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ABSTRACT
The central nervous system (CNS) is made up mainly of neurones, the signalling
cells, and glia. The main types of glia are astrocytes and oligodendrocytes.
Astrocytes are multifunctional cells with vital homeostatic roles, whereas
oligodendrocytes are highly specialised to form axonal myelin sheaths, which are
essential for rapid neuronal communication. Although glia are involved in every
neurodegenerative disease, they have been less well studied as drug targets than
neurones. Lithium has been used for decades as a mood stabilising agent and may
have major therapeutic potential as a treatment in diverse neurodegenerative
diseases. The mode of action of lithium is generally attributed to its potent
inhibitory effect on glycogen synthase kinase 3 (GSK3), an enzyme that regulates
the Wnt/ -catenin pathway. The aim of this study was to examine the effects of
lithium and Wnt signalling in glial cells of the adult CNS. First, I developed an
organotypic culture model of the adult mouse optic nerve that maintains cellular,
axon and myelin integrity in vitro. This model was used to examine the effects of
lithium

and

Wnt

on

adult

glial

cells,

using

confocal

microscopy,

immunohistochemistry, microarray, western blot and qRT-PCR. A key finding was
that lithium acts through the canonical Wnt/-catenin pathway to stimulate
gliogenesis in the adult optic nerve, acting via diverse cell-cycle and cytoskeletal
remodelling mechanisms. Lithium profoundly increased oligodendrocytes by
downregulating inhibitors of differentiation, such as Wnt, bone morphometric
protein (BMP) and inhibitor of differentiation (ID)4. Furthermore, lithium also acted
through non-GSK3 targets, including Cxcl1 and leukemia inhibitory factor (LIF),

i

which promote oligodendrocyte differentiation. An important finding was that
lithium, and to a lesser extent Wnt, induced the generation of a novel astrocyte
morphology, with highly polarised morphology and axon growth promoting
phenotype. Notably, I identified a number of novel glial genes in the optic nerve
and provide evidence that lithium induces astrocyte polarisation through the
inhibition lysyl oxidase and upregulation of the cell-cell adhesion molecule
corneodesmosin. In summary, this PhD has demonstrated for the first time that
Wnt regulates gliogenesis in the adult CNS and indicates that glial cells are a
potential target of lithium in neurodegenerative diseases.
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Section 1

General Introduction

1

1.1 Overview of Glial Cells
The centr l nervous system (CNS) cont ins two m jor cell types – neurons nd gli .
The term neurogli is thought to be coined by Rudolf Ludwig K rl Virchow (18211902), where he described them s something slimy or sticky which served s
“connective tissue” (Verkhr tsky nd Butt, 2013). However, this vision of gli is f r
from true s they perform plethor of homeost tic functions th t re essenti l for
the norm l functioning of the CNS. This homeost tic role of gli is executed t m ny
different levels from defensive homeost sis to met bolic nd cellul r homeost sis.
There re three m jor cl sses of gli in the CNS: strocytes, oligodendrocytes nd
microgli

s shown in Figure 1.1. Astrocytes nd oligodendrocytes comprise the

‘m crogli ’ nd re neur l cells derived from
Microgli

common line ge with neurons.

re non-neuron l cells th t h ve m croph ge line ge nd enter the CNS

prior to birth, before the blood-br in b rrier (BBB) forms (Verkhr tsky nd Butt,
2013). In the norm l CNS, microgli

re ‘resting’ nd become ‘ ctiv ted’ in response

to n insult, reg ining their m croph ge st tus nd becoming ph gocytic nd
immune responsive (H nisch nd Kettenm nn, 2007; Kim nd de Vellis, 2005).
Microgli

re ch r cterised by

highly mobile r mified morphology th t sc ns the

environment round the cell (H nisch nd Kettenm nn, 2007; Kim nd de Vellis,
2005). Although ctiv tion of microgli in response to injury is benefici l, it c n lso
le d to

destructive profile

ssoci ted with the ‘cl ssic l

phenotype. However, ctiv ted microgli c n lso h ve

ctiv tion’ or M1

more toler nt ctiv tion

known s ‘ ltern te ctiv tion’ or M2 phenotype (Boche et l., 2013). Astrocytes
(from the Greek for ‘st r cells’) re the most diverse gli l cells in the CNS. The most

2

cl ssic definition is b sed on their stell te (st r-like) morphology

nd their

expression of the intermedi te fil ment gli l fibrill ry cidic protein (GFAP). In
truth, most strocytes do not h ve

st r-like morphology nd m ny strocytes do

not express GFAP (Butt et l., 1994b; Kimelberg, 2004). Astrocytes re lso defined
by their loc lis tion in the CNS: protopl smic strocytes reside in the grey m tter,
while fibrous strocytes re observed in the white m tter. Astrocytes h ve diverse
functions th t sp n from homeost tic m inten nce, neurogenesis nd neur l cell
migr tion, form tion of the gli l sc r, nd regul tion of blood flow (Alv rez-Buyll
et l., 2001; Alv rez-Buyll et l., 1988; C mpbell nd Gotz, 2002; Goldm n, 2003;
Gubert et l., 2009; H rtfuss et l., 2001; Kettenm nn, 1999; M l test et l., 2003;
McDermott et l., 2005). Oligodendrocytes (from the Greek for ‘cell with few
processes’) re highly speci lised to form the myelin sheets th t insul te xons,
en bling s lt tory conduct nce of ction potenti ls (Butt, 1991; Butt nd R nsom,
1989; R nsom et l., 1991). Myelin ting oligodendrocytes re prev lent in the
white m tter, lthough they re lso prominent in grey m tter, nd

subcl ss of

non-myelin ting oligodendrocytes known s ‘perineuron l oligodendrocytes’ re
lso observed in the grey m tter (Szuchet et l., 2011; T k s ki et l., 2010). This
PhD focuses on the m crogli - strocytes nd oligodendrocytes – in the optic
nerve, typic l CNS white m tter tr ct.

3

Figure 1.1 Gli l cells in the CNS. Astrocytes provide homeost sis by communic ting
with syn pses

nd blood vessels, oligodendrocytes myelin te

conduction, while microgli

xons for r pid

re the immune system of the CNS. From (Allen nd

B rres, 2009).

4

1.2 Oligodendrocytes
Oligodendrocytes re cells with the specific function of forming the insul ting
myelin she ths round CNS xons. The myelin she th is

f tty insul ting l yer th t

llows r pid s lt tory ction potenti l prop g tion in m mm ls. F ilure of the
correct form tion of myelin (dysmyelin tion) or the disruption of its m inten nce
(demyelin tion) results in

n imp irment of neuron l

ctivity,

s observed in

neurodegener tive dise ses, such s Multiple Sclerosis (MS). Oligodendrocytes c n
myelin te up to 30 xons within

short dist nce of their cell bodies (Butt nd

R nsom, 1989; R nsom et l., 1991). Myelin she ths re interrupted t the nodes of
R nvier, where the ction potenti l occurs, nd the myelin ted segments between
two nodes of R nvier

