumps structurally related to PMCAs. Stored Ca2+ within the ER
lumen is then released to the cytosol via either activated inositol tri-phosphate
receptors (IP3Rs) or ryanodine receptors (RyR). All known SERCA isoforms
(SERCA1a, 1b, 2a, 2b, 3a, 3b, 3c) are highly conserved, exhibit varying affinities for Ca2+
(Periasamy and Kalyanasundaram 2007) and can be functionally inhibited by
thapsigargin (Thastrup et al. 1990). The SERCA pump has a crucial role in the
generation and maintenance of Ca2+ oscillations in non-excitable cells, where it
acts to re-fill the ER Ca2+ for further re-generative signalling (Sauer et al. 1998,
Kapur et al. 2007).
Other organelles such as mitochondria and the nucleus also store cytosolic Ca2+
via similar mechanisms. The mitochondrial Ca2+-uniporter transports Ca2+ across
the inner mitochondria membrane (Patron et al. 2013), whereas the nucleus
contains pumps similar to the SERCA on its nuclear membranes (Lanini et al.
1992). Nuclear pore complexes also allow the diffusion of Ca2+ into the
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nucleoplasm. Recent evidence suggests that these nuclear pore complexes and
nuclear-specific IP3Rs located on the inner nuclear membrane and nucleoplasmic
reticulum have the ability to contribute to cytosolic Ca2+ oscillations, as well as
initiate Ca2+ cascades independently of the cytosolic mechanisms (Bootman et al.
2009, Resende et al. 2013).
Activation of downstream Ca2+-dependent signalling pathways are typically
initiated through localised bursts of Ca2+ or via global Ca2+ waves. These can be
regulated through finely-tuned Ca2+ efflux and/or compartmentalisation
mechanisms. The delivery of Ca2+ into the cytosol may be derived from the
extracellular fluid through the activation of various pumps and channels, or
through internal storage release. By removing extracellular Ca2+, or antagonising
known Ca2+-influx pathways, the source of ions can be excluded to narrow down
the means by which cytoplasmic Ca2+ occurs in these cells.
1.3.4

Gap Junctions

In mammals, gap junctions (consisting of two hemichannels) are made of
hexameric proteins called connexins that span the plasma membrane. These
connexins mediate communication between two adjacent cells through the rapid
exchange of ions, including Ca2+ (Evans and Martin 2002). Gap junctionmediated signalling allows for cell synchronicity and co-ordination, for example
cardiomyocytes are electrically coupled and utilise gap junctions to co-ordinate
their rhythmic contractions (De Mello 1982), and in the nervous system, intercellular communication between astrocytes via Ca2+ waves involves gap junctions
(Guthrie et al. 1999). Gap-junction-mediated Ca2+ waves can be initiated in
response to chemical stimuli, for example ATP (Guthrie et al. 1999) and inositol
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tri-phosphate (IP3) (Boitano et al. 1992), as well as electrical and mechanical
stimuli (Evans and Martin 2002).
1.3.5

Voltage-Gated Calcium Channels

The most striking short-term spikes in [Ca2+]i occur upon activation of voltagegated Ca2+ channels (VGCC). These transmembrane channels are generally
expressed on excitable cells such as neurons and open in response to changes in
membrane polarity, resulting in a sharp influx of Ca2+ along its steep
electrochemical gradient. Many Ca2+ current types of VGCC have been
characterised based on differences in physiological and pharmacological
properties (Catterall 2011). They have roles in the generation of cytosolic Ca2+
oscillations (Chevalier et al. 2006) and the initiation of cell-to-cell/extracellular
communication pathways through paracrine signalling molecules (Atlas 2010).
VGCC-dependant increases in [Ca2+]i can in turn trigger protein-fusion molecules
(e.g., synaptotagmins and soluble N-ethylmaleimide-sensitive fusion attachment
protein receptor (SNARE) complexes), enabling neurotransmitter-containing
vesicles to fuse with the plasma membrane (Striedinger et al. 2007). From these
vesicles, small molecules such as ATP, acetylcholine, glutamate and GABA are
released and interact via paracrine signalling with adjacent cell membrane
receptors (purinergic, nicotinic and N-methyl-D-aspartate receptors), leading to
the influx of Ca2+ (Clapham 2007). In the SVZ, GABA released from type A cells
(Liu et al. 2005) and the axons of striatal neurons (Young et al. 2014) regulate the
proliferation of NPCs by activating GABAA receptors and L-type and T-type
VGCC, leading to Ca2+ oscillations (Platel et al. 2010).
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1.3.6

Transient Receptor Channels

Another family of membrane bound channels that mediate the influx of Ca2+ are
transient receptor potential (TRP) channels. These voltage-independent channels
are found throughout the brain and are highly expressed in embryonic neural
tissues, suggesting a role in neurogenesis (Fiorio Pla et al. 2005). TRP channels
are primarily located on the plasma membrane and act as cellular sensors that
respond to changes in temperature, stretch and chemical stimuli, which when
activated, become permeable to Ca2+ and Mg2+ (Minke and Cook 2002). The
activation mechanisms of TRP channels are not clear, however it is thought that
effector molecules downstream of G protein-coupled pathways and RTK
activation are involved (Moran et al. 2004).
TRP channel activation is important in mediating cell migration by responding to
chemo-attractants and repellents and altering actin polymerization processes in the
growth cone (Wei et al. 2009, Bomben and Sontheimer 2010, Ariano et al. 2011).
TRP channels have also been shown to mediate proliferation in stem cells (Fiorio
Pla et al. 2005, Nelson et al. 2013), and regulate spontaneous Ca2+ oscillations in
human neural progenitor cells (Morgan et al. 2013). Furthermore, there is
evidence of TRP channels functioning in conjunction with store-operated Ca2+
(SOC) channels to regulate cell proliferation in the hippocampus (Li et al. 2012).
1.3.7

Store Operated Calcium Channels

The activation of SOC channels is intimately linked to the ER Ca2+ levels. ER
store depletion of Ca2+, as result of increased activation of IP3Rs or blockade of
the SERCA pump, then signals to the plasma membrane and allow Ca2+ influx via
ionotropic SOC channels. This vital process is known as store-operated Ca2+
entry, and is necessary to replenish the ER for future signalling events. Currently
40

two proteins have been identified that are required for the influx of Ca2+ through
SOC channels; (stromal interaction molecule 1 (Stim1) and calcium-release
activated calcium channel protein 1 (Orai) (Liou et al. 2005, Feske et al. 2006,
Vig et al. 2006). It is thought that Stim1, which binds to individual calcium ions,
is finely tuned to and senses changes in ER Ca2+ concentration, leading to the
activation of Orai in the plasma membrane and subsequent influx of Ca2+ (Smyth
et al. 2006). SOC channel activation therefore also contributes to the maintenance
of Ca2+ oscillations, by utilising store-operated Ca2+ influx to sustain the Ca2+
concentration needed to maintain the signal produced following IP3R activation
(Dupont et al. 2011).
1.3.8

Inositol Triphosphate Receptors

IP3Rs are ligand-gated Ca2+ channels that are essential in converting extracellular
stimuli, for example growth factors and neurotransmitters, into intracellular
signals through the binding of IP3, and also have a key role in the generation of
Ca2+ oscillations. Perhaps the most seminal research into the signalling
relationships between IP3 and internal Ca2+ mobilisation has been conducted by
Michael Berridge (Fain and Berridge 1979, Berridge 2007). Following on from
the hypothesis that there was a causal link between Ca2+ and phosphoinositide
hydrolysis (Michell 1975), Berridge et al. continued to show that IP3 acts as the
second messenger in the biochemical pathway that mobilises Ca2+ from the ER
(Berridge and Irvine 1984). It is now known that the generation of IP3 occurs
downstream from the classical PLC-linked pathways. Around thirteen different
PLC isoforms exist which are categorised based on their structure and regulatory
function within the cell, with the most relevant isotypes being PLCβ and PLCγ,
which are both widely expressed in the brain (Tanaka and Kondo 1994).
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Activated G proteins are associated with PLCβ signalling, whereas signalling
through RTKs is linked to the activation of PLCγ isoforms (Fukami et al. 2010).
In both occurrences, PLC cleaves membrane-bound PIP2 to produce IP3 and
diacylglycerol (DAG). DAG activates other downstream targets such as protein
kinase C (PKC), while IP3 diffuses through the cytosol and binds to IP3Rs located
on the ER and nucleoplasmic reticulum membranes (Berridge et al. 2003).
Three IP3R isotypes have been identified in mammals; IP3R1, IP3R2 and IP3R3
(Mignery et al. 1989, Taylor et al. 1999), which are often co-expressed in the
same tissue, each with distinct distribution patterns (Newton et al. 1994). All
IP3Rs are tetrameric channels with a cytosolic IP 3-binding domain towards the Nterminal separated from the C-terminal by a large regulatory domain.
Approximately six to eight transmembrane domains located towards the Cterminal are formed from each of the four IP3R subunits, which along with the
subunit loop, form the ion pore (Taylor et al. 2009). The targeting and retention of
IP3Rs to the ER depends on the translation of specific sequences in these
transmembrane domains (Pantazaka and Taylor 2010). IP3R activation is
regulated by the binding of IP3 and Ca2+ (Marchant and Taylor 1997), both of
which govern the spatiotemporal aspects of Ca2+ signalling. Whether or not all
four binding sites must be occupied by IP3 is unresolved, however at least one site
is the minimal requirement (Marchant and Taylor 1997).
Each IP3R isoform has differing affinities for IP3, with IP3R2 being the most
sensitive, followed by IP3R1 and IP3R3 (Zhang et al. 2011). The binding of Ca2+ to
IP3R has a biphasic effect, where at low [Ca2+]i concentrations can increase the
sensitivity of IP3R to IP3 and enhance the cellular response, and at higher
concentrations can inhibit it (Suematsu et al. 1984). The specific IP3 and Ca2+
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binding sensitivity for each IP3R isotype (Iwai et al. 2007, Zhang et al. 2011) can
lead to a dynamic process referred to as IP3R clustering where the assembly and
activation of different IP3R subtypes subsequently alter the shape of Ca2+ release
from transient blips and puffs to oscillatory waves (Politi et al. 2006, Foskett et al.
2007). Consequently, multiple IP3R subtypes may be expressed in cells to allow
for different or complex modifications of the Ca2+ signal. The regulatory domain
of IP3Rs which is located between the N-terminal and C-terminal, can be further
modulated by various intracellular proteins including calmodulin (CaM), cyclic
adenosine monophosphate dependant protein kinase (PKA), PKC, and RTK
signalling (Foskett et al. 2007), which results in distinct cytosolic Ca2+ patterns
and cellular responses.
1.3.9

Ryanodine Receptors

Mammalian ryanodine receptors (RyR; isoforms RyR1-3), named after the plantderived alkaloid ryanodine that was originally used to examine their functional
properties (Imagawa et al. 1987), are similar in function and structure to IP3Rs.
RyRs are also located on the ER membranes of excitable and non-excitable cells,
where the binding of Ca2+ causes them to open, leading to the rapid transient
release of Ca2+. This phenomenon called Ca2+-induced-Ca2+-release (CICR), is
important in mediating many cellular events such as contraction and fertilisation
(Lanner et al. 2010).
1.3.10 Purinergic Receptors
Purinergic receptors (P2R) are another family of membrane-bound channels that
mediate the influx of Ca2+, and have been implicated in the generation of Ca2+
oscillations. The P2Rs include the ionotropic P2X receptors (P2XR) (seven
subtypes P2X1-7, permeable to Na+, K+ or Ca2+) and the metabotropic G protein43

coupled P2Y receptors (P2YR) (8 subtypes P2Y1, 2, 4, 6, 11-14). A related family of
purinergic receptors are the adenosine receptors (P1R; 4 subtypes A1,

2a, 2b, 3).

Both P2Rs and P1Rs are widely expressed in the CNS and peripheral nervous
system as well as other tissues, and are activated by the binding of various purines
(Soto et al. 1996, Burnstock 2007). P2XRs are activated exclusively by ATP,
whereas P2YRs may be activated by ATP, adenosine diphosphate, uridine
triphosphate, or uridine diphosphate, depending on the P2YR subtype (Ulrich et
al. 2012). P2XR-mediated changes in membrane potential have been linked to
activation of VGCC that result in rapid increases of [Ca2+]i, and have been
associated with neurotransmission within the CNS (Matsumoto et al. 2004).
Conversely, P2YRs exert much slower changes in [Ca2+]i due to the metabotropic
nature of the receptor activation. A majority of P2YRs couple to PLC, leading to
IP3 release of Ca2+ from the ER, and there is also evidence of RTK crosstalk
through EGF and FGF-mediated signalling (Mishra et al. 2006, Stafford et al.
2007, Grimm et al. 2010). Metabotropic G protein-coupled adenosine receptors
are activated upon adenosine binding and modulate many different second
messenger signalling pathways including cyclic adenosine monophosphate
(cAMP), IP3 and DAG, and can also communicate with RTK pathways (Schulte
and Fredholm 2003).
It has been postulated that ATP acts as a mitogenic signal for NPCs, and may do
so in an autocrine or paracrine fashion via P2XR/P2YR pathways (Milosevic et al.
2006, Lin et al. 2007), or in synergy with growth factor signalling (Huang et al.
1989, Grimm et al. 2010). The involvement of P2R-mediated Ca2+ signalling in
NPCs isolated from the embryonic striatum (Scemes et al. 2003), cerebral cortex

44

(Liu et al. 2008) and the SVZ (Mishra et al. 2006, Stafford et al. 2007) have
demonstrated a possible role for P2Rs in the regulation of Ca2+ oscillations.
1.4 Calcium Oscillation Physiology
1.4.1 Calcium Oscillations
Under normal physiological conditions [Ca2+]i is maintained at low, stabilised
levels. In certain cell types and during specific cellular events, the basal cytosolic
Ca2+ concentration transiently oscillates, which may occur either in the presence
of a particular stimulus or in some circumstances appear stochastically (Berridge
1990). Ca2+ oscillations in non-excitable cells were first discovered during gamete
fusion (Cuthbertson and Cobbold 1985), where they initiate signalling events
involved in oocyte activation (Homa and Swann 1994, Malcuit et al. 2006). Since
this discovery, Ca2+ oscillations have been the focus of many studies in an attempt
to elucidate their underlying mechanisms.
Ca2+ oscillations may transit across the entire cell, often characterised by rapid,
abrupt spikes followed by a gradual decrease in [Ca2+]i (Berridge 1990, Berridge
and Dupont 1994), whereas some cells exhibit slower, global Ca2+ “waves” that
encompass the entire cytoplasm, often transferring to adjacent cells (Boitano et al.
1992, Newman 2001). Spikes of [Ca2+]i that occur within localised areas, for
example at the leading edge of lamellipodia in migrating cells (Wei et al. 2009)
are referred to as Ca2+ “puffs” or “blips”. The frequency, duration, and amplitude
of each Ca2+ oscillation and inter-transient interval (ITI) between oscillations
varies considerably amongst cell types, which can change depending on the
physiological state of the cell (Berridge and Dupont 1994).
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1.4.2

Regulation of Calcium Oscillations

The co-ordinated release of Ca2+ from intracellular stores and Ca2+ influx via
plasma membrane channels contribute to the generation and maintenance of
oscillatory Ca2+ signals. In most non-excitable cells, Ca2+ oscillations are a result
of PLC-derived IP3 which binds to IP3Rs on the ER and nuclear membranes
(Berridge 2009). The cellular localisation and expression patterns of IP3Rs play
crucial regulatory roles governing the spatiotemporal aspects of the Ca2+ signals.
For example in the commonly-used hippocampal cell line HT22, both IP3R1 and
IP3R2 have distinct cellular localisations where IP3R1 is localized to the ER and
perinuclear regions and IP3R2 is mainly observed in the nuclear envelope. The
cellular response to changes in IP3 concentration results in different patterns of
[Ca2+]i in the cytosol when compared to the nucleus, suggesting that the
intracellular location of IP3Rs is also important to consider in the generation of
distinct oscillation patterns (Duncan et al. 2007). A study using B lymphocytes
genetically modified to express different combinations of IP3R isotypes, found
that IP3R1 mediates less regular oscillations; IP3R2 is the most sensitive to changes
in IP3 and regulates prolonged oscillations; and IP3R3 is the least sensitive to IP3
and is involved in the generation of single Ca2+ transients (Miyakawa et al. 1999).
In myocytes, the combined expression of IP3R1 and IP3R2 results in acetylcholineinduced Ca2+ oscillations, which is not seen in cells expressing only IP3R1 (Morel
et al. 2003). Furthermore, the genetic knockdown of IP3R1 reduces ATP-induced
oscillations in HeLa cells, whereas the knockdown of IP3R3 increases the
oscillation frequency (Hattori et al. 2004). These data suggest that the likely IP3Rs
regulating sustained Ca2+ oscillations are IP3R1 and IP3R2, whereas IP3R3 may
primarily act as an anti-oscillator.
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IP3R activation and subsequent depletion of the ER is intimately linked to SOC
channel activation, leading to the influx of extracellular Ca2+ (Putney and Bird
2008). When extracellular Ca2+ is removed, the oscillation signal diminishes over
time, indicating that extracellular Ca2+ is critical in maintaining the regenerative
properties of Ca2+ oscillations (Lewis and Cahalan 1989, Kapur et al. 2007). This
extracellular source of Ca2+ contributes to the maintenance of Ca2+ oscillations in
many non-excitable cells, however it is not required for their generation. For
example, the inhibition of SOC channel activation in mouse embryonic stem cells
(Kapur et al. 2007) and neural crest cells (Carey and Matsumoto 2000) was found
to contribute to the re-filling of the ER, but oscillations were maintained in the
absence of extracellular Ca2+. Even at high concentrations of lanthanides, which
inhibit both Ca2+ influx and efflux at the plasma membrane (Van Breemen et al.
1972), Ca2+ oscillations remain persistent (Bird and Putney 2005). In addition to
SOC channels, other sources of extracellular Ca2+, for example L-type VGCC
activation, have been shown to contribute to the oscillation signal in certain cell
types (Resende et al. 2010).
The SERCA pump is critical for re-filling the ER during regenerative oscillations,
where it transports Ca2+ from the cytosol into the ER lumen (Manjarrés et al.
2011). Using models to describe SERCA pumps that either buffer the amount of
Ca2+ transported or have non-buffering functions, Higgins et.al has described how
SERCA pumps can also modulate the amplitude of the oscillation signal (Higgins
et al. 2006). In addition to their buffering capabilities, the expression of different
SERCA isoforms can modulate the shape of the Ca2+ oscillation. For example the
upregulation of SERCA2b expression enhances glutamate-induced oscillations in
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astrocytes (Morita and Kudo 2010), and potentiates the frequency and amplitude
of Ca2+ oscillations in Xenopus oocytes (Yamasaki-Mann and Parker 2011).
1.4.3