re c lled internodes. Internod l myelin she ths

re

connected to the oligodendrocyte som , giving the oligodendrocytes their
symmetric l ppe r nce (Figure 1.2).
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Figure 1.2 Confocal images of dye-filled oligodendrocytes in the mouse optic nerve
illustrating their whole-cell morphology. The parallel arrays are the individual
internodal myelin sheaths, connected to the cell body by fine process. Each
oligodendrocyte in the mouse optic nerve myelinates up to 30 axons within 20 mm
of the cell body. From (Butt et al., 1994a).
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1.2.1 Oligodendrocyte development
Oligodendrocytes in the brain and optic nerve are derived from oligodendrocyte
precursor (or progenitor) cells (OPCs) that arise from multipotent neural stem cells
(NSC) in the subventricular zone (SVZ) of the lateral ventricle (Richardson et al.,
2006). OPCs migrate to their final destination where they undergo local expansion
by proliferation and terminal differentiation into myelinating oligodendrocytes.
However, a small population persist after development as adult OPCs or NG2-glia
that generate oligodendrocytes throughout life and in response to insults (Kang et
al., 2010). In the adult optic nerve, NG2-glia (OPCs) comprise approximately 5% of
the overall cell population (Butt et al., 1999). The regulation of oligodendroglial
proliferation and differentiation is tightly regulated by the interplay of extrinsic and
intrinsic factors such as Notch, platelet derived growth factor (PDGF), Sonic
hedgehog (Shh), bone morphogenic proteins (BMP), Wnt, fibroblast growth factor
(FGF2), and insulin-like growth factor (IGF-I) (Adachi et al., 2007; Azim and Butt,
2011; Barres et al., 1993; Chandran et al., 2003; Fancy et al., 2009; Kim et al., 2009c;
Lu et al., 2000; Wang et al., 1998; Wu et al., 2012; Yung et al., 2002). A range of
specific markers and transcription factors allow the characterisation of specific
stages that OPCs undergo before becoming myelinating oligodendrocytes (Figure
1.3). OPCs can be defined by their expression of PDGF receptors alpha (PDGFR
and the chondroitin sulphate proteoglycan (CSPG) neuron-glial 2 (NG2) (Butt et al.,
1997a; Butt et al., 1997b; Mudhar et al., 1993; Nishiyama et al., 1996a, b; Raff et al.,
1988). While PDGFR mediate the proliferative effect of PDGF, the precise
function/s of NG2 in OPCs is still unknown. In addition, OPCs may also express
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Prominin-1 and A2B5, however they not glial-restricted and expressed by NSC and
glial-precursor cells, respectively. OPCs differentiate directly from NSCs and express
the basic helix-loop-helix (bHLH) transcription factors Olig1/2, Sox10 and Nkx2-2
(Arnett et al., 2004; Marshall et al., 2005; Talbott et al., 2005; Zhou and Anderson,
2002). Mash1 is also expressed by migratory OPCs (Parras et al., 2004; Parras et al.,
2007), which then gain the expression of the antigen O4, without losing PDGFR or
NG2 (Bansal, 2002; Bansal and Pfeiffer, 1989, 1994). Premyelinating OPCs lose the
expression of PDGFR and NG2, but not O4, and gain the expression of
galactocerebroside (GalC), adenomatous polyposis coli (APC), and 2',3'-cyclic
nucleotide phosphohydrolase (CNPase). Mature myelinating oligodendrocytes are
characterised by expressing myelin related proteins, such as myelin basic protein
(MBP), proteolipid protein (PLP), myelin-associated glycoprotein (MAG) and myelinoligodendrocyte glycoprotein (MOG) (Verkhratsky and Butt, 2013).
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Figure 1.3 Stages of oligodendrocyte differentiation. OPCs are derived from NSCs
and undergo a series of stage specific modifications that can be identified by the
expression of different markers. From (Verkhratsky and Butt, 2013), see text for
definition of abbreviations.
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1.2.2 Trophic factors and regulation of oligodendrocyte differentiation
Many growth factors regulate oligodendrocyte generation and differentiation in
vitro and in vivo (Hinks and Franklin, 1999). PDGF is a major factor regulating OPC
proliferation and is produced by both astrocytes and neurons acting via PDGFR on
OPC that are lost at later stages of differentiation (Bogler et al., 1990; Frost et al.,
2003; Frost et al., 2009; Noble et al., 1990; Raff et al., 1988). FGF2 is also a potent
mitogen for OPC by maintaining the expression PDGFR and inhibiting their
differentiation (Bansal, 2002). IGF-1 stimulates proliferation of early and late OPCs
and promotes cell survival in vitro (Saneto et al., 1988). In vivo, IGF-1 stimulates the
number of myelinating oligodendrocytes and increases the amount of myelin
produced (Carson et al., 1993; Saneto et al., 1988). Many cytokines and chemokines
regulate OPC proliferation and differentiation, e.g. the interleukins IL-6 and IL-11
(Gurfein et al., 2009; Pizzi et al., 2004), and astrocytic CXCL1 direct OPC migration
through the interaction with CXCR2 (Omari et al., 2006). Specification of OPC
development is strongly regulated by Shh and FGF2 during development (Kessaris
et al., 2004). Postnatally, OPC fate specification from NSCs in vivo is regulated by
BMPs, Wnt and FGF2 (Azim and Butt, 2011; Azim et al., 2014a; Azim et al., 2012;
Azim et al., 2014b; Fancy et al., 2009; Samanta and Kessler, 2004; Vallstedt et al.,
2005; Wu et al., 2012). Olig1 and Olig2 are required for OPC specification from NSC
through Sox9 and Notch expression (Appel et al., 2001; Finzsch et al., 2008; Park
and Appel, 2003; Park et al., 2005; Wu et al., 2012).
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In addition, OPC are highly migratory in response to growth factors (Mitew et al.,
2013), and OPC migration is also dependent on components of the extracellular
matrix (ECM), such as Tenascin-C and Fibronectin (Garwood et al., 2004). OPC
migration, proliferation, survival and differentiation are regulated through multiple
intracellular pathways, including the phosphatidylinositol 3-kinase (PI3K)/Akt
signalling pathway, which inhibits negative regulatory pathways such as glycogen
synthase kinase 3 (GSK-3) (Fingar and Blenis, 2004; Frederick et al., 2007;
Guardiola-Diaz et al., 2012; Jossin and Goffinet, 2007; Pang et al., 2007; Rickle et al.,
2006). Cell cycle progression is tightly regulated by the cyclin-dependent kinases
(Cdks) and their inhibitors. Proliferating OPCs show high expression of Cyclin D1,
Cyclin E-Cdk2 and Cdk4/6 (Chew et al., 2011; Chung et al., 2006; Diehl et al., 1998;
Ghiani and Gallo, 2001). Cell cycle exit is essential for terminal differentiation and
myelination. The transcription factors Yin Yan 1 (YY1) and Sox17 interact to inhibit
cell cycle re-entry (Chew et al., 2011; Rylski et al., 2008a; Rylski et al., 2008b; Sohn
et al., 2006). YY1 interacts specifically with the inhibitor of myelin expression T-cell
factor4/lymphoid enhancer factor1 (TCF4/LEF1) and inhibitor of DNA (ID)4 by
recruiting histone deacetylase (HDAC) 1/2 to their promoter during OPC
differentiation (Chen et al., 2012a; Du and Yip, 2011; Marin-Husstege et al., 2002;
Swiss et al., 2011). HDAC1 and 2 are required for oligodendrocyte differentiation by
competing with

-catenin and BMP signalling, which negatively regulate

oligodendrocyte differentiation (Chen et al., 2012a; Samanta and Kessler, 2004; Ye
et al., 2009).
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1.3 Astrocytes
Astrocytes are the most heterogeneous glial population in the CNS, which reflects
their numerous functional roles (Figure 1.4) . Identification of astrocytes requires a
complex set of criteria based on their morphology, localisation, developmental
stage and function. Protoplasmic astrocytes are present in the grey matter and are
characterised by large primary processes with a very complex branching
arborisation that gives them a spongiform appearance. Some processes contact
synapses while others contact blood vessels and there is very little overlap between
the process arborisations of neighbouring cells (Bushong et al., 2002; Sosunov et al.,
2014). Fibrous astrocytes are present in the white matter tracts of the brain, spinal
cord, optic nerve and retina (Bernardos et al., 2007; Butt et al., 1994b; Butt et al.,
1994c). Fibrous astrocytes form the glia limitans of the pia and blood vessels, and
send processes to contact axons at the nodes of Ranvier (Butt et al., 1994c).
Contrary to protoplasmic astrocytes in grey matter, fibrous astrocytes form
overlapping domains with neighbouring cells. Fibrous astrocytes have a diverse
morphology and in the optic nerve there are three main phenotypes: stellate,
transverse and longitudinal (Figure 1.5) (Butt et al., 1994b; Butt et al., 1994c).
Polarised astrocytes are another class of astrocytes, characterised by one or two
long processes that travel across the superficial cortical layer (Figure 1.4) (Oberheim
et al., 2012). The retina contains a specialised set of astrocytes called Müller glia
which contact retinal neurons and have a characteristic radial or polarised
morphology, extending longitudinal processes along the line of rods and cones. The
cerebellum also has a specialised class of radial astrocytes called Bergmann glia,
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which are characterised by small somata and extend their processes from the
Purkinje cell layer to the pia. The study of astrocytes has benefited considerably
from the generation of reporter mice, such as the one used in this PhD, in which
GFAP drives the expression of enhance green fluorescent protein (EGFP). The range
of astrocyte morphologies observed in the brains of GFAP-EGFP mice is illustrated
in Figure 1.6.

Figure 1.4 Diverse morphologies of astrocytes in the CNS. From (Verkhratsky and
Butt, 2013).

13

Figure 1.5 Camera Lucida drawings illustrating the diverse morphologies of
astrocytes in the optic nerve. From (Butt et al., 1994b).
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Figure 1.6 Diverse morphologies of astrocytes observed in the CNS of GFAP-EGFP
reporter mice, ranging from the spongiform appearance of protoplasmic astrocytes
of the cortex (H), CA region of the hippocamous (P) and dorsal horn of the spinal
cord (X), to highly polarised ‘radial’ astrocytes of the SVZ (I), third ventricle (J, O)
and dentate gyrus (Q). From (Verkhratsky and Butt, 2013).
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1.3.1 Physiology of astrocytes
Astrocytes perform many physiological functions that are dependent on their
morphological associations with synapses, blood vessels and the pia, and their
expression of a wide complement of receptors, channels, transporters and
intracellular signalling mechanisms. These have been comprehensively reviewed
elsewhere (Verkhratsky and Butt, 2013) and are summarised in Figure 1.7. Key
features of astrocytes are their expression of plasmallemal proteins that determine
their physiological functions. Two primary functions of astrocytes are the uptake of
potassium and glutamate released during neuronal activity. Potassium regulation is
dependent on inward rectifying potassium channels (Kir), mainly of the subtype
Kir4.1, whereas glutamate homeostasis is dependent on the excitatory amino acid
transporters (EAAT) 1 and 2, or GLAST and GLT1. Astrocytes are also responsible for
water homeostasis through their expression of aquaporins (AQP), primarily the
AQP4 subtype. A key feature of astrocytes is their expression of neurotransmitter
receptors, most notably ionotropic and metabotropic (G-protein coupled receptors,
GPCR) receptors for glutamate (principally GluR1-5, or AMPA-type, and mGluR5
receptor subtypes) and ATP (principally P2X2/3, P2X7 and P2Y1 receptor subtypes).
In most cases, activation of these receptors evokes a rise in intracellular Ca2+, which
is the substrate for astrocyte ‘calcium excitability’. Astrocytes are also characterised
by a high degree of functional coupling via gap junctions formed from connexins,
mainly of the Cx30 and Cx45 subtypes. Disruption of any of these physiological
attributes of astrocytes results in CNS dysfunction and ultimately neuronal loss, for
example changes in Kir4.1, EAAT1/2, glutamate receptors, purinoceptors, and
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connexins are involved in the astrocyte response to injury and ischemia, and are
implicated in most if not all CNS diseases, including epilepsy, multiple sclerosis
(MS), amyotrophic lateral sclerosis (ALS), Parkinson’s disease (AD) and Alzheimer’s
disease (AD) (Matute and Cavaliere, 2011; Matute et al., 2006; Olsen and
Sontheimer, 2008; Orellana et al., 2012; Van Den Bosch and Robberecht, 2008).

Figure 1.7 Astrocytes have diverse physiological functions that are characterised by
their expression of specific plasmalemmal proteins. From (Verkhratsky and Butt,
2013).

1.3.2 Reactive astrogliosis and glial scar formation
Reactive astrogliosis is a defence mechanism of the CNS defined by a series of
physiological and genetic changes in response to an insult, manifested by astrocyte
17

hypertrophy and increased proliferation (Sofroniew, 2009). The function of this
mechanism is to increase neuronal protection and insulate the damaged area to
avoid secondary degeneration due to an increased apoptotic response and, in
ultimis, facilitate remodelling and repair. Reactive astrogliosis can be classified into
isomorphic and anisomorphic. Isomorphic astrogliosis is characterised by
hypertrophic astrocytes, elevated expression of GFAP and vimentin. These changes
are not detrimental to the structure of the tissue and allow axonogenesis and
synaptogenesis. In anisomorphic astrogliosis, however, there is a dramatic increase
in astrocyte proliferation and hypertrophy. Moreover, these astrocytes lose their
spatial domain and produce chondroitins and keratins, which are inhibitory to
axonal regeneration. Anisomorphic astrogliosis results in an irreversible change in
cytostructure known as the glial scar (Sofroniew, 2009). Astrogliosis is triggered by
damaged cells in the insulted area with the release of neurotransmitters,
glutamate, blood, growth factors and ATP. The combination of these factors
determines the severity of astrogliosis. It is not known if mature astrocytes enter a
proliferative state or if this is the function of astrocyte precursor cells dispersed
through the parenchyma. Recent studies suggested that it could be a combination
of both (Annalisa Buffo, 2009; Bardehle et al., 2013). Reactive astrogliosis is
associated with disruption of astrocyte physiological properties and downregulation
or loss of key physiological processes, such as potassium and glutamate
homeostasis (Figure 1.7).
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1.4 Neurogenesis and gliogenesis in the developing CNS
All neural cells (neurons and glia) are of ectodermal origin and derive from
neuroepithelium of the neural tube. For many decades it was thought that neurons
derive from specialised progenitors called neuroblasts, while glia derived from
spongioblasts. It was also taken for granted that the stem cell pool was depleted
after birth and almost no proliferation occurred in the adult brain. This description
has been changed by the discovery that radial glia and a subpopulation of
astrocytes with stem cell properties give rise to neurons (Kriegstein and AlvarezBuylla, 2009). Neurons and glia derive from the multipotent stem cells - the
neuroepithelial cells. Morphologically, these cells are highly polarised extending a
single process between the pia and the ventricle. During embryogenesis these cells
acquire features associated with radial glial cells (Figure 1.8), and begin to express
markers associated with astrocytes, such as brain lipid-binding protein (BLBP),
Tenascin C and the astrocyte-specific glutamate transporter (GLAST), as well as
Nestin, Vimentin and GFAP (Campbell and Gotz, 2002; Hartfuss et al., 2001;
Malatesta et al., 2000; Pinto et al., 2008). The endfeet of radial glia are anchored to
each other through adherens junctions, which are critical for the ventricular
structure and their stem cell behaviour (Kuo et al., 2006; Rasin et al., 2007). When
the small Rho-GTPase Cdc42 is deleted, adherens junctions are lost and cells
differentiate into intermediate progenitor cells (IPCs) (Cappello et al., 2006). Radial
glia can generate neural cells through asymmetric division or through the
generation of several IPCs with restricted linage fate, such as astrocyte IPCs (aIPCs),
oligodendrocyte IPCs (oIPCs) and neuronal IPCs (nIPCs) (Alvarez-Buylla et al., 2001;
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Alvarez-Buylla et al., 1988; Kriegstein and Alvarez-Buylla, 2009). These different
IPCs coexist during development. During development, neuronal precursors migrate
through the neural tube along the radial glia process. Gliogenesis starts after
neurogenesis, astrocytes arising first, followed by oligodendrocytes. Finally, radial
glia retract their primary processes and become parenchymal astrocytes (as
described by Ramon y Cajal) and astrocyte-like stem cells.