Calcium Encoding

The key to calcium’s versatility lays in its ability to transduce information by
initiating and/or altering its spatial and temporal dynamics within the cell. In
doing so, this allows for distinct biological signals to be transmitted in a process
known as Ca2+-encoding and interpreted (decoded) by downstream signalling
molecules sensitive to that particular encoding (Smedler and Uhlen 2014). Signal
transduction occurs as rapid Ca2+ spikes and puffs, Ca2+ waves or as what are
categorized into two classes of Ca2+ oscillations: [i] sinusoidal oscillations that
resemble mathematical sine wave curves or as [ii] baseline-spikes characterized
by rapidly-rising (transient) spikes from a baseline concentration close to resting
levels, followed by a falling phase. Ca2+ oscillations of either type signal a change
in stimulus by amplitude modulation (AM), frequency modulation (FM), or a
multimodal combination (AFM) (Berridge 1990; Smith, Wiltgen et al. 2009). In
biological systems the existence of true frequency or amplitude encoding is rare,
and instead there is often intrinsic variations in each type (Berridge 1997).
Sinusoidal oscillations are symmetrical in nature and tend to diminish over time
post-stimulation. They also occur with a higher frequency compared to baseline
spikes (one or more per minute), and increase in amplitude with no change in
frequency in response to increased agonist concentrations (Thomas et al. 1996).
This AM is one of the most significant differences between the two oscillation
types, and is theorised to be driven by a negative feedback loop generated through
activation of the DAG/PKC pathway, which periodically inhibits the formation of
IP3 (Bird et al. 1993).
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In contrast to sinusoidal oscillations, baseline spikes typically occur with a lower
frequency (less than 1 per minute) and the ITI between individual spikes can last
for extended periods (Miyazaki et al. 1986, Miyazaki 1995). Whereas sinusoidal
oscillations generally signal via AM, baseline spikes increase in frequency (as
seen in FM) in response to increasing agonist concentrations, with little change in
amplitude. The regenerative properties of baseline spikes require a positive
feedback mechanism to maintain the constant amplitude, as well as some form of
negative feedback to terminate each spike. It is theorised that an initial burst of
Ca2+ derived from the extracellular milieu and a small influx of Ca2+ from the IP3sensitive stores elevates the [Ca2+]i above a threshold. This rise in [Ca2+]i then
triggers the release of Ca2+ from internal stores in a large burst/spike (Berridge
1991), providing a positive feedback loop. Depletion of the intracellular stores or
receptor desensitisation periods act as negative regulators (Berridge 1997). Uptake
and release of Ca2+ from the mitochondria may also contribute to the maintenance
of constant amplitudes during FM encoding (Marhl et al. 1998).
The oscillation duty cycle is another important variable to calculate when
examining Ca2+ encoding mechanisms. The duty cycle is defined as the ratio of
the spike duration (time the signal is active) to the period (time it takes for a signal
to complete an on-off cycle). In a physical system, frequency encoding can be
defined as changes in frequency with a constant duty cycle, whereas in biological
frequency encoding the duty cycle varies with the frequency while the spike
duration remains constant (Salazar et al. 2008). In saying this, maximum
frequency sensitivity should be observed for signals with duty cycles between 0
and 0.5 (Smedler and Uhlen 2014). Along with the frequency and amplitude of
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oscillations, it is important to consider the duty cycle as it provides information
about potential downstream decoder proteins that are activated.
1.4.4

Calcium Oscillation Decoder Proteins

Information encoding is the process of developing a unique signal that can be
associated with a specific stimulus. The oscillatory nature of cytosolic Ca2+ can be
likened to that of a radio signal, where different waves and frequencies transmit
specific information throughout the cell. Decoding occurs through downstream
protein activation and is utilized by the cell to interpret the information carried by
the signal (Parekh 2011). These decoder proteins act as “receivers” that sense the
information carried within the changes in Ca2+ oscillation frequencies and/or
amplitudes, and alter their biological activity accordingly (Smedler and Uhlen
2014). Some cellular enzymes such as PKC have the ability to decode both spatial
and temporal aspects of Ca2+ oscillations (Reither et al. 2006), whereas others are
more sensitive to changes in frequency, for example calmodulin kinase (CaMK)
(Dupont and Goldbeter 1998). CaMK is one of the most important Ca2+ decoder
proteins which acts as a Ca2+ sensor and signal transducer for various downstream
signalling targets including MAPK, calcineurin and various Ca2+-sensitive
transcription factors (Berridge et al. 2003, Clapham 2007).
In order to study how decoder proteins are able to respond to FM, artificial Ca2+
oscillations can be induced through patch clamping, thereby controlling the
frequency of oscillations (Dolmetsch et al. 1997, Dolmetsch et al. 1998, Dupont et
al. 2003). In doing so, the data provides information about the kinetics of Ca2+
binding to kinases and phosphatases. Mathematical models based on a typical
Ca2+ decoding protein demonstrate that oscillating Ca2+ signals are more effective
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at activating target proteins compared to constant Ca2+ signals where Ca2+ is
bound with low affinity (Salazar et al. 2008).
1.4.5

Nuclear Factor for Activated T Cells (NFAT) Structure

One protein that functions as a decoder of Ca2+ oscillations and is uniquely
regulated by fast FM oscillations is NFAT. Highly activated NFAT is positively
correlated with Ca2+ oscillation frequencies in the range of 17–83 mHz (Onohara
et al. 2006) and maximum NFAT activity (varies depending on cell type) is
present at 16.6 mHz (duty cycle 0.33) (Li et al. 1998). The NFAT family of
transcription factors are important regulators of gene expression during cell cycle
activation and cellular differentiation (Kawano et al. 2006, Horsley et al. 2008,
Wong et al. 2012, Somasundaram et al. 2014). Target genes of NFAT have been
extensively studied in immune cells and are associated with cytokine production
and cellular differentiation (Clipstone and Crabtree 1992, Kiani et al. 2000,
Macian 2005). Likewise, NFAT has regulatory functions in the differentiation of
non-immune cells including skeletal cells (Valdés et al. 2012), skin cells (Horsley
et al. 2008), cardiac cells (Ranger et al. 1998) and various cell phenotypes within
the brain (Graef et al. 2003, Huang et al. 2011, Ding et al. 2013, Quadrato et al.
2014). In addition to cell differentiation, proteins related to cell cycle progression
(cyclins and cyclin-dependant kinases (CDKs)) have been proposed as major
targets downstream of NFAT activation (O'Rourke et al. 2003, Alev et al. 2009,
Karpurapu et al. 2010, Singh et al. 2010). Studies suggest that NFAT
dysregulation maybe be significant in the genesis of malignant cell transformation
and tumorigenesis (Qin et al. 2014).
Four of the five NFAT proteins are distinctly regulated by the Ca2+/CaMdependant serine/threonine phosphatase calcineurin; NFAT1 (NFATp, NFATc2),
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NFAT2 (NFATc, NFATc1), NFAT3 (NFATc4), and NFAT4 (NFATx, NFATc3)
(Rao et al. 1997). The fifth NFAT protein is the tonicity-responsive enhancerbinding protein (TonEBP, NFAT5) regulated by hyperosmotic stress (LopezRodriguez et al. 1999). Basic NFAT structure of consists of two highly conserved
functional domains; a DNA-binding domain, also known as the Rel homology
region, and a NFAT regulatory domain which contains the calcineurin-activated
domain. The Rel homology region consists of two functionally distinct domains; a
specificity domain (N-terminal) that contacts the DNA and a C-terminal domain
involved in dimer formation. Within the calcineurin-activated regulatory domain
region are serine-rich sequence (SRR) motifs (SRR-1, SRR-2) and serine-proline
(SP) repeats which are heavily phosphorylated by the synergistic actions of
kinases casein kinase 1 (CK1), glycogen synthase kinase 3 (GSK3) and dualspecificity tyrosine-phosphorylation-regulated kinase (DYRK) under resting
conditions (Hogan et al. 2003). These phosphorylated regions mask the nuclear
localisation sequences, which prevent the activation and nuclear translocation of
NFAT, until activation by calcineurin (Fig 1.4-1).
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Figure 1.4-1 NFAT regulatory domains and overall structure of NFAT
proteins.
Basic NFAT structure of consists of two functional domains; a DNA-binding
domain, and a NFAT regulatory domain which contains the calcineurin-activated
domain. Within the calcineurin-activated regulatory domain region are SRR
motifs (SRR-1, SRR-2) and SP repeats which are heavily phosphorylated by
various kinases. Phosphorylated SRR and SP repeat regions mask NLS, which are
required for nuclear import of NFAT. Sequence alignment identified the presence
of cytoplasmic retention domains in NFAT1, 2 and 4 that was disrupted in
NFAT3. The SP 2 repeat was absent in the NFAT3 isotype. NFAT: nuclear factor
for activated T cells; SP: serine-proline; SRR: serine-rich repeat.

For calcineurin to dephosphorylate NFAT it must first dock with the DNAbinding factor at a specific motif located towards the N terminus of the NFAT
regulatory domain. The primary docking site for calcineurin consists of the
consensus sequence PxIxIT (where x denotes any amino acid), or amino acid
sequence SPRIEIT in NFAT1 (Rao et al. 1997). Inhibitors of NFAT activity such
as cyclosporine A, FK506 and small peptides (VIVIT) act by interacting with
these regions/sequences (Sawada et al. 1987, Aramburu et al. 1998). While this
sequence is conserved across all NFATs, additional docking sequences have been
identified in NFAT2 and NFAT4 with varying affinities for calcineurin (Park et
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al. 2000). Outside of the Rel homology region and NFAT regulatory domains are
the transactivation domains which function as modulatory regions in some NFATs
(Hogan et al. 2003).
1.4.6

Regulation of NFAT

NFAT activity is modulated by inputs from diverse signalling pathways including
RTKs and G protein-coupled receptor-mediated pathways, which are linked to
[Ca2+]i mobilisation from the ER. Ca2+ derived from the extracellular milieu also
appears to play a role in some cell types. For example SOC channel activation is
crucial for NFAT activation in immune cells (Serafini et al. 1995, Timmerman et
al. 1996), whereas L-type VGCC activation stimulates nuclear NFAT3 in
hippocampal neurons (Graef et al. 1999). The common feature is increased [Ca2+]i
which stimulates CaM to activate a wide array of CaM-dependent enzymes
including the phosphatase calcineurin. Each NFAT isoform has a specific
calcineurin-activated regulatory domain with different SRR/SP repeat motifs
which result in varying degrees of phosphorylation/de-phosphorylation kinetics
(Okamura et al. 2000), and allows for specific targeting and regulation of NFAT
isoforms (Hogan et al. 2003). For example sequence comparisons demonstrate
that the SRR-1 region is lengthened in NFAT isoforms 2 and 4, whereas the SP
repeats 2 and 3, which are known to regulate the binding of export kinases, are
actually truncated in NFAT3 (Okamura et al. 2000). These properties can affect
how different NFAT proteins are localised, for example in undifferentiated
muscle cells NFAT2 shows persistent nuclear localisation compared to NFAT4
and NFAT1 which remain cytoplasmic (Abbott et al. 1998)
Once calcineurin dephosphorylates the SRR and SP repeat motifs in the
regulatory domain of NFAT, the nuclear localisation sequence is unmasked which
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enhances NFATs’ affinity for DNA, leading to the rapid nuclear import (Loh et al.
1996, Timmerman et al. 1996, Hogan et al. 2003). Activated calcineurin levels are
elevated in the cytoplasm and nucleus (Shibasaki et al. 1996) during signalling
events to maintain the dephosphorylated state of NFAT (Timmerman et al. 1996).
Continued NFAT-dependent gene expression also requires the cooperative
binding of activator protein 1, which is a transcription factor consisting of Fos and
Jun components (Chen et al. 1995) that are synthesised downstream of MAPK
signalling (Hogan et al. 2003).
1.4.7

NFAT Export Kinases

Termination of NFAT signalling requires the combined action of inducible and
constitutive kinases that re-phosphorylate the SRR and SP repeat motifs of NFAT
and promote its export out of the nucleus (Hogan et al. 2003). These kinases also
function to maintain phosphorylated NFAT in the cytoplasm by masking the
nuclear localisation sequences, thus preventing NFAT activation. Inducible
kinases refer to those that are activated downstream of specific pathways, for
example p38 and c-Jun N-terminal kinases (JNK), which are activated
downstream of MAPK signalling (Johnson and Lapadat 2002). These selectively
phosphorylate NFAT proteins at SP repeat regions in the case of p38 (Gomez del
Arco et al. 2000), and the calcineurin docking site within the SRR-1 region for
JNK (Chow et al. 2000). The major constitutive kinases include CK1 (Zhu et al.
1998) which phosphorylates SRR-1 (Okamura et al. 2004), DYRK which acts on
SP repeat-3 domain and primes for CK1 and GSK3 binding (Gwack et al. 2006),
and GSK3 (Beals et al. 1997). Activation of GSK3 first requires the cooperative
phosphorylation by a priming kinase, for example PKA (Sheridan et al. 2002),
and functions by targeting the SP 1 and 2 motifs (Okamura et al. 2004).
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The kinase activity of NFAT nuclear export is isoform-specific, for example in
ATP-stimulated vascular endothelial cells the nuclear export of NFAT4 occurs
more rapidly, compared to export of NFAT2 (Rinne et al. 2009). This may be due
to the preferential regulation of NFAT isoforms by binding of GSK3 to different
SP motifs (Okamura et al. 2000). Co-stimulation from additional signalling
pathways can also regulate the activity of NFAT. For example one downstream
target of EGFR activation is the PI3K/Akt pathway (Lemmon and Schlessinger
2010), which inhibits the activation of GSK3 by promoting its phosphorylation,
and therefore NFAT nuclear export, prolonging the duration of nuclear NFAT
(Diehn et al. 2002).
1.4.8

NFAT Signalling in the Adult SVZ

A limited number of studies have shown that NFAT activity is prominent in the
adult SVZ (Hunt et al. 2010, María et al. 2015), yet little is known about its
biological

functions.

Inhibition

of

calcineurin-mediated

signalling

with

cyclosporin A had no significant influence on the lineage profile of neurospherederived NPCs, yet resulted in an increase in neurosphere size and number with no
change in proliferation kinetics, suggesting that NFAT may play a role in
enhancing cell survival (Hunt et al. 2010). Conversely, the application of VIVIT
peptide, a more specific inhibitor of calcineurin, was found to reduce neurosphere
size and density in a different study using isolated neurospheres. Selective overexpression of NFAT4 also reduced proliferation and promoted the differentiation
of NPCs into astrocytes and neurons (María et al. 2015). These studies indicate
that NFAT signalling is influencing NPC proliferation in vitro, yet the contrasting
results suggest these pathways need to be explored further.
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1.5 Overview of Dissertation
Though a number of studies have implicated Ca2+ signalling in the regulation of
cell proliferation and differentiation, often the underlying encoding itself is
overlooked. Determining the Ca2+ encoding type is an important step in
elucidating potential downstream decoding molecules and their possible
biological relevance towards activation of Ca2+ sensitive signal transduction
cascades. In this dissertation the role of Ca2+ signalling in the proliferation of SVZ
type C cells is explored, and the role of NFAT isoforms examined. Chapter
Three begins the study by characterising SVZ-derived NPCs in order to
accurately identify the cell type isolated and maintained in vitro. In Chapter Four
the Ca2+ physiology of these SVZ-derived NPCs is explored, including
characterisation of the observed stochastic Ca2+ oscillations, followed by
investigation into the various signalling pathways involved in their generation.
Here, the Ca2+ encoding mechanism is examined and potential decoding proteins
are discussed. Chapter Five discusses the potential physiological roles Ca2+
oscillations have in these cells, with focus on NFAT activation and regulation of
proliferation. Chapter Six concludes the dissertation with a discussion on the
wider implications of the research, including dysregulation and potential
implications for glioblastoma, and suggests future studies that may expand on the
work presented herein.
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Chapter Two: Methods and Materials
2.1 Isolation of Primary SVZ Tissue
Primary cultures of transit-amplifying type C cells were derived from the
subventricular zone (SVZ) of adult mice (female C57BL/6) (Doetsch et al. 2002).
Mice ages ranged between 8-10 weeks, which is considered adult based on the
average age of sexual maturity. Animals were housed and handled according to
the Australian Code of Practice for the Care and Use of Animals for Scientific
Purposes, and used under Griffith University Animal Ethics approval number
ESK/09/12. Unless otherwise stated, all reagents were purchased from Sigma
Aldrich (USA). In brief, dissected SVZ were washed with Ca2+/Mg2+-free Hanks'
balanced salt solution (HBSS), mechanically dissociated into pieces ≤ 1 mm3
using a sterile surgical blade for 1 min (four 90 rotations) and then digested with
0.125 % trypsin for 20 min at 37 °C in a CO2 incubator (rotation every 5 min).
The trypsin reaction was quenched and the fragments triturated with a firepolished Pasteur pipette before being passed through a 40 μm cell strainer to yield
a single cell suspension.
2.2 Cell Culture
Cell suspensions were cultured in Neurocult culture medium (Stemcell
Technologies, AUS) containing N2-Plus supplement (1×, R&D Systems, USA),
epidermal growth factor (EGF; 20 ng/ml, Peprotech, USA), basic fibroblast
growth factor (FGF2; 20 ng/ml, Peprotech, USA) and L-glutamine (2 mM,
Thermofisher

Scientific,

USA).

Neurospheres

could

be

visualized

by

approximately 7 days in vitro with 50 % media replacement every second or third
day. At 7 days in vitro primary neurospheres (passage 0) were dissociated into a
single cell suspension using TrypLE Express (Thermofisher Scientific, USA) and
58

reseeded into fresh medium (6,000 cells/mL). After approximately 5-6 days these
single cells formed neurospheres (passage 1), which were either used for
experimentation, or re-suspended in fresh media for a further 5-6 days to form
passage 2 neurospheres. For self-renewal experiments this procedure was repeated
up to 8 times, modified from a standard protocol for neurosphere self-renewal
(Reynolds and Weiss 1992). All other experiments were performed on
monolayers derived from passage 1 or 2 neurospheres plated onto glass bottom
Petri dishes or coverslips sequentially coated in poly-L-ornithine (PLO)
(20 μg/mL in HBSS) and laminin (5 μg/mL, Thermofisher Scientific, USA in
HBSS) and cultured for 1-2 days in vitro.
2.3 Immunocytochemistry
Cells were fixed in 4 % paraformaldehyde (PFA, in phosphate buffered saline
(PBS) at 4 °C for 10 min, washed in PBS and stored with sodium azide (15 mM
NaN3, added as a preservative). For detection of cytoplasmic antigens, cells were
permeabilised with PBS plus 0.5 % (v/v) Triton X-100 for 10 min before blocking
nonspecific sites with PBS plus 3 % (v/v) normal goat serum for 1 hr at room
temperature (TA). Cells were then incubated with primary antibodies for 16 hrs at
4 C, washed in PBS, and secondary antibodies added for 2 hrs at TA. All
antibodies were diluted in PBS containing 3 % (v/v) normal goat serum.
Antibodies included those specific for βIII-tubulin [mouse clone 5G8, an IgG1
used at 1:2000, Promega, USA]; for doublecortin [DCX; rabbit polyclonal used at
1:500; Merck Millipore, DEU], a microtubule-associated protein expressed by
neuroblast/neuronal precursor (type A) cells (Gu et al. 2015, Lovelace et al.
2015); for distal-less homeobox 2 [Dlx2: mouse IgG2a used at 1:1000; Sapphire
Bioscience, AUS], a transcription factor upregulated in Type C cells (Aguirre et
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al. 2004); for epidermal growth factor receptor [EGFR, a mouse IgG1 used at
1:1000; Sapphire Bioscience, AUS, or rabbit polyclonal used at 1:1000, Sapphire
Bioscience, AUS], a receptor tyrosine kinase (RTK) expressed by proliferating
type C cells (Doetsch et al. 2002); for fibroblast growth factor receptor 2 [FGFR2,
a rabbit polyclonal used at 1:2000, Sapphire Bioscience, AUS], a RTK expressed
by proliferating type C cells (Frinchi et al. 2008); for glial fibrillary acidic protein
[GFAP; rabbit antiserum used at 1:4; DAKO, AUS, and mouse clone GA5
conjugated to cyanine-3 (Cy3), an IgG1 used at 1:1000], an intermediate filament
protein expressed in astrocytes (Chan-Ling and Stone 1991); for inositol
triphosphate receptor 1 [IP3R1, a mouse IgG1 monoclonal used at 1:500], IP3R2 [a
rabbit polyclonal used at 1:50; Alomone Labs, ISR], and IP3R3 [a mouse IgG2a
clone used at 1:500; BD Biosciences, AUS], Ca2+ release channels expressed on
endoplasmic reticulum (ER) membranes (Miyazaki 1995); for mammalian
achaete-scute homolog 1 [Mash1; mouse IgG1; at 1:500; BD Biosciences, AUS], a
transcription factor used to identify type C cells (Parras et al. 2004); for nestin
[rabbit polyclonal used at 1:500; Merck Millipore, DEU], an intermediate filament
expressed in neural stem cells (NSC) (Weible and Chan-Ling 2007); for paired
box-6 [Pax6, a rabbit antiserum used at 1:500; Thermofisher Scientific, USA], a
transcription factor expressed in stem cells and type C cells (Hack et al. 2004); for
nuclear factor for activated T cells (NFAT) 1 [mouse monoclonal IgG1 used at
1:200; Sapphire Bioscience, AUS]; NFAT2 [mouse monoclonal IgG1 used at
1:50; Sapphire Bioscience, AUS]; NFAT3 [rabbit polyclonal IgG used at 1:100;
Sapphire Bioscience, AUS]; and NFAT4 [rabbit polyclonal IgG used at 1:500;
Santa Cruz Biotechnology, USA], Ca2+-dependent transcription factors that
regulate proliferation and cell survival (Macian 2005); the hybridoma O4 [a
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mouse IgM whose hybridoma supernatant was used at 1:4], was used to identify
oligodendrocyte precursor cells (OPC) by recognizing a membrane bound
sulfatide (Levi et al. 1987); for sex determining region-Y box 2 [Sox2; rabbit
antiserum used at 1:1000; Merck Millipore, DEU], a transcription factor that is
essential to maintain self-renewal of undifferentiated stem cells (Brazel et al.
2005); and for vimentin [mouse clone LN-6, an IgM used at 1:200, Sapphire
Biosciences, AUS], an intermediate filament protein expressed in radial glial-like
cells (B type) (Acosta et al. 2009) (Table 2.1). Immune complexes were detected
with goat antibodies to mouse IgG (H+L), IgG1, IgM or rabbit IgG; the secondary
antibodies were labeled with Alexa-Fluor 488 (Thermofisher Scientific, USA),
Cy3 or Cy5 (Jackson ImmunoResearch Laboratories, USA). Nuclei were
counterstained with 4', 6-diamidino-2-phenylindole, dihydrochloride (DAPI) prior
to storing specimens in PBS with 15 mM NaN3. Negative controls in which the
primary antibody was omitted in adjacent samples resulted in no detected signal
for all samples tested. Images were captured with an inverted Olympus FV1000
scanning confocal microscope equipped with a 60  oil objective.
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Table 2. 1 List of Primary Antibodies
Primary Antibody Isotype

Concentration

βIII-tubulin

Mouse IgG1

1:2000

DCX

Rabbit IgG

1:500

Dlx2

Mouse IgG2a 1:1000

EGFR

Mouse IgG1

1:1000

FGFR2

Rabbit IgG

1:2000

Rabbit IgG

1:4

Mouse-Cy3

1:1000

IP3R1

Mouse IgG1

1:500

IP3R2

Rabbit IgG

1:50

IP3R3

Mouse IgG2a 1:500

Mash1

Mouse IgG1

1:500

Nestin

Rabbit IgG

1:500

O4

Mouse IgM

1:4

Pax6

Rabbit IgG

1:500

NFAT1

Mouse IgG1

1:200

NFAT2

Mouse IgG1

1:50

NFAT3

Rabbit IgG

1:500

NFAT4

Rabbit IgG1

1:500

Sox2

Rabbit IgG

1:1000

Vimentin

Mouse IgM

1:200

GFAP
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2.4 Migration Assay
Neurospheres were plated into PLO (20 μg/mL in HBSS) and laminin (5 μg/mL,
in HBSS) coated 24-well glass-bottom dishes and allowed to grow for 18 hours
under basal media conditions. Emergent cells were imaged with phase contrast
microscopy every five minutes for 20 hours at 10× magnification using Zeiss
Axio-Observer™ multi-dimensional acquisition software (Zeiss, DEU). ImageJ™
software was used to measure the total distance migrated by recording the
distance between the neurosphere centre at time 0 and the final position of the cell
after 20 hrs. Mean cell soma size was determined by tracing the outline of the
cells using the AxioVision™ Software (Release 4.8). Average distance travelled
and cell soma sizes were collated from neurospheres derived from at least three
independent mice.
2.5 Mitogen Removal Assay
Neurospheres were plated into PLO (20 μg/mL in HBSS) and laminin (5 μg/mL,
in HBSS) coated 24-well glass-bottom dishes and allowed to grow for 18 hours
under basal media conditions. Cells were washed three times with cold HBSS and
then incubated for a further 6 days under four media conditions; control media
(+EGF/+FGF2), +EGF media, +FGF2 media and mitogen-free media (-EGF/FGF2). Media was replaced every two days (beginning at 1 day in vitro). At day
6 cells were subjected to Ca2+ imaging and analysis and immunocytochemical
identification. The mean frequency, duration and ITI of Ca2+ oscillations were
recorded from oscillating cells from at least three regions of interest per media
condition, and experiments were repeated in triplicate.
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2.6 Epidermal Growth Factor (EGF)-555 Assay
Cells were cultured for 4 hours without EGF to allow for recycling of receptors
back to the plasma membrane (Sigismund et al. 2008), and then washed three
times with ice-cold HBSS while maintained on ice. Application of EGF Alexa
Fluo-555 conjugate (EGF-555) was as per the manufacturer’s instructions
(Thermofisher Scientific, USA). Briefly, EGF-555 (1 µg/mL) was prepared in
media and centrifuged to remove any aggregate. The supernatant was applied to
cells and then re-washed and fixed with 4 % PFA at various time points.
Unlabelled EGF (10 μg/mL) was used as a control for non-specific binding, which
competes with the EGF-555 for EGFR binding. The amounts of cytoplasmic
EGFR-EGF-555 complexes were quantified by averaging intensity histograms for
six fields of view per cell using Adobe Photoshop CC™ software (Adobe Inc.,
2014, USA).
2.7 Calcium Imaging and Analysis
Cells were loaded with Fluo-4-AM [1 µg/ml in 0.01 % dimethyl sulfoxide
(DMSO); 0.02 % Pluronic F-127 (Thermofisher Scientific, USA)] and incubated
for 20 mins at 37 °C, 5 % CO2 in culture medium. Loaded cells were washed in
Tyrode’s solution [consisting of (in mM): CaCl2 (1.8), MgCl2 (1), KCl (2.7),
NaHCO3 (11.9), NaCl (136.9), NaH2PO4 (0.42), D-glucose (5.5), at 4C] and then
allowed a further 15 mins for de-esterification prior to imaging (Thomas et al.
2000). Cells were imaged on a live-cell stage maintained at 37 °C in a humidified
chamber supplemented with 5 % CO2. Imaging was performed using a Zeiss
AxioObserver™ inverted light microscope (Zeiss Microscopy, DEU) in culture
medium except where extracellular Ca2+ was omitted, whereby CMF-HBSS was
used. Images were taken in 800 ms intervals using AxioVision™ Software
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(Release 4.8) with the Ca2+ Physiology acquisition module. The mean
fluorescence of individual cells was calculated and normalized to its initial value
at time 0 (F/F0). A change in amplitude ≥ 10 arbitrary units was accepted as a Ca2+
signal. To analyse oscillations, fields of view were selected at random. Within
each field of view the number of oscillating cells was expressed as a percentage of
total number of cells per field. For each cell, the frequency (f), amplitude (A),
spike duration (D), and ITI of the oscillation were analysed and are expressed as
mean values. The duty cycle was calculated as the ratio of the spike duration to
period. For inhibition assays, the oscillation parameters were averaged before and
after antagonist application: [exposure time 10 min (in μM): N4-(3-Bromophenyl)N6-methyl-pyrido[3,4-d]pyrimidine-4,6-diamine [PD158780 (2)], thapsigargin (1),
ryanodine (100), 2-Aminoethoxydiphenyl borate [2-APB (50)], 1-[6-[((17β)-3methoxyestra-1,3,5[10]-trien-17-yl)amino]hexyl]-1H-pyrrole-2,5-dione [U-73122
(5)], Xestospongin C (2)].
2.8 Nuclear Calcium Imaging and Analysis
The relative amount of nuclear Ca2+ was examined by time lapse confocal
microscopy. Images were captured at 5 sec intervals and analysed in Adobe
Photoshop CC™ by averaging the intensity histograms for regions of interest in
the cytoplasm and nucleus (Adobe Inc., 2014, USA). Values were obtained at the
peak of an oscillation. For each cell analysed, the mean pixels for three regions in
the nucleus and cytoplasm were recorded and averaged, and nuclear values were
normalised against cytoplasmic fluorescence values.
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2.9 EGF Deprivation Assay
For EGF/FGF2 deprivation experiments, cells were mitogen deprived for 4 hours
followed by stimulation with EGF or FGF2 for 10 min, with or without preincubation with antagonists.
2.10 Quantification of Activated NFAT
Cells were immunostained for the presence of NFATs 1-4 after 12 hour
incubation with 2-APB (50 µM) or DMSO control. The amount of activated
NFAT was quantified by averaging intensity histograms for six fields of view per
cell (three for cytoplasm and nucleus) using Adobe Photoshop CC™ software
(Adobe Inc., 2014, USA) and the ratio of nuclear to cytoplasmic NFAT calculated
(Agley et al. 2012).
2.11 In Vitro Proliferation Assay
The modified thymidine analogue 5-ethynyl-2’-deoxyuridine (EdU) was used to
quantify proliferating cells as per the manufacturer’s protocol (Click-it EdU
Imaging Kit; Thermofisher Scientific, USA). For in vitro assays single cells
(20,000 cells/mL) were seeded onto 24-well glass bottom dishes coated with PLO
and laminin and incubated at 37 °C in a CO2 incubator for 24 hrs. Antagonists
were applied for 18 hrs followed by a 4 hr incubation with EdU (10 μM). Cells
were then fixed, blocked and permeabilised (see Methods and Materials section
2.3). Following this, a 50 µL of EdU click reaction cocktail [consisting of (in
mM): PBS (137), CuSO4 (4), AlexaFluor-488 azide dye (0.02), ascorbic acid
(114)] was applied to coverslips. Total EdU+ cells were determined from at least
10 randomly selected fields of view per treatment where the number of EdU+ cells
was expressed as a percent total number of cells. EdU+ cells in interphase of the
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cell cycle were chosen as positive and untreated cells served as a negative control
with DAPI used as a nuclear counterstain (Chehrehasa et al. 2009).
2.12 In Vivo Proliferation Assay
For immunohistochemistry, mice were given intraperitoneal injections of EdU
(50 mg/kg), sacrificed 1 day later, perfused with 4% PFA, and brains drop-fixed
in 4% PFA overnight at 4C. Brains were equilibrated in sucrose (30 % in PBS)
and stored in TissueTek™ optimum cutting temperature (OCT, 100 %) prior to
being frozen, sectioned at 12 μm and mounted on glass slides [subbed with
porcine skin gelatin (0.5 % in PBS) and CrK(SO4)2 (0.05 % in PBS)]. Brain
sections were blocked 1 hr in normal goat serum (10 %) and saponin (1 % in
PBS), washed and the EdU click reaction performed. A second blocking step with
10% normal goat serum was performed for 1 hr between the click chemistry
reaction and addition of primary antibodies.
2.13 NFAT in silico Analysis
Annotated murine NFAT proteins were recovered from RefSeq (Pruitt et al. 2014)
and annotated domains, motifs, and phosphorylation sites noted. Sequences were
aligned using Clustal Omega (European Bioinformatics Institute, GBR) (Sievers
et al. 2011, Li et al. 2015) and additional features conserved in NFAT proteins,
including Regions 1-4, nuclear localisation signals and activation domains
identified (Hogan et al. 2003). As the annotation for some proteins was
incomplete, the presence of putative domains, nuclear localisation signals, motifs
and phosphorylation sites were predicted using ExPASy Bioinformatics Resource
Tool (Swiss Institute of Bioinformatics, AUS) (Artimo et al. 2012).
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2.14 Statistical Data Analysis
Data are presented as mean values ± standard error of the mean (SEM). Statistical
significance of differences among mean values was determined by single-factor
analysis of variance (ANOVA) and Tukey HSD post-hoc analysis used to
determine treatment effects. In cases where Levene's test for homogeneity showed
an effect of variance, Welch’s One-Way ANOVA was carried out and Games
Howell post-hoc test used. Effect size was determined by partial eta-squared (η2)
analysis where 0.01-0.09 was small, 0.09-0.25 medium and  0.25 was regarded
as substantially large (Levine and Hullett 2002). Statistical analysis was
performed with SPSS 22 software (IBM SPSS Statistics for Windows, Version
22, USA) where an alpha value of 0.05 was considered statistically significant and
(n) refers to the total cell sample number. A minimum of three biological repeats
each with three technical replicates was performed per experiment.
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Chapter Three: Characterisation of SVZ-Derived Type C
Cells
3.1 General Introduction
Neurogenesis persists in specific stem cell niches throughout adulthood, including
the anterior subventricular zones (SVZ) that line the lateral ventricle walls of the
cerebrum (Gage et al. 1995). The immediate progeny of adult neural stem cells
(type B1) are fast-dividing transit-amplifying (type C) cells. Type C intermediate
progenitors divide symmetrically, expand cell numbers, and then give rise to
neuroblast (type A) cells, which migrate along the rostral migratory stream to the
olfactory bulbs (OB) (Alvarez-Buylla et al. 1998, Lledo et al. 2006). At present,
there is no single cell marker that can be used to definitively identify each SVZ
cell type. Therefore, in order to conclusively identify a particular cell type, the use
of multiple markers is required.
Type B cells are commonly identified by the expression of the cytoskeletal protein
glial fibrillary acidic protein (GFAP), the intermediate filament nestin (Doetsch
2003), as well as the transcription factor, sex determining region-Y box 2 (Sox2)
(Brazel et al. 2005). When activated, type B cells upregulate epidermal growth
factor receptor (EGFR) and begin to asymmetrically divide giving rise to a
daughter cell and a type C cell. The type C cells retain Sox2 but downregulate and
eventually lose GFAP expression (Doetsch et al. 1999, Gonzalez-Perez et al.
2010). Transcription factors paired boxed 6 (Pax6), mammalian achaete-scute
homolog-1 (Mash1), and distal-less homeobox 2 (Dlx2) are all upregulated in type
C cells (Doetsch et al. 2002, Parras et al. 2004, Jones and Connor 2011) as well as
the expression of EGFR (Alvarez-Buylla and Garcia-Verdugo 2002, Aguirre et al.
2010) and fibroblast growth factor receptor 2 (FGFR2) (Frinchi et al. 2008).
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Following a series of symmetrical divisions, type C cells then differentiate into
type A cells which are identified by the expression of doublecortin (DCX) (Lim
and Alvarez-Buylla 1999, Castiglione et al. 2008).
Neurosphere assays are a useful tool for investigating the physiological properties
of neural stem and progenitor cells derived from the SVZ in a controlled
environment. Neurosphere formation is commonly attributed to the presence of
adult neural stem cells (NSCs) contained within the aggregate, and hence display
self-renewal and multi-potential properties (Deleyrolle and Reynolds 2009). As
neurospheres expand in culture they become heterogeneous, consisting of lineagerestricted precursors (Suslov et al. 2002). Due to the heterogeneity of the
aggregate, identifying individual cells by phenotype in culture using a monolayer
provides much more precise results.
Mitogens epidermal growth factor (EGF) and fibroblast growth factor 2 (FGF2)
are supplemented into neurosphere-forming media where they promote the
proliferation of precursor cells, while maintaining an undifferentiated phenotype
(Gritti et al. 1999, Deleyrolle and Reynolds 2009). Removal of these mitogens
causes some cells derived from neurospheres to establish multi-potentiality by
giving rise to all three major cell phenotypes of the brain (Reynolds and Weiss
1992). Interestingly, the role each growth factor plays in maintaining the
proliferative, undifferentiated cellular phenotype is not well known. In order to
investigate these signaling pathways, the first step was to accurately identify the
cell phenotype derived from the SVZ and maintained in culture.
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3.2 Results
3.2.1