Figure 1.8 Neurogenesis and gliogenesis in the CNS. Neuroepithelial cells give rise
to radial glia, which are the source of neurons and glia, via intermediate precursors
cells for neurons oligodendrocytes and astrocytes. From (Kriegstein and AlvarezBuylla, 2009).
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1.5 Adult neurogenesis and gliogenesis
NSCs persist throughout life in restricted neurogenic regions, namely the SVZ of the
lateral ventricle and dentate gyrus (DG) of the hippocampus, where they give rise to
neurons and glia (Alvarez-Buylla et al., 2001; Doetsch et al., 1999; Kriegstein and
Alvarez-Buylla, 2009). Neuroblasts that arise in the SVZ migrate along the rostral
migratory stream (RMS) to the olfactory bulb to replace interneurons, whereas DG
neuroblasts migrate a short distance to the hippocampus. In both neurogenic
niches, new cells are derived from astrocyte-like stem cells (Doetsch et al., 1999;
Kriegstein and Alvarez-Buylla, 2009; Tong and Alvarez-Buylla, 2014). These stem
cells have phenotypic and genotypic features of astrocytes, as they express GFAP,
form vascular end feet and have a negative resting membrane potential. However,
they express the intermediate filament Nestin and some of them form a single
primary cilium (Doetsch et al., 1999). These cells are also known in the SVZ as Bcells that give rise to C-cells, which are IPCs and can generate neuroblasts
(Kriegstein and Alvarez-Buylla, 2009). In contrast to neurogenesis, gliogenesis is not
restricted to the SVZ, and glia appear to be generated everywhere from
parenchymal IPCs present are the oIPCs or OPCs, which appear to be restricted to
generating oligodendrocytes throughout life (Kang et al., 2010).

1.6 Wnt signalling
Wnt proteins were firstly identified as developmental morphogens in Drosophila
and comprises of at least 19 members in mammals (Malaterre et al., 2007; Wodarz
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and Nusse, 1998). These ligands are secreted cysteine-rich glycoproteins that
activate signal transduction through their G-protein coupled receptor Frizzleds
(FZDs) (Figure 1.9). Many studies have focussed on ‘canonical’ Wnt signalling, which
is the dynamic balance of

-catenin ubiquitination and stabilisation, and its

subsequent nuclear translocation. The canonical Wnt/-catenin signalling pathway
has been implicated in many cellular processes involving cellular proliferation and
differentiation (Jamora et al., 2003; Lie et al., 2005; Lindsley et al., 2006;
Lyuksyutova et al., 2003; McWhirter et al., 1999; Nusse, 2008; Rochat et al., 2004;
Sato et al., 2004; Seidensticker and Behrens, 2000; Shimizu et al., 2005; Ueno et al.,
2007). Wnt binding to the receptor FZD leads to the activation of Dishevelled (DVL)
and subsequent degradation of the negative regulator complex constituted by APC,
AXIN and GSK3 . Under resting conditions, GSK3

induces the phosphorylation of

-catenin, resulting in its subsequent degradation by ubiquitination. Inhibition of
GSK3 , on the other hand, leads to the stabilisation and accumulation of cytosolic
-catenin, which then translocates to the nucleus and binds to TCF/LEF
transcription factors leading to the transcription of target genes, such as Cyclin D1
(Figure 1.9a) (Lindsley et al., 2006; Malaterre et al., 2007). Activation of FZD
requires the interaction of co-receptors LRP5 and 6, which can induce Wnt
activation by degradation of AXIN. Complex regulation occurs extracellularly to
inhibit the Wnt pathway, including Dickkopf Wnt Inhibitory Factor (WIF) and the
secreted FZD-related proteins (Hu et al., 2008; Malaterre et al., 2007). Furthermore,
other pathways interact with Wnt and participate in the regulation of brain
development, such as Notch, cadherins and BMP (Appel et al., 2001; Das et al.,
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2006; Park and Appel, 2003; Rajan et al., 2003; Samanta and Kessler, 2004; Shimizu
et al., 2008; Xu et al., 2011; Yung et al., 2002).

Figure 1.9 Wnt signalling, illustrating the canonical -catenin pathway (a) and noncanonical Ca2+ and planar cell polarity (PCP) pathways (b). See text for definition of
main abbreviations. From (Cohen and Frame, 2001).

The “non canonical” Wnt pathways involve the release of intracellular calcium and
the activation of Planar Cell Polarity (PCP) (Figure 1.9b, c). In the Wnt/calcium
pathway, FZD activates phospholipase C (PLC) and phosphodiesterase (PDE)
promoting the mobilisation of intracellular calcium (Figure 1.8b). This in turn results
in a cascade of events that trigger the activation of downstream targets such as the
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calcium-calmodulin-dependant kinase (CamKII) and Protein Kinase C (PKC)
(Malaterre et al., 2007; Marchetti and Pluchino, 2013). However, few target genes
have been characterised in the Wnt/calcium pathway and its role is still under
investigation. Recent studies showed that Wnt5a can induce an increase of
intracellular calcium regulating the dorso-ventral axis patterning (Keeble et al.,
2006). Moreover, Tomsig et al. (Tomsig et al., 2003) have identified a new class of
calcium-dependant membrane-binding proteins called copines, which are capable
of interacting with many target proteins, such as MEK1 and Cdc42. Wnt can also
stimulate the PCP pathway by activating the small Rho GTPase through FZD. When
FZD is activated it leads to its interaction with the Jun-N-terminal kinase (JNK)
pathway, which in turn enables the interaction of DVL with Daam1 to activate Rho
or Cdc42 (Figure 1.8c). The PCP pathway has a critical role during development in
cytoskeletal remodelling and cell polarisation (Cappello et al., 2006; EtienneManneville and Hall, 2003; Liu et al., 2013).

1.7 Canonical Wnt signalling in neurogenesis and gliogenesis
Stem cells require Wnt pathway activation to maintain a number of cellular
characteristics, such as the capacity for self-renewal (Kim et al., 2009c; Lie et al.,
2005; Lindsley et al., 2006; Nusse, 2008; Zacharias and Gage, 2010). Wnt signalling
has been found to regulate neurogenesis in the embryo and found to be still
expressed in the adult mammalian brain (David et al., 2010; Kalani et al., 2008; Kelly
et al., 1993; Krawetz and Kelly, 2008; Lie et al., 2005; Malaterre et al., 2007; Ohta et
al., 2011). Furthermore, Wnt signalling is critical for correct oligodendrogenesis in
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the developing SVZ, where its activation induces an expansion of NPs and OPCs
(Azim and Butt, 2011; Azim et al., 2014a; Fancy et al., 2009; Fancy et al., 2011;
Feigenson et al., 2009; Shimizu et al., 2005; Wu et al., 2012; Ye et al., 2009). The
role of Wnt signalling on astrogliogenesis is unclear, but an increase of -catenin
has been associated with increased gliosis and migration (Etienne-Manneville and
Hall, 2003; White et al., 2009).