Isolation of multipotent SVZ-derived neurospheres

Adult nervous tissue from the SVZ was excised from adult C57BL/6 mice prior to
being maintained in culture for 5-7 days in vitro (Fig. 3.2-1 A). After this time
neurospheres of 150 ± 35 µm in diameter, with a bright halo appearance and
microspikes around their periphery were visualised with light microscopy (Fig.
3.2-1 arrowhead in B). For cellular assays, neurospheres derived after 1-2
passages were seeded onto poly-L-ornithine (PLO) and laminin coated glass
bottom dishes and allowed to form a monolayer for 12-18 hrs. All subsequent
experiments were performed under these conditions unless stated otherwise.
Emergent cells were selected from random regions of interest within the
monolayer for analysis (Fig. 3.2-1 dashed box in K). Plated cells were observed to
migrate an average distance of 340.3 ± 23.9 μm on glass (~ 0.24 µm/hr) and had
an average cell body size of 597.2 ± 50.1 μm2 (n = 15) (Fig. 3.2-1 C-K).
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Figure 3.2-1 Isolation of multipotent SVZ-derived neurospheres
Neurospheres were isolated from the SVZ of 8 week old C57BL/6 mice (A).
Neurospheres 150 ± 35 µm in diameter were selected for experiments (white box
in A). Typical healthy neurospheres exhibited a halo around the sphere periphery
(arrowhead in B). Neurospheres were plated onto PLO and laminin-coated glass
bottom dishes and allowed to adhere and form a monolayer (C-K). Regions of
interest were selected at random (dashed box in K). Images were taken at 200×
(A, C-K) and 400× magnifications (B). Panels A-B represent images taken using
a simple light microscope. Panels C-K represent phase contrast images taken on a
compound microscope. Scale bars = 75 µm. Cell cultures were used at passage 12. PLO: poly-L-ornithine; SVZ: subventricular zone.
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3.2.2

Immunocytochemical identification of type C cells from primary SVZ
cultures

Following monolayer formation at 2 days in vitro, emergent cells were fixed and
immunocharacterised

using

antibodies

raised

against

GFAP,

Sox2/Mash1/Pax6/Dlx2 and DCX in order to identify type B, type C and type A
cells respectively (Doetsch 2003). Typical cells had branched epithelial-like
morphology with elongated processes and diffuse nuclei which exhibited a
dispersed chromatin pattern, one or two nucleoli and nuclear indentations within
the soma (Fig. 3.2-2 A, E, I). Sox2 expression was persistent (Fig. 3.2-2 A, C-D),
whereas Mash1 ranged from relatively low (Mash1low: Fig. 3.2-2, right arrows in
B, D, G, H) to high (Mash1high: Fig. 3.2-2, left arrows in B, D, G, H) and was lost
as cells re-entered mitotic (M) phase (Fig. 3.2-2 down arrows in A-B, D-E, G-H).
Mash1+/Sox2+ cells comprised 59.6 ± 3.6 % (n = 1120) of the total population
(Fig. 3.2-2 A-D). Cells also expressed the neuroepithelial stem cell marker nestin
(Fig. 3.2-2 E, right arrows in F, H), and the transcription factors Pax6 (Fig. 3.2-2
I, arrows in J, L) and Dlx2 (Fig. 3.2-2 I, arrows in K, L) (Doetsch et al. 2002,
Obermair et al. 2010). No observed signal was detected upon omission of the
primary antibody for all samples (data not shown). Subsequent experiments were
conducted on these cells which were identified as transit-amplifying type C cells.
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Figure 3.2-2 Characterisation of type C cells
Multimarker immunocytochemistry identified emergent cells at 2 days in vitro as
transit-amplifying type C precursors (A-L). Sox2 expression was consistently
observed during interphase of the cell cycle (A-D), whereas expression of Mash1
ranged from high (Mash1high, left arrowheads in B, D, G, H) to low (Mash1low:
right arrowheads in B, D, G, H) and was lost upon cells re-entering mitotic phase
(down arrowhead in A-H). All cells expressed the intermediate filament nestin (E,
right arrowheads in F, H) and the transcription factors Pax6 (I, arrowheads in J,
L) and Dlx2 (I, arrowheads in K, L). Nuclei counterstained with DAPI. Images
taken with 60× objective, scale bars = 20 m. Cell cultures were used at passage
1-2. DIC: differential interference contrast; Dlx2: distal-less homeobox 2; Mash1:
mammalian achaete-scute homolog-1; Pax6: paired box 6; Sox2: sex-determining
region-Y box 2.
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3.2.3

Characterisation of transcription factor expression during mitosis

Type C cells were characterised during mitotic phase using 4',6-diamidino-2phenylindole (DAPI) to identify each stage by its characteristic chromatin
patterns; interphase, prometaphase, metaphase, anaphase and telophase (Chuang
et al. 2008) (Fig. 3.2-3 A-Y). Interphase was identified by normal nuclear
morphology, clear nucleoli and no nuclear membrane indentations (Fig. 3.2-3 A,
F, K, P, U). During prometaphase the nuclear membrane had broken down and
the defined arrangement of chromatin in a pinwheel fashion was observed (Fig.
3.2-3 B, G, L, Q, V). Metaphase cells were identified by the arrangement of
chromatin along the midline axis of the cell (Fig. 3.2-3 C, H, M, R, W). The
commencement of anaphase was identified by the separation of chromatin
towards the poles, while the cytoplasm remained connected (Fig. 3.2-3 D, I, N, S,
X). Telophase was identified by the clear separation of the nuclei and cytoplasm
between the two daughter cells (Fig. 3.2-3 E, J, O, T, Y). Nestin expression
remained constant throughout all phases of mitosis (Fig. 3.2-3 K-O), whereas the
transcription factors Mash1 (Fig 3.2-3 F-J), Pax6 (Fig. 3.2-3 P-T) and Sox2 (Fig.
3.2-3 U-Y) were excluded from the nucleus. No observed signal was detected
upon omission of the primary antibody for all samples (data not shown).
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Figure 3.2-3 Characterisation of protein expression during mitosis
DAPI was used to identify the characteristic chromatin patterns seen during
mitosis phases; interphase, prometaphase, metaphase, anaphase and telophase in
SVZ-derived type C cells (A-Y). Nestin expression remained constant
throughout all phases of mitosis (K-O), whereas the transcription factors Mash1
(F-J), Pax6 (P-T) and Sox2 (U-Y) were excluded from the nucleus. Images
taken with 60× objective, scale bars = 20 m. Cell cultures were used at passage
1-2. Mash1: mammalian achaete-scute homolog-1; Pax6: paired box 6; Sox2:
sex determining region-Y box 2.
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3.2.4

Multipotentiality of SVZ neurospheres

A small percentage (4.7 ± 0.7 %, n = 687) of cells under control conditions
expressed GFAP and were possibly type B cells (Fig. 3.2-4 A, right arrow in B).
A majority of the GFAP+ cells were observed near the core of the neurosphere,
and not within the emergent monolayer. All emergent cells had low DCX
expression (DCXlow: Fig. 3.2-4 C, left arrows in D). In monolayers cultured for
3 days in vitro a small number of bipolar DCXhigh type A cells appeared in culture,
2.9  0.7 % (n = 884), and continued to expand in cell numbers; e.g. by 6 days in
vitro 10.1  2.5 % (Fig. 3.2-4, C, right arrows in D; n = 431). Removal of
mitogens EGF and FGF2 from the culture media resulted in the spontaneous
generation of each neural phenotype; neurons, oligodendrocytes and astrocytes
after 7 days in vitro, providing evidence of tripotentiality. Neurons were identified
in culture with antibodies raised against the neuron-specific protein βIII-tubulin,
and their characteristic “halo” staining pattern around the nucleus (Fig. 3.2-4 E).
O4 antibodies were used to identify OPCs, along with their dense nuclei and
multipolar morphology (Fig. 3.2-4 F). Finally, astrocytes were identified by their
large, epithelial-like morphology and the expression of GFAP (Fig. 3.2-4 G) and
a lack of vimentin expression (Fig. 3.2-4 H). The relative number of cells with
positive staining for each phenotype compared to the total number of DAPI+ cells
was low: βIII-tubulin+ neurons (0.012 ± 0.057 %), O4+ OPCs (0.091 ± 0.13 %)
and GFAP+/vimentin- astrocytes (0.033 ± 0.017 %, Fig. 3.2-4 I). To demonstrate
the self-renewal potential of SVZ-derived neurospheres, first generation
neurospheres (passage 0) were dissociated and replated successive times,
modified from a standard protocol for neurosphere self-renewal (Reynolds and
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Weiss 1992, Deleyrolle and Reynolds 2009). No observed signal was detected
upon omission of the primary antibody for all samples (data not shown).

Figure 3.2-4 SVZ-derived neurospheres are multipotent
Multimarker immunocytochemistry was used to identify the generation of neural
phenotypes derived from SVZ neurospheres. GFAP was expressed by a small
number of cells at 1-2 days in vitro (A, right arrowhead in B). All type C cells had
low DCX expression (DCXlow: C, left arrowheads in D) and by 3 days in vitro a
small number had differentiated into multi- and bipolar DCXhigh type A cells (C,
right arrowheads in D). Evidence of tripotentiality was detected by the
spontaneous generation of all three phenotypes after removal of growth factors.
Neurons were identified with antibodies against βIII-tubulin (E). OPCs were
identified using antibodies derived from the O4 hybridoma cell line (F).
Astrocytes were identified as GFAP+/Vimentin- (G-H). Differentiated phenotypes
were present in low numbers (I). Nuclei were counterstained blue with DAPI.
Images were taken with 60× objective, scale bars = 20 µm (A-D), or 40×
objective, scale bars = 75 µm (E-H). Cell cultures were used at passage 1-2.
DCX: doublecortin; DIC: differential interference contrast; GFAP: glial fibrillary
acidic protein; OPC: oligodendrocyte precursor cell; SVZ: subventricular zone.
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3.2.5

Type C cells express EGFR and FGFR2

EGFR and FGFR activation promotes the proliferation of neural precursor cells
(NPC) in culture (Gritti et al. 1999), and are critical towards maintaining cells in a
non-differentiated state (Deleyrolle and Reynolds 2009). The expression of EGFR
is primarily restricted to type C cells in the SVZ (Doetsch et al. 1997, AlvarezBuylla and Garcia-Verdugo 2002, Aguirre et al. 2010), which also express FGFR2
(Frinchi et al. 2008). Immunostaining was performed to identify the expression of
EGFR and FGFR2 receptors in type C cells; positive staining was observed for
both receptors (Fig. 3.2-3 A-F). Punctate EGFR was present throughout the
cytoplasm (Fig. 3.2-3: right arrowheads D, combined in F) as well as within the
nucleus (Fig. 3.2-3: right arrows D, combined in F). Cytoplasmic FGFR2 had a
network-like staining pattern (Fig. 3.2-3: left arrowheads E, combined in F),
whereas the nucleus was punctate (Fig. 3.2-3: left arrows E, combined in F). No
observed signal was detected upon omission of the primary antibody for all
samples (data not shown).
EGFR signalling endosomes persist in the cytoplasm, potentially activating
cytoplasmic signalling cascades prior to either being recycled to the plasma
membrane, transported to the nucleus or degraded as illustrated in Chapter 6,
Figure 6.1-1 (Waterman and Yarden 2001). To examine the cellular localisation
of EGFR after activation with EGF, type C cells were starved of EGF and then
stimulated with EGF Alexa Fluo-55 conjugate (EGF-555, 2 µg/mL). Cells were
fixed at different time points (0 min and 2 min) and imaged to visualise bound
EGF-555 and EGFR (EGFR-EGF-555). At time 0, EGFR-EGF-555 complexes
were observed primarily localised within the cytoplasm and condensed along the
plasma membrane (Fig. 3.2-5 G-J). Minor translocation of the EGFR-EGF-555 to
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the nuclear region was also observed (Fig 3.2-5 down arrows in G-J). Two
minutes post stimulation, EGFR-EGF-555 began to condense around the nuclear
region (Fig. 3.2-5 I-J). Quantitative analysis revealed a 128.67 ± 4.1 % increase
in EGFR-EGF-555 cytoplasmic fluorescence intensity in cells at 2 min poststimulation [F(1,15) = 5.64, p = 0.031, n = 17]. These data suggest that, when
activated, membrane bound EGFR is internalized and transported to the
nucleoplasmic membrane, where it may potentially contribute to signalling events
such as inositol tri-phosphate (IP3) production or directly interacting with the
nuclear DNA.
3.2.6

The effects of mitogen removal on protein expression

In order to examine the influence that EGFR and FGFR activation has on the
lineage fate of type C cells, neurospheres were cultured either in control media
(+EGF/+FGF2), media with EGF (+EGF), media with FGF2 (+FGF2) or no
mitogens (−EGF/−FGF2) for 6 days in vitro and then immunostained for GFAP,
Sox2 and DCX to identify type B cells (GFAP+/Sox2+) and neuroblasts (DCX+).
Clear morphological differences were observed across the four media conditions.
Cells cultured under control conditions were mostly homogenous in morphology,
with elongated somas and cells formed a lattice-like monolayer (Fig. 3.2-6 A).
Cells maintained in +EGF media closely resembled the control cultures and had
smaller somas and elongated processes. Some larger, more epithelial-like cells
began to appear (Fig. 3.2-6 B). When maintained in +FGF2 media, cells began to
change noticeably, including more large, flat cells appearing in culture, and some
cells with smaller somas and multiple thin processes (Fig. 3.2-6 C). Cells cultured
without mitogens mostly appeared large, flat and epithelial, typical of astrocytic
cells, interspersed with small thin processed cells (Fig. 3.2-6 D).
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The Sox2 expression was maintained in most cells across all media conditions and
there were no significant differences observed [F(3,15.3) = 2.61, p = 0.09, n =
1255]. In media containing EGF only (+EGF), the number of cells that express
both GFAP and Sox2 (GFAP+/Sox2+) increased by 191.8 ± 62.1 % (p = 0.032).
The number of GFAP+/Sox2+

cells maintained in media containing

FGF2 (+FGF2) were not significantly different from control (32.1 ± 17.8 %, p =
0.067), however when compared to +EGF media or mitogen-free (−EGF/−FGF2);
the number of GFAP+/Sox2+ cells in culture decreased by 259.7 ± 64.6 % (p =
0.02) and 273.8 ± 46.7 % (p