While Wnt signalling during development has been well characterised, not much is
known of its role in the adult brain. Wnt expression has been identified in the
subgranular layer of the adult hippocampal DG and in the lateral wall of the SVZ
(Adachi et al., 2007; Malaterre et al., 2007). Expression of Ccd1, a positive regulator
of Wnt/ -catenin signalling, has been identified in embryonic as well as adult brain
(Shiomi et al., 2005). Wnt7a, Wnt5a, Wnt6, Wnt10 and Wnt3 and Wnt3a expression
have been shown in different brain regions (David et al., 2010; Huang and Qin,
2010; Lucas and Salinas, 1997; Shimogori et al., 2004; Topol et al., 2003; Tsukiyama
and Yamaguchi, 2012), and other components of the Wnt pathway, such as Lef-1
and Axin, are expressed by progenitor cells in the neurogenic niches (Azim et al.,
2014a; Azim et al., 2014b; Barolo, 2006; Shimizu et al., 2008; Zacharias and Gage,
2010). All these molecules participate in the tight control of NSC proliferation and
at the same time avoid uncontrolled differentiation that would result in the
depletion of the neurogenic pool.
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1.8 The different roles of b-catenin
B-catenin is a multitasking conserved molecule that is involved in many
developmental and homeostatic cellular processes (Figure 1.10).-catenin was
firstly characterised by Heasman et al. for its role as a cell-cell adhesion molecule
and later as a nuclear effector in the canonical Wnt pathway. (Giampuzzi et al.,
2003; Heasman et al., 1994; Valenta et al., 2012). The Drosophila -catenin ortholog
Armadillo gene was discovered for the similarity of its null-phenotype in winglessnull mutants (Orsulic and Peifer, 1996; Wieschaus and Riggleman, 1987). However,
-catenin is not just a component of the Wnt signalling cascade and its functions
can be summarised in its dual role as a signalling and structural factor (Orsulic and
Peifer, 1996; Valenta et al., 2012). -catenin protein consists of a central region
made of 12 imperfect repeats that are flanked by a distinct N- terminal (NTD) and Cterminal (CTD) domain (Valenta et al., 2012). While the central region is structurally
rigid, the proximal parts CTD and NTD are not. The scaffold properties of the central
region allow interaction with binding partners in the cytosol and nucleus (Orsulic
and Peifer, 1996; Valenta et al., 2012). Each Armadillo repeat (ARM) in the central
region forms a superhelix characterised by a positively charged groove. Crystal
structure identified that all the binding partners share overlapping binding site in
the groove, thus avoiding multiple binding at the same time. This is reflected in its
mode of action as a binding partner for cell adhesion molecules (E-cadherins), for
the degradation complex (APC) and nuclear factors (TCF/LEF) (Huber and Weis,
2001; Poy et al., 2001; Valenta et al., 2012).

26

Figure 1.10 Multiple functions of

-catenin.

-catenin binds to cadherins and

translocates to the plasma membrane where it forms adherens junctions. It may
also interact with -catenin and indirectly modulate the actin cytoskeleton. In the
cytosol,

-catenin can be released by protein kinases from cadherins, and is

immediately destroyed by ubiquitination. In response to Wnt activation, the
destructive complex (APC/GSK3/AXIN) is inhibited and cytosolic

-catenin can

translocate to the nucleus, where it binds to the transcription factor TCF/LEF to
induce transcription of target genes. (CTTA, C-terminal transcriptional activators,
NTTA, N-terminal transcriptional Activators). From (Valenta et al., 2012).
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Genetic ablation of

-catenin in embryonic stem cells results in impaired

differentiation of the mesodermal layer, which is associated with defective cell-cell
junctions (Valenta et al., 2012). The majority of

-catenin is located at the

cytoplasmic side of the membrane as a component of cadherin cell-cell
connections. Cadherins are transmembrane glycoproteins that engage in calcium
dependent interactions between their extracellular tail and

-catenin at the

cytoplasmic level. Many cells can co express different type of cadherins, but the
most studied is the -catenin interaction with E-cadherin (Stepniak et al., 2009).
inding of

-catenin to E-cadherins takes place in the cytoplasm, where they

translocate together to the plasma membrane, thus avoiding -catenin binding to
the degradation complex (APC/Axin/GSK3) (Stepniak et al., 2009; Valenta et al.,
2012). The

-catenin-cadherin complex binds to

-catenin to inhibit the

polymerisation of actin bundle filaments ( enjamin et al., 2010; Yamada et al.,
2005). The -catenin-cadherin complex form highly dynamic adherens junctions. An
important developmental process is the epithelial mesenchymal transition (EMT)
that is modulated by a change in cell-cell adhesion. The Wnt pathway is one of the
signals that control EMT by directly or indirectly controlling cell adhesion. The
transcription factor Twist is a bHLH that is critical for mesodermal characterisation
(Howe et al., 2003), and Twist directly down-regulates the expression of Ecadherins, while inducing the expression of N-cadherin and fibronectin (Yang et al.,
2006). Recent studies have shown that lysil oxidase (Lox) can actively sequester
cytosolic

-catenin to the plasma membrane (Giampuzzi et al., 2003; Sanchez-

Morgan et al., 2011). Furthermore, Lox has a high affinity toward fibronectin (Fn1)
(Fogelgren et al., 2005) and has been shown to be critical for cross-linking of elastin
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fibres to collagen fibrils and the maintenance of ECM integrity (Kagan and Li, 2003).
Genetic ablation of Lox results in perinatal death, due to aberrant cardiovasculature
development (Maki et al., 2002). Lox is enriched in polarised epithelial cells (Jansen
and Csiszar, 2007).

1.9 GSK3 signalling
GSK3 is a serine/threonine protein kinase that is encoded by two genes that yield
two related proteins : GSK3 and GSK3 . oth isoforms are ubiquitously expressed,
although their proportion may vary according to the cell type (Doble et al., 2007;
Doble and Woodgett, 2003; Kockeritz et al., 2006). GSK3 is 47kDa and GSK3 is
5kDa larger, due to a glycine-rich extension at the N-terminus (Woodgett, 1990).
The phosphorylated N-terminus of GSK3 serves as a pseudosubstrate that binds to
the positively charged pocket, competing with primed substrates for binding to the
catalytic groove (Doble and Woodgett, 2003; Meijer et al., 2003). GSK3 was first
identified as an enzyme involved in glycogen synthesis, but it has been shown to
interact with various substrates (Doble et al., 2007; Kockeritz et al., 2006), and
generally acts as a negative regulator of various cellular processes (Grimes and
Jope, 2001b). Unlike many proteins, GSK3 is active at resting condition and its
activity is regulated by its inactivation (Grimes and Jope, 2001b; Jope et al., 2007).
Inhibition of GSK3

is mediated by its phosphorylation at Ser9 in response to

external stimuli. In contrast to the inhibitory effects of serine phosphorylation,
direct phosphorylation of the tyrosine residue (Tyr216) located within the catalytic
domain is associated with an increase in kinase activity, although it is not strictly
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required, and the mechanisms regulating this modification are not well-understood
(Doble and Woodgett, 2003; Hughes et al., 1993). Canonical Wnt signalling is the
most characterised inhibitor of GSK3 activity (Azim and utt, 2011; Lindsley et al.,
2006; Saneyoshi et al., 2002; Sato et al., 2004). However, it was recently shown that
GSK3 can be inactivated by phosphorylation by Cdc42 in response to PCP activation
(Cappello et al., 2006; Etienne-Manneville and Hall, 2003). The PI3K/Akt pathway is
a major regulator of GSK3, as Akt can directly inactivate GSK3 activity in response to
its activation by FGF2 or IGF-1 (Frederick et al., 2007; Rochat et al., 2004). Several
other protein kinases can also inhibit GSK3 function, such as mammalian target of
rapamycin (mTOR), PKC, PKA, among others ( ain et al., 2007; Cohen and Goedert,
2004; Grimes and Jope, 2001b; Thornton et al., 2008).

1.10 Lithium and its role as a GSK3 inhi itor
Lithium has been extensively used as a mood stabilizing agent for decades, since its
first documented use in 1949, and is still considered the standard treatment for
bipolar disorder ( D) (Cade, 1949; Licht, 2012). Its mechanisms of action are not
completely clear, however there is strong evidence that it actions are due to direct
and indirect inhibition of GSK3 (Jope, 2003; Quiroz et al., 2010). Although lithium
was firstly identified for its ability to inhibit GSK3 (Klein and Melton, 1996), it has
been shown to interact with neurotrophic signals, such as the Nerve Growth Factor
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Figure 1. 11 Lithium affects diverse cellular pathways involved in proliferation,
differentiation and survival
. Many of the effects of li thium are associated directly or
indirectly with its inhibitoryaction on GSK3, but it can also inh ibit other kinases and
stimulate the activation of
ERK/MAPK, PKC, CRE and -2.
CLFrom(Quiroz et al., 2010)
.