0.001) respectively. When all mitogens were

removed, the number of GFAP+/Sox2+ cells increased by 205.9 ± 43.2 % when
compared against control conditions, similar to the increase seen in media with
EGF alone [F(3,48.55) = 15.06, p ≤ 0.001, n = 529, Fig 3.2-6 E). Post hoc
analysis also revealed a significant difference in the number of DCX+ cells
[F(3,41) = 5.5, p = 0.003, n = 529]. The number of DCX+ cells were not
significantly different when cultured in +EGF media (28.37 ± 11.5 %, p = 0.175),
FGF2 alone (173.1 ± 35.8 %, p = 0.162), or when mitogens were removed (139.7
± 20.1 %, p = 0.657) compared to control conditions. The media containing only
EGF (+EGF) caused a 144.7 ± 37.6 % reduction in the number of DCX+ cells
compared to media with only FGF2 (+FGF2, p = 0.002), and a 111.3 ± 37.6 %
reduction in the number of DCX+ compared to mitogen-free cultures (p = 0.025, n
= 586) (Fig. 3.2-6 F).
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Figure 3.2-5 Type C cells express EGFR and FGFR2
Multimarker immunocytochemistry was used to identify expression of EGFR ad
FGFR in type C cells. Both EGFR (A, C, D, F) and FGFR2 (B, C, E, F) were
expressed. EGFR was observed in the cytoplasm (right arrowheads in D; F) and
nucleus (right arrows in D; F). FGFR2 stained throughout the cytoplasm (left
arrowheads in E; F) with nuclear localization (left arrows in E; F). EGFR-EGF555 was observed throughout the cytoplasm and plasma membrane (G-J), with
some nuclear translocation (down arrows in G-J). Images taken with 60×
objective, scale bars = 20 m. Cell cultures were used at passage 1-2. DIC:
differential interference contrast; EGF: epidermal growth factor; EGFR:
epidermal growth factor receptor; FGFR2: fibroblast growth factor receptor 2.
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Figure 3.2-6 Effects of mitogen removal on protein expression
Type C cells were cultured for 6 days in vitro under different media conditions;
control (+EGF/+FGF2), EGF only (+EGF), FGF2 only (+FGF2), or no mitogens
(−EGF/−FGF2). Differential interference contrast images revealed morphological
differences across all conditions (A-D). Cells were then examined for expression
of DCX, GFAP and Sox2 after 6 days in vitro. The number of GFAP+/Sox2+ cells
increased when cultured with EGF alone compare to FGF2 alone (E). The
number of DCX+ cells increased when cultured with FGF2 alone compared to
EGF alone (F). The mean expression values for each condition were normalised
against the control (set at 100 %) in order to calculate relative levels. Data are
presented as SEM, where significance is indicated as p ≤ 0.05*, and p ≤ 0.001**.
Images taken with 60× objective, scale bars = 20 m. Cell cultures were used at
passage 1-2. DCX: doublecortin; EGF: epidermal growth factor; FGF2: fibroblast
growth factor 2; GFAP: glial fibrillary acidic protein; Sox2: sex determining
region-Y box 2.
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3.3 Discussion
3.3.1

Isolation of multipotent SVZ-derived neurospheres

Monolayers derived from the SVZ are capable of self-renewal and have the ability
to generate all three neural phenotypes under the right culture conditions (Craig et
al. 1996, Deleyrolle and Reynolds 2009). Here the self-renewal properties of
SVZ-derived neurospheres when plated as a monolayer were confirmed by the
successive re-seeding of dissociated cells and subsequent neurosphere formation
that remained tripotential which has been reported previously (Mishra et al. 2006,
Stafford et al. 2007). Multipotency was established post-hoc by the removal of
growth factors and subsequent immunocytochemical identification of astrocytes,
oligodendrocytes and neurons. This is a known protocol for spontaneous
differentiation that can occur on an extracellular matrix substrate (Deleyrolle and
Reynolds 2009). Together these results indicate that this method was an effective
means of deriving adult NPCs in vitro for further use in cell-based assays.
3.3.2

Identification of type C cells

In order to conclusively identify the emergent cells the application of multiple
markers was required, as proteins expressed by one cell type during SVZ
neurogenesis may be, upon differentiation, expressed later by a different cell type
(Mamber et al. 2013). The cells were identified as type C cells based on
morphological features and the combined expression of known type C cell
markers. Type C cells were characterised as: EGFR+, FGFR2+, Mash1+, Sox2+,
Pax6+, nestin+, Dlx2+, DCXlow, GFAP, and comprised > 95 % of the cells in 1-2
day old primary cultures under control conditions, consistent with previous
studies (Doetsch et al. 2002, Aguirre et al. 2005, Mirzadeh et al. 2008). The
absence of Mash1 expression in a small number of cells may indicate a
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transitional phase between type B and type C cells. Since nuclear Mash1
expression is lost during mitosis, the large number of proliferative cells in culture
(approximately 40 %) may also contribute to the small number of Mash1- type C
cells. Nonetheless, the identification of other putative type C cell markers (Pax6,
EGFR, and Dlx2), and absence of GFAP or DCXhigh expression supports this
notion. For consistency, all experiments were performed on neurospheres
maintained at passages 1-2 within two days of plating, which reduces the
possibility of biological alterations within the cells that can occur at high passage
numbers (Morshead et al. 2002, Gil‐Perotín et al. 2013).
3.3.3

Type C cells express EGFR and FGFR2

The expression of EGFR and FGFR2 was observed in all type C cells, consistent
with previous studies (Alvarez-Buylla and Garcia-Verdugo 2002, Frinchi et al.
2008, Aguirre et al. 2010). In the SVZ, activated type B cells (GFAP+) also
upregulate EGFR (Gonzalez-Perez and Quinones-Hinojosa 2010), although in this
study GFAP+ cells were only observed in low numbers under control conditions.
This, and the expression of the previously mentioned type C cell identifying
markers suggests a type C cell phenotype. When type C cells were stimulated with
EGF Alexa Fluo-55 conjugate (EGF-555, 2 µg/mL), some EGFR-EGF-555
complexes were observed to translocate to the nucleus in a manner that has been
previously reported in HeLa cells (Langelier et al. 2006, Wang and Xie 2007).
Interestingly, the observation of EGFR translocation to the nuclear membrane
from the plasma membrane suggests that cytoplasmic EGFR signalling
endosomes may persist in these cells.
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3.3.4

Differential effects of EGFR and FGFR activation on type C cells

The synergistic effect of mitogens EGF and FGF2 in the regulation of NPC
proliferation is well known. For example, cells cultured in FGF2 alone switch to a
faster growth rate when cultured in EGF, which increases more in culture medium
with combined EGF and FGF2 (Gritti et al. 1999). The requirement of EGF and
FGF2 supplementation during the culture of NPCs, as well as the expression of
EGFR and FGFR2 led to the investigation of how these mitogens may affect type
C cell fate.
The relative expression of Sox2 (a stem/progenitor cell marker) was not
significantly different when cells were subjected to growth media deprived of
EGF or FGF2, and only began to decrease when both growth factors were
removed, suggesting that cells were beginning to differentiate (Deleyrolle and
Reynolds 2009). Interestingly, there was an increase in the number of
GFAP+/Sox2+ cells when cultured in EGF alone, which were probably type B
cells due to the persistent Sox2 expression. This increase in the number of
GFAP+/Sox2+ cells occurred with a concurrent decrease in DCX+ type A cells,
which may suggest that persistent EGFR activation induces dedifferentiation of
type C cells back into activated type B cells, reducing those available for
differentiation into type A cells. These data are consistent with previous studies
that have shown that EGF infusions into the rodent SVZ reduces the number of
type A cells, while increasing the number of glial cells (Doetsch et al. 2002,
Gonzalez-Perez and Quinones-Hinojosa 2010).
In contrast to EGFR, activation of FGFR was correlated with an increase the
number of DCX+ cells, while reducing the number of GFAP+/Sox2+ cells, which
is supported elsewhere (Kuhn et al. 1997, Jin et al. 2003). These differential
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effects of EGFR and FGFR activation on protein expression suggest different
downstream signalling targets of each growth factor, which play different
individual roles regulating type C cells and their progression through to type A
cells.
3.3.5

Conclusion

Taken together, these data show that the majority of emergent cells from SVZ
neurosphere derived monolayers are type C cells. EGFR activation was also found
to inhibit type C cell differentiation into type A cells, whilst possibly influencing a
dedifferentiation back into an activated type B cell, whereas FGFR activation
enhances neurogenesis. Importantly, these results demonstrate that EGFR and
FGFR activation in type C cells signal via at least some substantially different
downstream pathways in order to regulate cell fate. Based on these results the
potential downstream signalling cascades were investigated in order to delineate
the two receptors beginning with a series of assays to test Ca2+ signalling.
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Chapter Four: Calcium Physiology of SVZ-Derived Type C
Cells
4.1 General Introduction
Identifying the key signalling pathways initiated by growth factor receptors is an
essential step towards understanding how intermediate progenitor pools and cell
fate is regulated in the adult neurogenic niches. Previous results indicated that
subventricular zone (SVZ)-derived type C cells express both epidermal growth
factor receptor (EGFR) and fibroblast growth factor receptor 2 (FGFR2), which
when activated, have different effects on cell fate in culture (Chapter Three).
Both growth factor receptors can initiate biological responses through multiple
complex signalling pathways, including the activation of phospholipase C gamma
(PLCγ) which leads to inositol tri-phosphate (IP3)-mediated Ca2+ signalling. There
is limited knowledge of what role Ca2+-sensitive cascades play, if any, in the
regulation of type C cell numbers in the adult SVZ.
Calcium is a highly versatile intracellular messenger with a remarkable ability to
encode information by changing the [Ca2+]i dynamics. Liberation of Ca2+ from the
major intracellular store, the endoplasmic reticulum (ER), occurs via IP3
mobilization and the subsequent activation of inositol tri-phosphate receptors
(IP3R), leading to Ca2+ waves or highly dynamic regenerating oscillations
(Schlessinger 2000). These Ca2+ oscillations are generally categorized as either
sinusoidal or baseline-spiking types and encode receptor activation through
amplitude modulation (AM), frequency modulation (FM), or a combination of
both (AFM). A change of AM is typically in proportion to a corresponding
increase or decrease in stimulus, whereas FM ‘simulates’ this change by altering
the temporal aspects of the Ca2+ signal (Berridge 1990). In telencephalic
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neuroepithelial stem cells for example, the Ca2+-dependent effects of fibroblast
growth factor 2 (FGF2) concentrations are encoded by AM Ca2+ waves and act to
regulate cell proliferation (Maric et al. 2003).
Determining the Ca2+ encoding type is an important step in elucidating the
downstream decoding molecules and their possible biological relevance to Ca2+
sensitive signal transduction cascades. Following the identification of EGFR and
FGFR2 expression on type C cells, the spatial and temporal dynamics of Ca2+
signalling were investigated in type C cells to determine if EGFR and/or FGFR
activation contributes to the Ca2+ signal.
4.2 Results
4.2.1

Spatial dynamics: quantification of fast baseline-spiking oscillations

Calcium oscillations were visualised in 39.8 ± 2.3 % (n = 328) of cells pre-loaded
with the Ca2+ indicator dye Fluo-4-AM (Fig. 4.2-1 A-I, arrows). Stochastically
oscillating cells appeared non-synchronous with surrounding cells. Regions of
interest were selected on oscillating cells (Fig. 4.2-1 coloured circles in J) and the
resultant oscillation parameters were analysed. Oscillations were characterized as
baseline-spikes where each spike consisted of a rapid upstroke from the resting
cytosolic Ca2+ level followed by recovery to stabilize again at the resting baseline
concentration. The average frequency of oscillation occurred at 54 ± 4.5 mHz for
a duration of 5.6 ± 0.2 s. The intertransient interval (ITI) was 10.3 ± 0.7 s between
spikes and duty cycle 0.35 (n = 45). Each spike occurred with amplitude of 44.9
± 2.0 (Fig. 4.2-1 K). No significant differences in frequency (F(1, 66) = 3.1, p =
0.082), amplitude (F(1, 187) = 2.2, p = 0.14), duration (F(1, 99.8) = 3.4, p =
0.066) or ITI (F(1, 85.3) = 1.1, p = 0.296, n = 178) were observed when cells
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maintained in culture media were measured against cells maintained in Tyrode’s
Solution.
4.2.2

Baseline-spiking oscillations occur in the nucleus and cytoplasm

Once initiated, spatially organized waves were observed across the entire cell,
including the nucleus (Fig. 4.2-2 A-H). Confocal microscopy revealed basal
levels of Ca2+ in the cytoplasm of all cells (Fig. 4.2-2 A), and most cells contained
similar Ca2+ levels in the nucleus (Fig. 4.2-2 upper box in A, inset B-D). Regions
of interest were selected in the nucleus and cytoplasm of oscillating cells (Fig.
4.2-2 coloured circles in A), which showed a simultaneous rise in Ca2+ during
each oscillation (Fig. 4.2-2 bottom box in A, inset E-G, H). The characteristic
baseline spiking shape was observed in the cytoplasm (Fig. 4.2-2 dashed line in I)
and nucleus (Fig. 4.2-2 solid line in I) of oscillating cells. The relative
fluorescence was 16.31 ± 1.6 % greater in the nucleus when compared against
cytosolic levels (F(1, 53) = 15.3, p ≤ 0.001, n = 41) (Fig. 4.2-2 J).
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Figure 4.2-1 Type C cells exhibit baseline spiking calcium oscillations
Type C cells preloaded with Fluo-4-AM displayed baseline-spiking Ca2+
oscillations spontaneously in basal culture medium (arrows in A-I). The coloured
bar in A indicates the relative level of fluorescence, ranging from low (blue) to
high (white). Regions of interest were selected (coloured circles in J), and the
resultant oscillation parameters analysed. Oscillations occurred at a frequency (f)
of 54 ± 4.5 mHz; inter-transit interval (ITI) of 10.3 ± 0.7 s; duration (D) of 5.6 ±
0.2 s and amplitude (A) of 44.9 ± 2.0. The calculated duty cycle was 0.35 (K).
F/F0 indicates fluorescence intensity ratio. Data are presented as SEM. Images
taken with 40× objective, scale bars = 20 m. Cell cultures were used at passage
1-2.
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Figure 4.2-2 Baseline spiking oscillations occur in the nucleus and
cytoplasm
Type C cells were preloaded with Fluo-4-AM. Live cell confocal microscopy
revealed basal Ca2+ levels in cytoplasm and nucleus of oscillating cells (A-H).
Regions of interest were selected in the nucleus (blue circles in A) and
cytoplasm (red circles in A) and traced over time. Calcium appeared to rise
simultaneously during each oscillation (E-G, H). The baseline spikes were
observed in both the nucleus and cytoplasm (I), and the relative fluorescence
was higher in the nucleus compared to the cytoplasm at the peak of an
oscillation (J). F/F0 indicates fluorescence intensity ratio. The mean
fluorescence ratio values for the nucleus were normalised against the
cytoplasmic values (set at 100 %) in order to calculate relative levels. Data are
presented as SEM, where significance is indicated as p ≤ 0.05*, and p ≤
0.001**. Images taken with 60× objective, scale bars = 20 m. Cell cultures
were used at passage 1-2.

92

4.2.3

Calcium oscillations are regulated by internal stores

Spontaneous oscillations can be driven by either Ca2+ influx through ionotropic
channels, like voltage-gated Ca2+ channels (VGCC), ionotropic purinergic
receptors (P2XR) or store-operated Ca2+ (SOC) channels, or released internally
from the ER (Berridge 2007). To test the contribution of extracellular Ca2+ in the
generation of the oscillations, type C cells were examined in a Ca2+-free HBSS
buffer and the resultant oscillations analysed. Oscillations persisted following
removal of extracellular Ca2+, though less intensely (Fig. 4.2-3 A). The frequency
and amplitude were significantly reduced by 50.6 ± 6.1 % [F(1,42) = 35.4,
p ≤ 0.001] and 49.6 ± 6.6 % [F(1,42) = 9.6, p ≤ 0.001] respectively, duration
shortened by 29.2 ± 7.9 % [F(1,42) = 10.9, p = 0.002] and ITI increased by 166 ±
45.7 % [F(1,42) = 49.9, p = 0.015, n = 374) (Fig. 4.2-3 B). Addition of
sarcoendoplasmic reticulum Ca2+ ATP-ase (SERCA) antagonist thapsigargin
(1 μM) resulted in complete cessation of all oscillations, preceded by a
characteristic Ca2+-dump from internal stores (Fig. 4.2-3 A).
4.2.4

Inositol triphosphate receptor (IP3R) regulation of baseline-spiking
oscillations

Internal release of Ca2+ in non-excitable cells is primarily a result of IP3R or
ryanodine receptor activation on the ER membrane (Berridge 1990). The
contribution of these receptors to oscillation generation was therefore examined
next. There was a significant effect of antagonist on total percent oscillating cells
in culture [F(3,706) = 26.22, p ≤ 0.001]. Post hoc analysis revealed ryanodine
(100 μM) to have no significant effect on the oscillation parameters measured or
on percent total of oscillating cells in culture (Fig. 4.2-4 A, D, p = 0.947).
Application of the PLCγ inhibitor 1-[6-[((17β)-3-Methoxyestra-1,3,5[10]-trien93

17-yl)amino]hexyl]-1H-pyrrole-2,5-dione (U-73122; 5 μM) was used to inhibit
IP3 production, and upon exposure Ca2+ oscillations ceased almost immediately
(Fig. 4.2-4 B). In addition, the percent total oscillating cells in culture
significantly decreased by 86.5 ± 2.9 % versus control (Fig. 4.2-4 D, p ≤ 0.001).
Treatment with the IP3R antagonist 2-Aminoethoxydiphenyl borate (2-APB;
50 μM) similarly led to a cease in oscillations (Fig. 4.2-4 C) and a significant
reduction in the percent total oscillating cells by 74.8 ± 3.4 % (Fig. 4.2-4 D,
p ≤ .001).