(NGF), rain-Derived Neurotrophic Factor ( DNF), extracellular-regulated kinase
(ERK), PI3K/Akt, Notch and cAMP response element binding (CRE ), which are all
important for cellular survival, proliferation and differentiation (Figure 1.11) (Azim
and utt, 2011; Grimes and Jope, 2001a; Lee et al., 2007; Lindsay, 1988; Narayanan
et al., 2009; Zhou et al., 2004). The inhibition of GSK3 and other kinases by lithium
is thought to be its direct competition with magnesium (Jope, 2003; Quiroz et al.,
2010). However, it also indirectly increases the phosphorylation of GSK3 (Jope,
2003; Quiroz et al., 2010). The mood-stabilising effects of lithium are in part
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attributed to its GSK3 inhibitory properties, since other GSK3 inhibitors exert the
same effect (Kaidanovich- eilin et al., 2004; O' rien et al., 2004).

The diverse actions of lithium have been reported to have beneficial effects in
multiple neurological diseases, including ischemia, injury, AD, ALS, PD, and MS (Chiu
et al., 2013). Lithium has been shown to promote axonogenesis and ameliorate
disease in experimental autoimmune encephalomyelitis (EAE), an animal model of
MS (De Sarno et al., 2008; Dill et al., 2008; Huang et al., 2003). Furthermore, GSK3
inhibition by lithium has been shown to increase OPC proliferation and myelination
in vivo (Azim and utt, 2011). At therapeutic concentrations, lithium activates the
ERK/MAPK signalling in vitro and in vivo (Einat et al., 2003; Quiroz et al., 2010).
ERK/MAPK activation of CRE leads to the expression of DNF and the subsequent
expression of CL-2 (Azim and utt, 2011; Chen et al., 1999). CRE is one of major
targets of PKA in the CNS and plays a critical role in neuroplasticity (Afshari et al.,
2001; Gao et al., 2004; Grimes and Jope, 2001a; Liang et al., 2008; Saini et al.,
2004). Chronic administration of lithium has been associated with the modification
of other neurotrophic factors, such as NGF and vascular endothelial growth factor
(VEGF) (Angelucci et al., 2003; Warner-Schmidt and Duman, 2008). Lithium also
directly inhibits inositol monophosphatase (IMP) (Hallcher and Sherman, 1980). The
decrease of IMPase results in a decrease of free myo-inositol and the subsequent
production of dyacylglycerol (DAG) and the decrease of PKC activity. PKC is present
in

the

brain

where

it

controls

oligodendrogenesis

and

axonogenesis,

neurotransmission and myelination (Afshari et al., 2001; aron et al., 2000; Mitew
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et al., 2013; Wolf et al., 2008). Several biochemical changes have been attributed
for the neurotrophic properties of lithium against oxidative stress, apoptosis and
inflammation (Chen et al., 1999; Goldstein et al., 2009; Huang et al., 2003; Nahman
et al., 2012; Quiroz et al., 2010; Wada et al., 2005). Recent studies showed an
association between chronic lithium treatment and gray matter volume in brain
areas implicated with emotional and cognitive processes (Malhi et al., 2013; Phillips
et al., 2008; Warsh J.J., 2004). Interestingly, lithium has been shown to stimulate
neurogenesis and differentiation in subjects with ALS (Fornai et al., 2008).

1.11 Hypothesis and Aims
Lithium has major therapeutic potential in multiple neurodegenerative diseases,
most often associated with its GSK3 inhibitory action. A major action of GSK3 is
through Wnt/-catenin signalling, which is a major determinant of glial cell fate in
the developing CNS. However, the actions of lithium on glial cells have been largely
overlooked and the potential functions of Wnt/-catenin signalling in nonneurogenic regions of the adult CNS are unresolved. The hypothesis underpinning
this thesis is that lithium and Wnt/-catenin are central regulators of gliogenesis in
the adult CNS as observed during development. The overall aim of the thesis is to
test this hypothesis using the mouse optic nerve as a model CNS white matter.
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Section 2

Materials and Methods
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2.1 Animals
Various ages of mice were used throughout this study, as indicated in the relevant
sections. The wildtype mouse strain used was the C57/ L6 or C57/ L10, and
transgenic mice were PLP1-DsRed, GFAP-EGFP and SOX10-EGFP strains. In these
transgenic mice the fluorescent reporter is under the control of the PLP1, GFAP or
SOX10 promoter respectively. The DsRed reporter fluoresces only in myelinating
cells (Hirrlinger et al., 2005). The GFAP-EGFP mice consists in the human GFAP
promoter sequence tagged to the enhanced green fluorescent protein (EGFP)
(Nolte et al., 2001). Similarly, the construct for the generation of the Sox-10-EGFP
transgenic mice was assembled by standard in vitro DNA cloning techniques
followed by manipulation of a genomic PAC construct in bacteria, the gel purified
DNA was injected into fertilized mouse eggs which were returned to a
pseudopregnant female mother to generate mice carrying the PAC transgene,
Sox10-loxP-EGFP-4xpolyA-loxP-DTA (Stolt et al., 2006). GFAP-EGFP and PLP1-DsRed
mice were kindly donated by Prof. Frank Kirchhoff while the GFAP-EGFP transgenic
mice were donated by Prof. W.D. Richardson. The transgenic mice used in this study
did not exhibit any external phenotype, appeared to be normal, and able to breed
normally . Transgenic mice were used for all the biological experiments, while
wildtype mice were used for all the genetic and proteomic studies. All animals were
killed humanely by schedule 1 procedure in accordance with Home Office
instruction (Animals Scientific Procedures Act 1984).
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2.2 Chemicals and Solutions
All chemicals and solutions were obtained through Sigma or Fisher, unless
otherwise stated. Lithium Chloride, the Lox inhibitor -Aminopropionitrile and the
Lox activator Suramin were dissolved in sterile dH2O at a stock concentration
indicated by manufacturer’s instructions and diluted accordingly in culture medium.
The

Wnt3a

agonist

(2-Amino-4-(3,4-(methylenedioxy)benzylamino)-6-(3-

methoxyphenyl)pyrimidine), the GSK3

inhibitor AR-A014418 were dissolved in

dymethyl sulphoxide (DMSO) following manufacturer’s instructions. The Wnt3a
agonist has been shown to activate the Wnt canonical pathway without inhibiting
the activity of GSK3 (Liu et al., 2005). Furthermore, it has been shown to stimulate
the Wnt pathway in oligodendrocytes, therefore any subsequent references to
Wnt3a in the manuscript refers to this agonist (Azim and Butt, 2011).

2.3 Ex vivo optic nerve culture
GFAP-GFP, PLP-DsRed and Sox10-GFP mice aged postnatal day (P)35-45 were killed
by cervical dislocation followed by decapitation. The skull was removed and the
brain retracted. The optic nerves (ONs) were cut at the chiasmal end and dissected
free with the eyeball attached. The tissue was then gently drawn from the cavity
intact and placed immediately in ice chilled oxygenated artificial CSF composing of:
NaCl 133 mM, KCl 3 mM, CaCl2 1.5 mM, NaH2PO4 1.2 mM, HEPES buffer 10 mM,
pH 7.3 0.5% penicillin and streptomycin (Invitrogen). To counteract glutamate
activation caused by the dissection, Kynurenic Acid (Sigma) 0.1 mM was added to
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the aCSF. ONs were cleaned under the dissecting microscope; residual tissue such
as the arachnoid membrane, muscle, and peripheral nerves that were attached to
the eye were removed. Tissue were washed once in clean aCSF and placed on
semiporous culture membrane inserts (Millipore 0.4 µm), using 1 ml of serum
based media consisting of 25% horse serum (Invitrogen), 49% OptiMEM
(Invitrogen), 25% Hanks’s balanced salt solution (Invitrogen), 0.5% 25 mM glucose,
0.5% penicillin and streptomycin (Invitrogen), and incubated at 37°C, 95%O2, 5%
CO2 for up to 7 days in vitro (DIV) maximum. To enhance survival and promote
interaction between media and the ON-retina, 50 µl of culture media was added
directly over the ON-retina unit to slightly submerge the tissue. The effects of the
GSK3 inhibitors and the Lox inhibitors were added at the desired concentration in
the media. Media was changed every two days. At the end of the culture period,
the ON and the eye were separated and optic nerve tissue was prepared for protein
or RNA extraction, or fixed in paraformalhdehyde (PFA) for 1 hour at RT.