Figure 4.2-3 Calcium Oscillations are regulated by internal stores
Type C cells were preloaded with Fluo-4-AM and imaged over time. Calcium
oscillations (coloured lines in A) did not cease following the removal of
extracellular Ca2+ from the media; though significant differences were recorded in
oscillation frequency, duration, amplitude and ITI (B). Application of the SERCA
inhibitor thapsigargin (1 µM) abolished oscillations (A). Coloured lines indicate
representative oscillating cells. F/F0 indicates fluorescence intensity ratio. The
mean values for each variable were normalised against their respective control (set
at 100 %) in order to calculate relative levels. Data are presented as SEM, where
significance is indicated as p ≤ 0.05*, and p ≤ 0.001**. Images taken with 60×
objective, scale bars = 20 m. Cell cultures were used at passage 1-2. ITI:
intertransient interval; SERCA: sarcoendoplasmic reticulum Ca2+ ATP-ase.
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Figure 4.2-4 Calcium oscillations are regulated by IP3R
Type C cells were preloaded with Fluo-4-AM and imaged over time. Various
antagonists were washed onto the cells (black lines in A-C). Inhibition of
ryanodine receptors did not inhibit Ca2+ oscillations (A), or the number of
oscillating cells in culture (D); whereas blocking PLC (B) or IP3R (C) abolished
the Ca2+ oscillations and reduced the number of oscillating cells relative to control
(D). Coloured lines indicate representative oscillating cells. F/F0 indicates
fluorescence intensity ratio. The mean values for each condition were normalised
against their respective control (set at 100 %) in order to calculate relative levels.
Data are presented as SEM, where significance is indicated as p ≤ 0.05*, and p ≤
0.001**. Images taken with 60× objective, scale bars = 20 m. Cell cultures were
used at passage 1-2. IP3R: inositol triphosphate; PLC: phospholipase C gamma.
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4.2.5

Characterisation of IP3R expression

Triple-label immunocytofluorescence identified all three of the IP3R isotypes in
type C cells, each exhibiting distinct staining patterns (Fig. 4.2-5 A-E). Punctate
staining of IP3R1 was uniquely localised to the nucleus (Fig. 4.2-5 B). This
finding was corroborated using a second antibody with an equivalent staining
pattern (rabbit raised against IP3R1; Fig. 4.2-5 F-H). IP3R2 was observed to have
the highest expression level of the three isotypes and punctate staining occurred
throughout both the endo- and nucleoplasmic reticulum’s (Fig. 4.2-5 C). A
relatively low IP3R3 expression was observed throughout the cytosol with some
nuclear staining (Fig. 4.2-5 D). Both IP3R2 and IP3R3 appeared homogeneously
distributed throughout the cytosol but did not co-localize (Fig. 4.2-5 E). No
observed signal was detected upon omission of the primary antibody for all
samples (data not shown).
4.2.6

EGFR activation of baseline-spiking oscillations

The identification of EGFR and FGFR2 expression on type C cells and the
contrasting effects of receptor activation on protein expression, suggested that
these receptors signal via distinct pathways to regulate type C cell lineage
elaboration in culture. Once activated, both receptors can liberate Ca2+ via the
activation of IP3Rs (Schlessinger 2000). These data suggested that EGFR or
FGFR2 activation alone may be contributing to the generation of the observed
Ca2+ oscillations.
To investigate the involvement of EGFR and/or FGFR2 activation in the Ca2+
oscillation signal transduction cascade type C cells were cultured in one of four
media conditions: both +EGF/+FGF2 (control), +EGF alone, +FGF2 alone, or no
mitogens, and the resultant oscillations analysed. Cells maintained in media
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containing EGF: either in control medium (Fig. 4.2-6 A: control) or EGF alone
(Fig. 4.2-6 A: +EGF), retained a characteristic monolayer and quantitative
analysis of their Ca2+ dynamics revealed no significant differences in oscillation
frequency (95.8 ± 6.3 %, p = 0.921), duration (92.1 ± 2.6 %, p = 0.071) or ITI
(99.5 ± 4 %, p = 0.998) parameters (Fig. 4.2-6 B). On the other hand, cultures
starved of EGF (Fig. 4.2-6 A: +FGF2) adopted a flat epithelial-like morphology
and there was a significant difference in oscillation frequency [F(2,49.2) = 6.7, p
= 0.003], duration [F(2,114.4) = 18.0, p ≤ 0.001] and ITI [F(2,90) = 5.2, p =
0.008]. Post hoc analysis revealed cultures without EGF had a reduction in
oscillation frequency by 42.7 ± 5.1 % (p = 0.011) and an increase in duration by
136 ± 6.8 % (p ≤ 0.001) and ITI by 140.5 ± 12.2 % (p = 0.013) when compared
against control (Fig. 4.2-6 B). Oscillations mostly ceased in cultures where no
mitogen was present (Fig. 4.2-6 A: −EGF/−FGF2). For this reason, oscillations
were unable to be quantified and thus were not displayed in Fig 4.2-6 B.
4.2.7

Temporal dynamics: EGFR encodes oscillations by frequency
modulation (FM)

To test effect of receptor activation and determine if type C cells employ
amplitude, frequency or multimodal (AFM) encoding, the effects of mitogen
stimulation was examined following a 4 hr growth factor withdrawal to allow for
recycling of receptors back to the plasma membrane (Sigismund et al. 2008).
Stimulation with EGF significantly increased the percentage of oscillating cells in
culture by 67.6 ± 15.6 % (p = 0.016) whereas FGF2 had no significant effect
(100.9 ± 5.6 %, p = 0.998) compared to control [F(2,582) = 7.7, p = 0.008]
(Fig. 4.2-7 A). Stimulation with FGF2 did not significantly affect oscillation
frequency (94.8 ± 6.9 %, p = 0.885), whereas EGF stimulation increased
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oscillation frequency by 67.3 ± 11.7 % (p ≤ 0.001) compared to control
[F(2,81.25) = 14.9, p ≤ 0.001]. Stimulation with either FGF2 (86.7 ± 4 %, p =
0.240) or EGF (82.3 ± 5.3 %, p = 0.113) had a no significant effect on change in
amplitude [F(2,251) = 2.0, p = 0.13] compared against control (Fig. 4.2-7 B).
A positive concentration-response relationship was demonstrated between
increasing EGF concentration and oscillation frequency with a large effect size
[F(5,161) = 11.59, p ≤ 0.001, partial η2 = 0.271]. Post hoc analysis revealed the
maximal response to be observed at  10 ng/mL (Fig. 4.2-7 C). To determine if
EGFR or IP3R activation are required for the observed baseline-spiking FM
encoding, cells were incubated with an antagonist prior to stimulation with EGF.
Application of antagonists significantly reduced the effect of EGF stimulation on
oscillation frequency [F(3,107.2) = 7.4, p ≤ 0.001] compared against DMSO
control (Fig. 4.2-7 D). When EGFR inhibitor N4-(3-Bromophenyl)-N6-methylpyrido[3, 4-d]pyrimidine-4, 6-diamine (PD 158780; 2 µM) was used, the EGF
stimulated frequency change was reduced by 80.9 ± 5.4 % (p = 0.017). Similarly,
application of 2-APB (50 μM) resulted in a reduced oscillation frequency of
99.8 ± 12.1 % (p = 0.005) compared against control (Fig. 4.2-7 D).
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Figure 4.2-5 Characterisation of IP3R expression
Multimarker immunocytochemistry was used to identify the IP3R isotypes
expressed in type C cells (A-E). Punctate staining of IP3R1 was uniquely localised
to the nucleus (B). IP3R2 was observed throughout both the endo- and
nucleoplasmic reticulum’s (C). A relatively low IP3R3 expression was observed
throughout the cytosol with some nuclear staining (D). Both IP3R2 and IP3R3
appeared homogeneously distributed throughout the cytosol but did not colocalize (E). Nuclear IP3R1 expression was confirmed using a rabbit antibody
raised against IP3R1 (F-H). Nuclei were counterstained blue with DAPI. Images
taken with 60× objective, scale bars = 20 m. Cell cultures were used at passage
1-2. DIC: differential interference contrast; IP3R: inositol triphosphate receptor.
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Figure 4.2-6 EGFR activation maintains calcium oscillations
Type C cells were preloaded with Fluo-4-AM and imaged over time.
Representative oscillating cells (coloured lines) are shown in media containing
+EGF/+FGF2 (control), +FGF2, +EGF or −EGF/−FGF2 (A). In cultures
maintained without EGF (+FGF2) quantitative analysis revealed significant
differences in oscillation frequency, duration and ITI (B). No differences were
observed in cultures maintained with EGF relative to control (B). F/F0 indicates
fluorescence intensity ratio. The mean values for each variable were normalised
against their respective control (set at 100 %) in order to calculate relative levels.
Values represent the normalised mean ± SEM. Significance is indicated where p <
0.05*, p < 0.01**. Cell cultures were used at passage 1-2. EGF: epidermal growth
factor; ITI: intertransient interval; FGF2: fibroblast growth factor.
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Figure 4.2-7 EGFR encodes calcium oscillations through FM
Type C cells were starved of EGF or FGF, preloaded with Fluo-4-AM and the
resultant oscillation frequency and amplitudes were quantified. EGF activation of
EGFR increased the number oscillating cells in culture; concurrently increasing
their oscillation frequency with no significant change in amplitude, whereas FGF2
had no significant effect on the number of oscillating cells in culture or their
frequency and amplitude (A-B). The EGF stimulated increase in oscillation
frequency was concentration dependent and plateaued at 10ng/mL (C).
Blocking EGFR (PD158780, 2µM) or IP3R (2-APB, 50µM) inhibited the EGFinduced frequency increases (D). The mean values for each variable were
normalised against values obtained prior to mitogen addition (control: set at
100 %) in order to calculate relative levels. Values represent the normalised mean
± SEM. Significance is indicated where p < 0.01**. Cell cultures were used at
passage 1-2. 2-APB: 2-Aminoethoxydiphenyl borate; EGF: epidermal growth
factor; EGFR: epidermal growth factor receptor; IP3R: inositol triphosphate
receptor; ITI: intertransient interval; PD158780: N4-(3-Bromophenyl)-N6methyl-pyrido[3,4-d]pyrimidine-4,6-diamine.
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4.3 Discussion
4.3.1

Characterisation of baseline spiking oscillations

The magnitude, spatial and temporal characteristics of intracellular Ca2+
oscillations (known as ‘Ca2+ encoding’) leads to the activation of distinctive
downstream targets via Ca2+-sensitive protein signalling cascades (Berridge,
2000). Oscillations may be stimulated by an agonist (Tanaka et al. 1992,
Rodrigues et al. 2008) or can appear spontaneously in culture (Kapur et al. 2007,
Resende et al. 2010). Here, the spontaneous occurrence of Ca2+ oscillations in
type C cells was observed, similar to a previous study (Kong et al. 2008).
Furthermore, the oscillations were identified as the baseline-spiking type which
are characterised by a rapid upstroke, and return to resting levels of intracellular
Ca2+ (Berridge and Dupont 1994).
Baseline-spikes are more frequently reported across the literature compared to
sinusoidal oscillations, and can be maintained for longer periods during signalling
events to minimise cytotoxicity (Berridge et al. 2003). Ca2+ spikes for example,
are more effective at initiating gene expression than a steadily maintained level of
the same average cytosolic Ca2+ concentration over time (Dolmetsch et al. 1998).
Additionally, the shape of the Ca2+ signal can be of critical importance for the
induction of selective cellular functions. For example, in breast cancer cell lines,
EGF-induced cell migration is dependent on baseline spiking Ca2+ oscillations as
opposed to sinusoidal Ca2+ oscillations (Dittmar et al. 2002). Importantly, baseline
spiking oscillations often encode different biological responses through changes
in frequency, as opposed to amplitude (Berridge and Dupont 1994). For example,
low frequency [Ca2+]i spiking switches on the transcription factor nuclear factor
kappa-light-chain-enhancer of activated B cells (NFκB); whereas, higher
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frequencies are required to activate the transcription factor nuclear factor for
activated T cells (NFAT) (Dolmetsch et al. 1997). Consequently, the
identification of the Ca2+ oscillation type is important in elucidating which
downstream effector proteins may be activated.
4.3.2

Nuclear calcium oscillations

The nucleus has the ability to mediate complex Ca2+ signalling pathways in
concert with and independently of the cytosolic mechanisms. This is important
since nuclear Ca2+ can regulate cellular events that are distinct from events
mediated by cytosolic Ca2+, for example cell proliferation (Rodrigues et al. 2008)
and gene expression (Hardingham et al. 1997). Ca2+ transduction pathways in the
nucleus are similar to the cytosolic pathways, including the activation of IP 3Rs
that are located on the inner nuclear membrane and nucleoplasmic reticulum.
Since these are continuous with the ER, it can lead to oscillations restricted within
the nuclear region, or oscillations that are continuous with both the nucleus and
cytosol (Bootman et al. 2009). In this study, the Ca2+ oscillations were observed
concurrently in the nucleus and cytoplasm, suggesting that both cellular
compartments are contributing to the signal. Furthermore, the distinctive baseline
spiking shape of the cytosolic oscillation was maintained in the nucleus,
suggesting that similar regulatory mechanisms may be in operation. One
interesting observation was that of IP3R1 expression, which was restricted almost
entirely to the nucleus, and may be contributing to the increased concentration of
nuclear Ca2+.
4.3.3

Regulation of calcium oscillations by IP3Rs

In non-excitable cells the major source of [Ca2+]i is through the activation of IP3Rdependent pathways (Berridge et al. 2003); whereas, excitable cells more
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commonly utilise VGCC and ryanodine receptor (RyR)-mediated signalling
(Chavis et al. 1996). By culturing the cells in a Ca2+-free buffer, it was found that
the oscillations were not dependent on extracellular sources of Ca2+, but instead
are regulated by the co-ordinated release of Ca2+ from intracellular stores. The
data presented here, including the application of 2-APB to inhibit IP3R, U-73122
to inhibit PLCγ and thapsigargin to empty the ER through SERCA inhibition, all
provide evidence that IP3-mediated signalling is involved in the generation of the
oscillations, which is in agreement with previous studies (Kanemaru et al. 2007,
Kapur et al. 2007, Resende et al. 2010). In DT40 cells 2-APB is a reliable
inhibitor of IP3R-induced Ca2+ release (Saleem et al. 2014), however previous
work indicates that 2-APB may have unspecific effects, for example SOC channel
activation (Bootman et al. 2002). For U-73122 a concentration of 5 μM was
selected based on an IC50 value of 5.3 (Wilsher et al. 2007), and its use reported in
similar cell types (Grade et al. 2010). U-73122 has been also shown to increase
intracellular Ca2+ and activate various ion channels in pancreatic acinar cells
(Mogami et al. 1997), which suggests that the pharmacological action of U-73122
may be more general than has been previously reported.
IP3Rs play crucial regulatory roles governing the spatiotemporal aspects of the
Ca2+ signal. Each IP3R has a specific IP3 and Ca2+ binding sensitivity (Zhang et al.
2011) which leads to a dynamic process referred to as IP3R clustering where the
assembly and activation of different IP3R subtypes alter the shape of the Ca2+
release from transient to oscillatory (Politi et al. 2006). Consequently, multiple
IP3R subtypes may be expressed in cells to allow for different or complex
modifications of the Ca2+ encoding (Stewart et al. 2015), leading to different Ca2+sensitive

cascades

being

activated
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or

suppressed

(Fig. 6.1-1).

Immunocytochemical staining for all three IP3R subtypes was observed in type C
cells, each with unique cellular localisations not described previously: IP3R1 was
primarily nuclear; IP3R3 was predominantly cytosolic and IP3R2 was ubiquitous.
Of the three isotypes, only IP3R2 had uniform expression throughout the cell and
correlated well with the baseline-spiking wave which was observed to transverse
the entire cell. IP3R2 therefore, presents as a good candidate for a singular
regulatory channel model of the oscillation.
4.3.4

FM encoding by EGFR

In the SVZ type C cells highly express EGFR, and receptor activation is key to
maintaining the progenitor pool numbers (Kraus et al. 1996, Szopa et al. 2013).
As potent mitogens, EGF and FGF2 mediate proliferative pathways through the
activation of multiple, yet distinct signalling pathways. For example the infusion
of EGF and FGF2 into the lateral ventricle of adult rodents has shown that
progenitor populations are recruited by EGF to enter the cell cycle but not by
FGF2 (Kuhn et al. 1997). Here it was observed that cultured type C cells
expressed cytosolic, nuclear and plasma membrane-bound EGFR and FGFR2.
The baseline-spike Ca2+ signalling cascade was distinctly unique for EGFR
activation, when compared to FGFR2, and only became activated upon exposure
to EGF. These data suggest that in vitro, type C cells have a characteristic
baseline-spiking oscillation shape that requires the persistent activation of EGFR.
Exactly how EGFR is coupled via signal transduction pathways to Ca2+ regulation
and how this signaling is related to self-renewal and lineage elaboration remain to
be elucidated.
Similar to the current study, EGF-induced baseline-spiking oscillations have been
observed in cardiac endothelial cells (Moccia et al. 2003) and cancer cells
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(Dittmar et al. 2002), although the oscillations were not spontaneous and the
authors did not explore the importance of the encoding mechanisms. In the current
study, the activation of EGFR resulted in a concentration-dependent change in
oscillation frequency, with no change in amplitude, which indicated a FM Ca2+
encoding mechanism. This is important because EGFR utilizes both direct and
indirect use of Ca2+ encodings to regulate cell cycle (Munaron 2002). Indirectly,
EGFR modifies Ca2+-independent extracellular signal-related kinase/MAPK
pathways by changing oscillation frequency (Kupzig et al. 2005). Directly, EGFR
regulates

Ca2+-dependant

proliferative

pathways

through

calmodulin

(CaM)/calcineurin and their downstream targets cyclic adenosine monophosphateresponsive element binding protein 1 (Schneider et al. 2002), tumour necrosis
factor-α (Darcy and Isaacson 2009), NFκβ and NFAT (Dolmetsch et al. 1998). Of
these, NFAT is uniquely regulated by the presence of fast FM Ca2+ oscillations
(Dolmetsch et al. 1998) which when activated, plays an important role in
maintaining the immature and proliferative potential of progenitor cells (Kawano
et al. 2006, Horsley et al. 2008, Wong et al. 2012, Somasundaram et al. 2014).
4.3.5

Conclusion

Recently there has been a renewed interest in Ca2+ encodings themselves as they
describe the underlying change in ion concentration over time and correlate well
with the downstream signalling mechanisms that are activated (Rodrigues et al.
2008, Zhu et al. 2008). The detailed analysis described here will provide a better
understanding of how EGFR and other mitogens modulate the spatiotemporal
properties of Ca2+ signals. Data in the current study demonstrates that the
distinctive baseline-spiking Ca2+ oscillations spontaneously occurring in type C
cells are regulated by EGFR activation, with no significant effect of FGFR
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activation impacting on the oscillations, though both RTKs may activate similar
downstream cascades including the liberation of Ca2+ from its stores. Furthermore,
EGFR specifically modulates the Ca2+ signal by changing its frequency, with no
significant change in amplitude. Identification of the spatiotemporal aspects of the
Ca2+ signal and encoding mechanism in these cells will provide clues as to the
potential Ca2+-sensitive effector proteins activated downstream of EGFR.
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Chapter Five: The Role of NFAT in Type C Cell Proliferation
5.1 General Introduction
Upon activation, dephosphorylated nuclear factor for activated T cells (NFAT)
translocates from the cytoplasm to the nucleus to mediate the transcription of
various genes related to cell survival, differentiation and proliferation (Rao et al.
1997). NFAT plays a number of central roles during nervous system development
including the regulation of axonal projection and growth (Graef et al. 2003) and
enhancing neurogenesis (Huang et al. 2011). In the adult brain, a limited number
of studies have indicated that NFAT has a role in regulating cell proliferation and
survival. For example, in the hippocampus NFAT3 activation enhances neuronal
survival (Quadrato et al. 2012), and promotes neuronal differentiation
downstream of γ-Aminobutyric acid (GABA) receptor activation (Quadrato et al.
2014). Presently, the mechanisms governing NFAT activation and what role it has
in the regulation of type C cell proliferation in the adult SVZ remains largely
unknown.
NFAT isoforms 1-4 are uniquely sensitive to changes in Ca2+ oscillation
frequency downstream of calmodulin (CaM) activation (Tomida et al. 2003) in the
frequency range described in Chapter Four (54 mHz, Fig. 4.2-1). Other studies
have similarly found maximum NFAT activation occurs when Ca2+ oscillations
exhibit a duty cycle of 0.33 (Tomida et al. 2003), nearly identical that observed in
the type C cells examined here (0.35, Fig. 4.2-1). Based on the calculated
frequency and duty cycle of the Ca2+ oscillations in the current study, the next step
was to investigate what role, if any, that NFAT signalling has in the regulation of
type C cell proliferation. It was hypothesised that blocking key steps of the
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downstream signalling pathway would reduce the activation of NFAT and
subsequently reduce type C cell proliferation in vitro. A second hypothesis stated
that specific NFAT isoforms would be sensitive to this particular encoding.
5.2 Results
5.2.1

Characterisation of NFAT expression in type C cells

All

four

Ca2+-sensitive

NFAT

isoforms

were

identified

by

immunocytofluorescence in cultured type C cells, each exhibiting distinct staining
patterns. NFAT1 had the lowest expression of the four isotypes (Fig. 5.2-1 A)
with sparse staining observed in the cytoplasm (Fig. 5.2-1 left arrowheads in B-C)
and nucleus (Fig. 5.2-1 right arrowheads in B-C) of all type C cells assessed.
NFAT2 was mostly cytoplasmic (Fig. 5.2-2 A: left arrowheads in B-C), but
similarly had sparse nuclear staining (Fig. 5.2-2 A: right arrowheads in B-C).
NFAT3 appeared highly activated with nearly all staining confined to the nuclear
region (Fig. 5.2-3 A: right arrowheads in B-C) and very little, if any, punctate
staining in the cytoplasm (Fig. 5.2-3 A: left arrowheads in B-C). NFAT4
expression

varied

and

was

primarily

cytoplasmic

including

some

compartmentalization (Fig. 5.2-4 A: left arrowheads in B-C) and little punctate
nuclear staining (Fig. 5.2-4 A: right arrowheads in B-C). The relative amount of
activated NFAT was determined by the ratio of nuclear to cytoplasmic
fluorescence and NFAT3 was found to be significantly more activated when
compared against the three other NFAT isoforms [F(3,18.7) = 179.3, p ≤ 0.001]
with a substantially large strength of association (Fig. 5.2-4 D, η2 = 0.973, n =
160). No observed signal was detected upon omission of the primary antibody for
all samples (data not shown).
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Figure 5.2-1 NFAT1 characterisation in type C cells
Type C cells were immunostained for NFAT1 after 2 days in vitro (A-C). A
differential interference contrast (DIC) image of NFAT1 expression in type C
cells is displayed in (A), Sparse NFAT1 staining was observed in the cytoplasm
(zoomed cells from box in A; left arrowheads in B-C) and nucleus (zoomed cells
from box in A; right arrowheads in B-C). Cell cultures were used at passage 1-2.
Images taken with 60× objectives, scale bar = 20 μm. Nuclei counterstained with
DAPI. NFAT: nuclear factor for activated T cells.

Figure 5.2-2 NFAT2 characterisation in type C cells
Type C cells were immunostained for NFAT2 after 2 days in vitro (A-C). A
differential interference contrast (DIC) image of NFAT2 expression in type C
cells is displayed in (A), NFAT2 was mostly cytoplasmic (zoomed cells from box
in A; left arrowheads in B-C), with little nuclear staining (zoomed cells from box
in A; right arrowheads in B-C). Cell cultures were used at passage 1-2. Images
taken with 60× objectives, scale bar = 20 µm. Nuclei counterstained with DAPI.
NFAT: nuclear factor for activated T cells.
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Figure 5.2-3 NFAT3 characterisation in type C cells
Type C cells were immunostained for NFAT3 after 2 days in vitro (A-C). A
differential interference contrast (DIC) image of NFAT3 expression in type C
cells is displayed in (A). NFAT3 appeared highly activated and was confined to
the nuclear region (zoomed cells from box in A: right arrowheads in B-C) and
very little in the cytoplasm (zoomed cells from box in A: left arrowheads in B-C).
Cell cultures were used at passage 1-2. Nuclei counterstained with DAPI. Images
taken with 60× objectives, scale bar = 20 μm. NFAT: nuclear factor for activated
T cells.
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Figure 5.2-4 NFAT4 characterisation in type C cells
Type C cells were immunostained for NFAT4 after 2 days in vitro (A-C). A
differential interference contrast (DIC) image of NFAT4 expression in type C
cells is displayed in (A). NFAT4 was primarily cytoplasmic (A: left arrowheads
in B-C) and little punctate nuclear staining (A: right arrowheads in B-C). The
relative amount of cytoplasmic versus nuclear (activated) expression for all four
NFAT isoforms was determined. NFAT3 was significantly more activated when
compared against NFATs 1, 2 and 4 (D). Values were normalised to 1, where 1
indicates equal amounts of nuclear and cytoplasmic distribution. Significance is
indicated where p < 0.01**. Cell cultures were used at passage 1-2. Images taken
with 60× objectives, scale bar = 20 μm. Nuclei counterstained with DAPI. NFAT:
nuclear factor for activated T cells.
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5.2.2

Type C cells express highly activated NFAT3

It was next examined if activated NFAT3 was expressed and translocated to the
nucleus of 5-ethynyl-2’-deoxyuridine (EdU) neural precursor cells (NPC) in the
adult subventricular zone (SVZ) (Fig. 5.2-5 A). Orthogonal reconstruction
demonstrated NFAT3 to be highly activated in the neurogenic niche and mainly
confined to within the nucleus of proliferative precursor cells (Fig. 5.2-5 B).
Highly active NFAT3 was persistently observed in all cells during interphase
when maintained in culture (Fig. 5.2-6 A). During mitosis, staining was notably
reduced from prometaphase through telophase and appeared to be catabolized.
Minor punctate cytoplasmic NFAT3 was observed, and orthogonal reconstruction
demonstrated very little NFAT3 present in the nucleus (Fig. 5.2-6 B-E). No
observed signal was detected upon omission of the primary antibody for all
samples (data not shown). To examine whether the high frequency Ca2+
oscillations were contributing to persistently activated NFAT3, cells were
incubated with 2-Aminoethoxydiphenyl borate (2-APB; 50 M), which abolished
the Ca2+ oscillations by inhibiting inositol tri-phosphate receptors (IP3R;Chapter
Four), and has been used previously (Kawano et al. 2006). Treatment with 2-APB
significantly reduced the amount of activated NFAT3 by 91.2 ± 1.5 % of control
[F(4,45) = 47.5, p ≤ 0.001, η2 = 0.809] (Fig. 5.2-7 A) without having a significant
effect on the small amount of activated NFAT1, NFAT2 and NFAT4 (Fig. 5.2-7
B, n = 50). Orthogonal reconstruction demonstrated that under these conditions,
almost all NFAT3 could be excluded from the nucleus, where it remained
presumably inactivated in the cytoplasm.
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Figure 5.2-5 NFAT3 expression in proliferating SVZ cells
Immunohistochemistry was performed on the SVZ of adult C57BL/6 mice.
Activated NFAT3 was observed in the nuclear region of proliferative (EdU+)
neural precursor cells (A-B). Orthogonal reconstruction (zoomed box in A;
horizontal and vertical lines in B) showed punctate NFAT3 expression within the
nucleus. Nuclei counterstained with DAPI. EdU: 5-ethynyl-2'-deoxyuridine;
NFAT: nuclear factor for activated T cells; LV: lateral ventricle; SVZ:
subventricular zone. Images taken with 60× objectives, scale bar = 20 μm.
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Figure 5.2-6 NFAT3 expression is lost during mitosis
Type C cells were immunostained for NFAT3 after 2 days in vitro. Differential
interference contrast images and DAPI (nuclei counterstain) were used to identify
cells in various phases of mitosis (A-E). NFAT3 was persistently active during
interphase where expression was confined to the nuclear region (A). During each
mitotic phase punctate NFAT3 expression was observed in the cytoplasm.
Orthogonal reconstruction (horizontal and vertical lines in A-E) indicates little to
no expression of NFAT3 within the chromatin (B-E). Cell cultures were used at
passage 1-2. Images taken with 60× objectives, scale bar = 20 μm. NFAT: nuclear
factor for activated T cells.
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Figure 5.2-7 Inhibition of IP3R reduces activated NFAT3
Type C cells were immunostained for the expression of all four NFAT isoforms
after treatment with DMSO (control) or 2-APB (50 M) to inhibit calcium
oscillations. The relative amount of cytoplasmic versus nuclear (activated)
expression for all four NFAT isoforms was determined. Orthogonal
reconstruction (horizontal and vertical lines in A) demonstrated that treatment
with 2-APB significantly reduced the amount of activated NFAT3 (A), with no
significant effect on other NFAT isoforms relative to control (B). The mean
fluorescence for each isoform was normalised against thei control (set at 100 %)
in order to calculate relative levels. Values represent the normalised mean ± SEM.
Significance is indicated where p < 0.01**. Cell cultures were used at passage 12. Images taken with 60× objectives, scale bar = 20 μm. 2-APB: 2Aminoethoxydiphenyl borate; NFAT: nuclear factor for activated T cells.
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5.2.3

Inhibition of EGFR-mediated calcium oscillations reduces type C cell
proliferation

Cell proliferation was assayed by EdU incorporation which labels cells in S phase
of the cell cycle (Chehrehasa et al. 2009). The role of EGFR and IP3R activation
on cell proliferation was examined using the EGFR inhibitor N4-(3Bromophenyl)-N6-methyl-pyrido[3,4-d]pyrimidine-4,6-diamine (PD 158780), and
the IP3R antagonists’ 2-APB and Xestospongin C. Under basal media conditions
the percentage of proliferating (EdU+) cells in culture was 38.8 ± 3.3 % (n = 779).
Cell density was not significantly different in drug-treated cells when compared to
the DMSO control (Fig. 5.2-8 A). Drug treated cells were still capable of
proliferating (Figs. 5.2-8 – 5.2-10: left arrowheads) and retained a normal cellular
morphology (Figs. 5.2-8-5.2-10: right arrowheads). A negative concentrationresponse relationship was demonstrated for all three antagonists on percent total
EdU+ cells in culture. Inhibiting EGFR significantly reduced EdU+ cells
[F(3,47.06) = 7.08, p = 0.001, η2 = 0.118] by 47.1 ± 5.2 % (p ≤ 0.001, n = 2793)
when compared to control (Fig. 5.2-8 B-C).
Similarly, blocking IP3R with either 2-APB [F(3,41.2) = 10.3, p = ≤0.001,
η2= 0.237] or xestospongin C [F(3,78) = 9.53, p = ≤0.001, η2 = 0.268]
significantly reduced EdU+ cells by 50.4 ± 5.6 % (p ≤ 0.001, n = 2483) and 62.9 ±
5.6 % (p ≤ 0.001, n = 3184) respectively (Fig. 5.2-9 A-D).
5.2.4

Inhibition of NFAT signalling reduces cell proliferation

To examine whether downstream NFAT signalling pathways were involved in
regulating type C cell proliferation, concentration-response assays were performed
with either cyclosporin A to indirectly inhibit NFAT through calcineurin (Hunt et
al. 2010), or directly with NFAT inhibitor (VIVIT peptide) (María et al. 2015). A
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negative concentration-response was demonstrated for both antagonists on percent
total EdU+ cells in culture. Cyclosporine A reduced EdU+ cells by 94.0 ± 1.8 %
[F(5, 119) = 32.2, p ≤ 0.001, η2 = 0.575] (Fig. 5.2-10 A and C, n = 566), and
NFAT inhibitor reduced the number of EdU+ cells by 55.4 ± 5.7 % [F(5, 88) =
8.1, p ≤ 0.001, η2 = 0.316] (Fig. 5.2-10 B and D, n = 1138).
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Figure 5.2-8 Inhibition of EGFR reduces cell proliferation
Type C cells grown for 2 days in vitro were treated with varying concentrations of
PD 158780 to inhibit EGFR signalling, and labelled with EdU to quantify
proliferation. The cellular morphology did not appear different when treated with
the highest drug concentration compared to the control (A-B) and some cells
continued to divide (left arrowhead A). The number of EdU+ cells (right
arrowheads A-B) was significantly reduced in a concentration dependent manner
relative to control (C). The mean values were normalised against control (set at
100 %) in order to calculate relative levels. Values represent the normalised mean
± SEM. Significance is indicated where p < 0.01**. Cell cultures were used at
passage 1-2. Images taken with 60× objectives, scale bar = 20 μm. EdU: 5ethynyl-2'-deoxyuridine; EGFR: epidermal growth factor receptor; PD 158780:
N4-(3-Bromophenyl)-N6-methyl-pyrido[3,4-d]pyrimidine-4,6-diamine.
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Figure 5.2-9 Inhibition of IP3R reduces cell proliferation
Type C cells grown for 2 days in vitro were treated with varying concentrations of
2-APB and Xestospongin C to inhibit IP3R signalling, and labelled with EdU to
quantify proliferation. The morphology of cells did not appear different when
treated with the highest drug concentration compared to the control (A-B) and
some cells continued to divide (left arrowheads A-B). The number of EdU+ cells
(right arrowheads A-B) was significantly reduced in a concentration dependent
manner using 2-APB (C) or Xestospongin C relative to control (D). The mean
values were normalised against control (set at 100 %) in order to calculate relative
levels. Values represent the normalised mean ± SEM. Significance is indicated
where p < 0.01**. Cell cultures were used at passage 1-2. Images taken with 60×
objectives, scale bar = 20 μm. 2-APB: 2-Aminoethoxydiphenyl borate; EdU: 5ethynyl-2'-deoxyuridine; IP3R: inositol tri-phosphate.
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Figure 5.2-10 Inhibition of NFAT reduces cell proliferation
Type C cells grown for 2 days in vitro were treated with varying concentrations of
Cyclosporin A and NFAT inhibitor to inhibit calcineurin and NFAT respectively.
Cells were then labelled with EdU to quantify proliferation. The morphology of
cells did not appear different when treated with the highest drug concentration
compared to the control (A-D) and some cells continued to divide (left
arrowheads A-B). The number of EdU+ cells (right arrowheads A-B) was
significantly reduced in a concentration dependent manner using Cyclosporin A
(C) or with NFAT inhibitor relative to control(D). The mean values were
normalised against control (set at 100 %) in order to calculate relative levels.
Values represent the normalised mean ± SEM. Significance is indicated where p <
0.05*, p < 0.01**. Cell cultures were used at passage 1-2. Images taken with 60×
objectives, scale bar = 20 μm. EdU: 5-ethynyl-2'-deoxyuridine; NFAT: nuclear
factor for activated T cells.
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5.3 Discussion
5.3.1

Characterisation of NFAT expression in type C cells.