2.4 Western Blotting
2.4.1 Tissue Lysis
Optic nerves were separated from the eye and transferred in ice-cold lysis buffer
(50 mM Tris, pH 8.0, 150mM NaCl, 1.0 % Triton X-100, 0.5% sodium deoxycholate,
0.1 % SDS, 0.5M phenylmethylsulfonyl fluoride, Roche protease/phosphatase
inhibitor cocktail tablets). Tissue was mechanically disrupted using 3 cycles of 10
seconds each with 20 seconds rest on ice at maximum speed using the Precellys
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MiniLys homogeniser (Bertin Technologies). Homogenates were transferred in a
sterile Eppendorf and centrifuged for 15min at 4 ° C.

2.4.2 BCA Assay for Determination of Protein Content
The protein concentrations of samples were determined using Bradford assays.
Protein standards 1 mg bovine serum albumin (BSA) /ml in 0.15M NaCl, 0.05% NaN3
(Sigma-Aldrich) serial dilution were made up with sterile distilled H2O. Samples
were analysed using a plate reader (POLAR star OPTIMA, BMG LabTech) and
samples were diluted with lysis buffer to obtain equal protein content.

2.4.3 Protein Separation, Transfer and Detection
SDS polyacrylamide gel electrophoresis (PAGE) of 8-10% and 5% stacking gels were
prepared. The cell lysates in Laemli buffer (Biorad) and -mercaptoethanol (Sigma)
were heated for 5 min at 95 ° C. The prestained protein molecular weight marker
(Biorad) was used for protein size indication. 30µg protein was loaded into each gel
lane. The electrophoretic separation was carried out at a constant voltage of 100V
(vertical slab gel, 1.5 mm x 14 cm x 14 cm). Following this, gels were subjected to
wet transfer to a polyyinylidene fluoride (PVDF) membrane (GE healthcare). The gel
and membrane were sandwiched between two stacks of filter paper that had been
pre wetted with transfer buffer containing: 25mM Trizma Base, 192 mM Glycine,
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20% Methanol, and ran for 1 hour at constant Amperage of 75mA for each
sandwich. To control protein transfer, the PDVF membrane was stained in Ponceau
S (Sigma) following manufacturer instructions. Membranes were washed in distilled
water (dH20) to remove any staining and washed twice for 10 min in TRIS buffered
saline (TBS) at pH 7.4 and incubated for 1h at room temperature (RT) or overnight
at 4 ° C in blocking solution containing 5% BSA in TBS and 0.1% Tween or 5% Milk
powder in TBS with 0.1% Tween. Membranes were incubated overnight at 4°C in
primary antibody. After primary incubation, membranes were washed three times
in TBS and Tween 0.1% for 10 min and incubated in HRP-conjugated antibodies
(DAKO) for anti-mouse or –rabbit as appropriate. Membranes were washed twice in
TBS and 0.1% Tween for 10 min each cycle. An enhanced chemiluminescent (ECL)
detection (GE healthcare) was prepared by mixing enhanced luminal to oxidising
agent in ration 1:1. The reagent was spread on the membrane and incubated for 5
min at RT. After removing the excess of reagent, the membrane was exposed to an
ECL detection system (Amersham Biosciences) coupled to a PC and images captured
digitally. A list of antibodies used is given in Table 2.1.
Table 2.1 Antibodies used for Western Blot analysis
Anti ody
Target
PDGFR
PCNA
-actin
SOX10
OLIG2
HRP
HRP

Raised in
Rabbit
Mouse
Mouse
Rabbit
Rabbit
Goat -mouse
Goat -Rabbit

Dilution
1:300
1:1000
1:10000
1:300
1:400
1:10000
1:10000

Source
Santa Cruz
Sigma
Sigma
Abcam
Millipore
DAKO
DAKO
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2.5 RNA extraction
Optic nerves were separated from the eye and placed in 500 µL of ice-chilled Trizol
(Sigma). Tissue was mechanically disrupted with a sterile plastic pestle.
Homogenate was passed through a 19 gauge syringe needle 10 times and rested for
5 min. 100µL of Chloroform (Sigma) was added and samples were vigorously shaken
for 15 sec and rested for 3 min at RT. Samples were then centrifuged at 14000 g for
15 min at 4°C. The clear aqueous phase containing the RNA was carefully separated
and added to 70% ethanol (Sigma) at the ratio 1:1. RNA was then loaded to a
RNeasy MinElute spin column (Qiagen) and processed following manufacturer’s
instructions using a RNeasy Micro kit (Qiagen). RNA concentration was determined
by spectrophotometry at A260 using Nanodrop ND-1000 spectrophotometer.
Samples were then stored at -80°C for subsequent experiments.

2.6 Microarray preparation and analysis
1µg of RNA was converted to double stranded cDNA using the Bioarray Single
Round RNA amplification and Labelling Kit (Enzo Life Science). After second strand
synthesis, cDNA was purified using the cDNA purification kit (Enzo Life Science).
Double stranded cDNA was used to generate multiple copies of biotinylated cRNA
using the Bioarray Highyield RNA transcription Labelling Kit (Enzo Life Sciences).
Quality control on the biotinylated cRNA produce included the determination of the
A260/280 ratio.
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For microarray chip hybridisation, 10µg of each biotinylated cRNA samples was
hybridised on an Affymetrix GeneChip Mouse Genome 430 2.0 for 16 h at 45°C.
Subsequently, arrays were washed and stained using the Affymetrix GeneChip
Fluidics Station and scanned using an Affymetrix GeneChip Scanner 3000. Quality
control analysis and data analysis produced .CEL image and .CHP image files for
further analysis using an Affymetrix GeneChip Operating Software. All samples
passed quality control as advised from the ATLAS-Biolabs company, Germany.

Data analysis was performed using the GeneSpring GX 12 software (Agilent). Data
normalisation was carried out using the MAS-5 algorithm and to visualise the data,
baseline transformation to the mean of all samples was carried out. GeneSpring GX
software was used to prolife genes of interest and obtains datasets form samples.

Further microarray analysis including functional analysis and pathway analysis was
performed using the Ingenuity Pathway Analysis (IPA) software (Ingenuity). In brief,
after statistical analysis performed in GeneSpring GX 12, datasets containing Fold
Change and P values were uploaded onto IPA for subsequent analysis.
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2.7 qRT-PCR
500 ng of Total RNA of each sample were converted to single stranded cDNA using
the RT2 First Strand Kit (Qiagen) following manufacturer’s instructions.
Subsequently, cDNA was added to SYBR mastermix (Qiagen) and 25µL was added to
each well of the optimised PCR Array RT2 WNT signalling Pathway (Qiagen).
Samples were run using a Roche Lyghtcycler 96 (Roche) instrument. Reaction
consisted of one cycle at 95°C for 15 s followed by 45 cycles at 60°C for 1 min each.
Data normalisation for this array was performed using the housekeeping gene
Hsp90ab1. Analysis was performed using t-test statistical analysis and volcano plots
analysis as shown in Section 6.