NFAT activity is prominent in neurogenic regions of the brain (Bradley et al.
2005) including in the adult SVZ (María et al. 2015) and hippocampus (Quadrato
et al. 2012), yet little is known about its biological functions. NFAT proteins have
relatively redundant functions in most cells which are reflected by differences in
intracellular regulation and expression levels. In most cases, the deletion of one
NFAT isoform has no visible functional aberration on cellular biology For this
reason, cells often express two or more different NFAT isoforms (Hogan et al.
2003). In the current study all four Ca2+-sensitive NFAT isoforms were expressed
in cultured type C cells, with heterogeneous staining patterns. NFAT1 was the
least expressed, but was upregulated in a small number of cells after several days
in culture (data not shown). These results agree with a previous study that found
low amounts of NFAT1 mRNA present in SVZ NPCs (María et al. 2015). NFAT2
expression remained mostly cytosolic, with very little in the nucleus, suggesting
that under these conditions it is not actively contributing to NFAT-mediated gene
expression. NFAT4 was also expressed, however most protein was localised to
intracellular compartments, with very little nuclear expression. In contrast to a
study that found minimal levels of NFAT3 mRNA in similar cells (María et al.
2015), here NFAT3 was observed to be highly activated in cultured type C cells
under control conditions, and was expressed in proliferating SVZ cells, proposing
that NFAT3 is a prime candidate for NFAT-mediated signalling in these cells.
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5.3.2

Type C cells express highly activated NFAT3

In culture, the activation of NFAT3 was nearly complete and comparable to other
transcription factors used as neural stem cell markers in adult SVZ, such as Sox2
and Pax6 (Mamber et al. 2013). Highly activated nuclear NFAT is positively
correlated with Ca2+ oscillation frequencies in the range of 17–83 mHz with a
duty cycle of 0.33 (Smedler and Uhlen 2014), which correlates well with the
current study findings of a frequency range between 21.9–54.0 mHz and duty
cycle 0.35 for activated EGFR (Fig. 6.1-1). Furthermore, NFAT3 was presumably
inactivated by inhibiting the high frequency Ca2+ oscillations with 2-APB.
Although it is unclear how the nuclear translocation of NFAT3 was maintained, it
may be that regulatory pathways that affect NFAT rephosphorylation are
concurrently activated, possibly by EGFR. Differences in rephosphorylation
kinetics (Tomida et al. 2003) and the specificity of export kinases (Hogan et al.
2003) have been shown to play a role in other systems. For example, nuclearspecific calcineurin can out-compete NFAT export kinases, leading to constitutive
activity of NFAT (Pham et al. 2005, Bootman et al. 2009).
Export kinases such as glycogen synthase kinase 3 (GSK3) and p38 promote
nuclear export by rephosphorylating NFAT (Hogan et al. 2003). EGFR signalling
through the Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)-Akt pathway
(Lemmon and Schlessinger 2010) can block the activation of GSK3 by promoting
its phosphorylation, therefore prolonging the duration of nuclear NFAT activity
(Diehn et al. 2002). This occurs in hippocampal neurons where the nuclear import
and export of NFAT3 is dependent on the activity of GSK3 (Graef et al. 1999).
One possible theory may be that EGFR maintains persistent activation of nuclear
NFAT3 by inhibiting GSK3 signalling in a similar fashion here.
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There is also evidence that the kinase activity of NFAT nuclear export processes
are isoform-specific (Rinne et al. 2009). Sequence comparisons demonstrate that
the serine rich region 1 (SRR-1), which binds calcineurin, is lengthened in NFAT
isoforms 2 and 4, whereas the serine-proline (SP) repeats 2 and 3, which are
known to regulate the binding of export kinases, are actually truncated in NFAT3
(Okamura et al. 2000). In NFAT3 the SP repeat 2 is not present and the
stabilization domain is disrupted (Fig. 1.2). These properties can affect how
different NFAT proteins are localised, for example in immature muscle cells
NFAT2 shows persistent nuclear localisation compared to NFAT4 and NFAT1
which remain cytoplasmic (Abbott et al. 1998). Investigations into the differences
in sequence structure and in export kinase binding capabilities will help elucidate
how the specific NFAT isoforms may be selectively, and individually, regulated
to govern proliferation and lineage elaboration of type C cells during adult
neurogenesis.
5.3.3

NFAT regulation of type C cell proliferation

Calcium oscillations are concomitant with cell cycle progression in other stem and
progenitor cell populations, particularly the G1/S phase (Berridge 1995, Kapur et
al. 2007, Resende et al. 2010). Two such regulatory proteins of the G1/S and
mitosis phases include calmodulin (CaM) and CaM kinases (Means 2000) which
act as Ca2+ oscillation decoder proteins (Dupont and Goldbeter 1998, Smedler and
Uhlen 2014). For example, autophosphorylation and kinase activity of CaM
kinase is dependent on the modulation of high frequency Ca2+ oscillations (Brazel
et al. 2005). I therefore hypothesised that the high frequency oscillations observed
in type C cells were mediating cell proliferation, possibly as cells were preparing
to undergo mitosis. Inhibition of Ca2+ oscillations using antagonists against IP3R
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and PLC-mediated signalling, resulted in a concentration-dependent reduction in
cell proliferation, which is supported elsewhere (Kapur et al. 2007, Aguiari et al.
2008, Dragoni et al. 2011).
Activation of Ca2+-sensitive transcription factors downstream of Ca2+ decoder
proteins are important for mediating cell proliferation (Berridge et al. 2000). This
study provides evidence of NFAT’s role in the regulation of type C cell
proliferation, as supported by the concentration-reduction in cell proliferation
after treatment with cyclosporine A and NFAT inhibitor. In agreement with these
findings, a previous study has found that NFAT inhibitor reduces NPC
proliferation in similar cell cultures (María et al. 2015). Based on the data, I
propose that NFAT3 is the primary isoform mediating type C cell proliferation as
it was highly activated in these cells. Interestingly, a different study found that
over expression of NFAT4 reduced proliferation and caused differentiation in
cultures of neurospheres isolated under similar conditions, although at later
passage numbers (María et al. 2015). It may be that these two NFAT isoforms
play complementary, yet contrasting roles whereby NFAT3 is activated by EGFR
to maintain type-C cells in a proliferative, undifferentiated state and later, perhaps
as the type C cells migrate out of the niche, NFAT4 becomes activated reducing
proliferation and promoting differentiation. It would be interesting to determine
which agonist and what type of calcium-encoding is responsible for NFAT4
activation.
5.3.4

Conclusion

EGF concentrations are encoded in Ca2+ oscillation frequency resulting in the
activation of downstream decoder proteins to signal through specific Ca2+dependent transcription factors, which mediate various cellular events including
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proliferation. Following the observation of high frequency baseline-spiking
oscillations in type C cells, I hypothesised that one of the NFAT isoforms may act
as a downstream decoding protein. Of the four isotypes, only NFAT3 was highly
activated in type C cells and could be inhibited by blocking upstream Ca2+
oscillations. Importantly, type C cell proliferation was significantly reduced when
inhibiting both the high frequency Ca2+ oscillations and NFAT-dependent
signalling. Taken together, these data demonstrate and identify a novel signal
transduction pathway whereby NFAT acts as a key decoder regulating type C cell
proliferation. These data have important implications in our current understanding
of type C cells’ role during adult neurogenesis, and identifies potential therapeutic
targets for the intervention of cancer progression.
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Chapter Six: General Discussion
6.1 Final Discussion
Calcium ions provide a versatile and efficient means of encoding extracellular
information, often utilizing unique oscillatory patterns specific for particular Ca2+sensing ‘decoder’ proteins, although the temporal and spatial alterations are often
overlooked (Bryant et al. 2004) and have only recently garnered wider
appreciation for their biological significance. Characterizing and quantifying Ca2+
encodings is an important step towards identifying the potential decoding
strategies effector molecules use to regulate cellular processes including the cell
cycle and lineage elaboration. This manuscript is an important contribution to the
field because it is the first investigation to show that epidermal growth factor
receptor (EGFR) employs a specific Ca2+ encoding (frequency modulation [FM]
of baseline-spikes) to regulate adult SVZ type C proliferation through activation
of NFAT3. This has two important implications; firstly, the principle role of
transit amplifying cells is to amplify progenitor numbers that maintain progenitor
pools in the adult cerebrum and ultimately set the number of neurons available to
engage in synaptic competition at the olfactory bulbs (OB). Uncovering this key
signalling mechanism will provide a fundamental understanding of adult
neurogenesis from first principles. Secondly, type C cells are unique in their
upregulation of EGFR (Doetsch et al. 2002), an important marker of glioblastoma
in the adult brain. Given the direct relevance to proliferation, research presented
here has important implications in our understanding of both the normal biology
of type C cells, as well as clinical relevance for their potential role in cancer
initiation.
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Amplification of and/or constitutively active EGFR is a common hallmark of
highly proliferative cells, including many cancer cells (Bell et al. 2005, Moroni et
al. 2005, Erjala et al. 2006). In fact, EGFR gene amplification, particularly of the
mutant EGFRvIII, and dysregulated EGFR signalling is a striking feature of some
Grade IV glioblastomas, and is observed in nearly 40 % of tumours (Keith et al.
2006, Lim et al. 2007, Wang et al. 2009, Lindberg et al. 2012). While EGFRvIII
has the same signalling domain as the wild type EGFR, it appears to generate a
distinct set of downstream signals that may contribute to an increased
tumorigenicity, leading to chemotherapy resistance (Hatanpaa et al. 2010, Taylor
et al. 2012). One of the current hypotheses on the origin of glioblastoma is the
cancer stem cell theory, which suggests that the dysregulated proliferation and
self-renewing properties of resident stem and precursor cells in neurogenic niches
leads to the development of cancerous phenotypes (Chen et al. 2010). This
progression can result from loss of tumour suppressor protein function and/or
gain-of-function oncogenes.

It has been shown that the overexpression of

oncogenic proteins in mature astrocytes results in their dedifferentiation into a
progenitor state, leading to glioma formation (Friedmann-Morvinski et al. 2012).
In the SVZ, a deficiency in cell cycle regulator P53 has been traced back to the
accumulation of oncogenic proteins in type C cells, leading to the initiation of
glioma (Wang et al. 2009, Galvao et al. 2014). Aberrant EGFR signalling may be
contributing to tumorigenesis by the reversion of more differentiated cells into a
stem cell-like state, where they acquire increased self-renewing and proliferative
capability (Sharif et al. 2007).
Dysregulation of Ca2+ homeostasis is also known to contribute to the progression
of tumour formation, where the spatiotemporal signalling dynamics of [Ca2+]i can
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change depending on the physiological function of the cell (Bryant et al. 2004,
Derouiche et al. 2013). It is therefore important to characterize the correct Ca2+encoding in order to distinguish a dysregulated Ca2+ signal in potential cancerinitiating cells, which may be critical towards determining the optimal
downstream targets for therapeutic intervention. EGFR activation results in
distinct Ca2+ signalling pathways in tumour cells (Bryant et al. 2004), however it
remains unknown if there are significant changes in EGFR-mediated Ca2+
physiology of glioblastoma. It has been shown that blocking inositol tri-phosphate
(IP3R)-mediated signalling with caffeine in cultured glioblastoma cells inhibits
cellular motility (Kang et al. 2010), indicating that Ca2+ signalling may have a role
in tumour metastasis. SOC-mediated Ca2+ signalling also has a role in the
proliferation of glioblastoma cells (Liu et al. 2011). It would be beneficial to
investigate if there are any significant alterations to the Ca2+ encoding during
glioblastoma cell transformation, and what downstream effector proteins are
activated or impeded.
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Figure 6.1-1 EGFR calcium encoding in type C cells
Baseline-spike frequency encoding: Activated EGFR phosphorylates PLC
inducing the enzymatic catalysis of PIP2 leading to an increase in IP3
concentration. IP3 binds to and activates IP3R, liberating Ca2+ from intracellular
ER stores. Baseline-spike oscillations are generated as Ca2+ ions cycle through
activated IP3R and SERCA pumps. A positive concentration-response relationship
was observed between increasing EGF concentration and a corresponding increase
in oscillation frequency without significantly affecting amplitude. Proliferation:
NFAT3 was identified as one of the key decoder proteins in the downstream
signalling pathway. Antagonising either EGFR, IP3R or NFAT had negative
concentration-response relationships on cell proliferation when using EdU to
identify dividing cells. EGFR Processing: EGFR was also observed in the
nucleus possibly via a retrograde pathway from the Golgi to the ER and then
translocation to the inner nuclear membrane. Abbreviations: EdU: 5-ethynyl-2'deoxyuridine; EGF: epidermal growth factor; EGFR: epidermal growth factor
receptor; ER: endoplasmic reticulum; IP3: inositol triphosphate; IP3R: inositol
triphosphate receptor; PIP2: phosphatidylinositol 4,5-bisphosphate; PLC:
phospholipase C; SERCA: sarcoendoplasmic reticulum calcium ATPase.
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Similar to EGFR, dysregulated or constitutively active NFAT signalling
participates in many aspects of malignant cell transformations and tumorigenesis,
and each NFAT isoform has distinct and diverse functions. NFAT2 for example,
is highly activated or over-expressed in various cancer types including pancreatic
cancer cells (Buchholz et al. 2006), large B cell lymphoma (Pham et al. 2005),
and hepatocarcinoma cells (Wang et al. 2012) where it promotes proliferative
signalling pathways. Constitutively active NFAT1 in glioblastoma multiforme
cells enhances their invasive potential, but with no effect on proliferation (Tie et
al. 2013), whereas the overexpression of NFAT1 induces cell cycle arrest and
inhibits the transformation of fibroblasts into a cancerous phenotype (Robbs et al.
2008). These data suggest that depending on the cell type, different NFAT
isoforms may function as tumour suppressors or oncogenes.

Gene-expression analysis demonstrates that genes encoding for proteins upstream
of NFAT activation, for example CaM, are differentially expressed in
glioblastoma cells, depending on their activation state (Leclerc et al. 2016). One
of NFATs major transcriptional targets, cyclooxygenase-2 (COX2), is normally
expressed at low levels and becomes rapidly induced at sites of inflammation and
proliferation in response to stimuli such as growth factors and tumour promoters
(Greenhough et al. 2009), and is also highly expressed in glioblastoma cells (Joki
et al. 2000, Tie et al. 2013). Overexpression of COX2 (Xu et al. 2014), or
constitutively active NFAT leading to increased levels of COX2 (Tie et al. 2013,
Wang et al. 2015) promotes invasion of glioblastoma cells and contributes to their
malignancy. Little is known about COX2 expression in SVZ type C cells, and it

131

would be interesting to examine whether levels of COX2, or other transcriptional
targets such as c-myc are elevated in response to the constitutively active NFAT3.
Discovery of this novel pathway opens up new avenues of investigation that will
enhance our knowledge of how adult neurogenesis is regulated. It would be
interesting to examine the role of NFAT export kinases in the regulation of type C
cell proliferation, and their potential upstream regulators, for example PI3K
signalling. Further exploration into downstream targets of NFAT activation, and
finally an investigation into the potential role for NFAT3 dysregulation in
glioblastoma cells would also be beneficial.
6.2 Conclusion
In the present study I identified and examined a novel signalling mechanism of
spatiotemporal Ca2+ encoding that EGFR uses to regulate adult type C cell
proliferation, outlined in Figure 6.1-1. This data strongly support the conclusions
that EGFR utilizes a signal transduction mechanism whereby a change in ligand
concentration is encoded by corresponding FM of baseline-spiking Ca2+
oscillations. The endogenous expression of all four Ca2+-sensitive NFAT1-4
isoforms were identified and nearly complete nuclear translocation of NFAT3 was
observed, suggesting it is the most sensitive to the activated signal transduction
pathway. Nuclear translocation of NFAT3 was also observed in EdU+ NPCs
within the adult SVZ and in all type C cells derived in culture (excluding cells in
M phase). Nuclear import of NFAT3 could be inhibited with 2-APB and blocking
EGFR-mediated Ca2+ signaling, or directly inhibiting NFAT, resulted in
concentration-dependent reductions in cell proliferation. Taken together these
findings suggest that EGFR activates NFAT3 via a novel FM Ca2+ encoding to
regulate type C proliferation within the adult SVZ. Acquiring knowledge of the
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different Ca2+-dependent strategies used by these cells to regulate proliferation has
important implications in the understanding of the normal biology of type C cells,
and could be utilised as future therapeutic tools to reprogram potential cancerforming cells in the brain.
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