For specific gene analysis, cDNA was added to a mixture of FAM dye-labelled primer
and FastStart mastermix (Roche) following manufacturer’s instructions. PCR
amplification was performed as follows: 1 cycle at 95°C for 600 sec followed by 45
cycles of two step amplification of 95°C for 10 sec and 60°C for 30 sec. Data
normalisation was performed using Gapdh and Rpl13a or Hsp90ab1 housekeeping
genes identified from the microarray samples data as the most stable using the
Normfinder algorithm (Andersen et al., 2004). A list of primers and their sequence
are shown in Table 2.2
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Table 2.2 List of Primers and their sequences used in this study
Cdsn
Probe
Primer1
Primer2

Sequence
5'-/56-FAM/TGTAAGGAC/ZEN/CCCACGAGGATCACC/3IABKFQ/3'
5'-GAGCCAGTCTTTCCAATGAGA-3'
5'-CTGATGGCCGGTCTTATTCTG-3'

Lox
Probe
Primer1
Primer2

Sequence
5'-/56-FAM/CCTCAGGCT/ZEN/GCACAATTTCACCG/3IABKFQ/-3'
5'-CCAGGTACGGCTTTATCCAC-3'
5'-GACATTCGCTACACAGGACA-3'

Pdgfra
Probe
Primer1
Primer2

Sequence
5'-/56-FAM/TTCGACCAC/ZEN/TTTCCCAAATGCACC/3IABKFQ/-3'
5'-TCACAGCCACCTTCATTACAG-3'
5'-GTTGCCTTACGACTCCAGATG-3'

Gapdh
Probe
Primer1
Primer2

Sequence
5'-/56-FAM/TGCAAATGG/ZEN/CAGCCCTGGTG/3IABKFQ/-3'
5'-GTGGAGTCATACTGGAACATGTAG-3'
5'-AATGGTGAAGGTCGGTGTG-3'

Rpl13a
Probe
Primer1
Primer2

Sequence
5'-/56-FAM/ACCTTTGGT/ZEN/CCCCACTTCCCTAGT/3IABKFQ/-3'
5'-ATGTCCCCTCTACCCACAG-3'
5'-TGAACCCAATAAAGACTGTTTGC-3'
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2.8 Immunostaining techniques
All antibodies used are listed in table 2.3 with the concentration at which they were
applied.
Table 2.3 Details of antibodies used for Immunostaining techniques
Antibody
Target
GFAP
MBP
NG2
CDSN
Alexa Fluor
568
Alexa Fluor
569
Alexa Fluor
570

Raised in
Chicken
Rat
Rabbit
Rabbit
Donkey chicken

Dilution
1:200
1:300
1:400
1:200

Goat -Rat

1:400

Goat -Rabbit

1:400

1:400

Source
Chemicon
Chemicon
Chemicon
Proteintech
Molecular
Probes
Molecular
Probes
Molecular
Probes

2.8.1 Immunohistochemistry
Optic nerves were separated from the eye and fixed in 4% PFA in PBS for either 1 h
at RT or overnight at 4°C. Tissue was placed in cryoprotectant (30 % sucrose in PBS)
overnight at 4°C. The tissue was then orientated and embedded in Cryo-M-Bed
(Bright Instruments Company Ltd) before rapid freezing at -80°C. 12µm transverse
sections were cut with a Leica CM3050 S cryostat (with a chamber of -21°C) and
transferred onto a Polysine coated slide (Thermo-Scientific). Prior to antibody
incubations, tissue was washed in PBS for 30 min at RT and then blocked in 5%
normal goat serum (NGS) in PBS with 0.1% Triton X-100 for one hour at RT. All
antibodies were diluted into blocking solution and incubated overnight at 4°C. After
three washes of 10 min each in PBS with gentle agitation, secondary antibodies
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were incubated at RT for 1h. Samples were washed three times in PBS with gentle
agitation and mounted with fluoromount G (Southern Biotech). Images were
acquired using confocal microscopy.

2.8.2 Confocal microscopy
Images were captured maintaining the acquisition parameters constant to allow
comparison between samples. The brightness and contrast of flattened confocal
sections was adjusted slightly to obtain clear visible images. Unless stated, confocal
flattened z-section micrograph of wholemounted optic nerves are presented
throughout this thesis.

Confocal parameters were kept constant between all

analysed samples, and controls flattened confocal micrographs are of equal
thickness and magnification unless otherwise stated.

2.9 Quantification of glia in the optic nerve
SOX10-EGFP, GFAP-EGFP and PLP1-DsRed positive cells were identified by confocal
microscopy and confocal micrographs obtained using constant parameters. Cells
were counted in 1 constant Field of View (FOV) per optic nerve of 200µm x 200µm x
20µm (x-y-z). Due to the high number of SOX10-EGFP cells, the FOV was reduced to
200µm x 200µm x 5µm. Statistical analysis was performed using GraphPad Prism
v3.02 for one way analysis of variance (ANOVA) followed by Bonferroni post-hoc
test unless otherwise stated. N values represent the FOV generated from one optic
nerve.
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Section 3

Effects of Lithium on Macroglia
in the Adult Mouse Optic
Nerve
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3.1 INTRODUCTION AND AIMS
GSK3b is a potent negative regulator of multiple signalling pathways in neuronal
development, most nota ly Wnt/b-catenin (Grimes and Jope, 2001a; Kim et al.,
2009c). Recent studies from our la oratory have shown that inhi ition of GSK3b
promotes genesis and differentiation of oligodendrocytes from OPCs derived from
the SVZ in the developing fore rain (Azim and Butt, 2011; Azim et al., 2014a; Azim
et al., 2014 ). However, the role of GSK3b signalling in oligodendrocytes and
astrocytes of the adult CNS are unresolved. This is important, ecause in adults
several receptor-mediated pathways regulated

y GSK3b are implicated in

astrocyte reactivity and regeneration of oligodendrocytes in many neurological
diseases, such as MS, injury and AD (Grimes and Jope, 2001a; Kim et al., 2009c).
Lithium is a potent inhi itor of GSK3b and has een shown to have eneficial
effects in a range of experimental models for injury, AD and MS (Chiu et al., 2013;
Phiel and Klein, 2001). Therefore, the aim of this section was to examine the effects
of lithium on adult oligodendrocytes and astrocytes using an ex vivo organotypic
mouse optic nerve model.
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3.2 RESULTS
3.2.1 Identification of glial cells in transgenic reporter mice
Brain slices from many different

rain regions have

een used in organotypic

culture to study neuronal functions, most commonly hippocampus and cere ellum
(Gahwiler et al., 1997). However, most studies have focused on postnatal rodents,
<P14, ecause adult tissues lose their integrity (Gahwiler et al., 1997; Stoppini et al.,
1991). Similarly, studies from our la oratory used the postnatal rodent optic nerve
to examine the effects of GSK3b inhi ition on oligodendrocytes during the peak
period of their differentiation and myelination (Azim and Butt, 2011). However,
care must e taken when extrapolating from the developing CNS to the adult. A
major difference is that oligodendrogenesis is ongoing from a undant rapidly
proliferating OPCs, whereas in the adult, OPCs are a small population of slowly
proliferating cells (Kang et al., 2010). Furthermore, astrocytes in the developing
CNS have an immature phenotype and there is evidence they exhi it an attenuated
reactive response to CNS insults (Jarlestedt et al., 2010). Hence, the first aim of this
section was to develop model to study glial cells ex vivo in the adult optic nerve. A
num er of different techniques were tested, ut the key to maintaining optic nerve
survival and integrity was to carefully and rapidly dissect the optic nerve free with
the eye all intact, whilst maintaining the tissue moist with ice-cold aCSF containing
kynurenic acid, to lock NMDA receptors. The tissue was cleaned of excess tissue
(e.g. muscle and

lood vessels) and the arachnoid carefully removed,

efore

transferring intact to interface culture in serum ased medium. Optic nerves from
GFAP-EGFP and Sox10-EGFP Tg mice were maintained ex vivo for 1 to 7DIV and
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qualitative examination of wholemounted optic nerves

y confocal microscopy

indicated glial integrity was maintained in culture for 7DIV, the longest period
examined (see Figure 3.4). At 3DIV, the period used in previous experiments (Azim
and Butt, 2011), there was no significant effect on astrocyte cytoarchitecture
(Figure 3.1A, B) or cell num ers (Figure 3.1E). In contrast, there was some
disruption of oligodendrocyte cytoarchitecture (Figure 3.1C, D) and a significant
decrease in the num er of Sox10-EGFP+ cells (Figure 3.1E); in controls,
oligodendrocytes are arranged in interfascicular rows of 3-4 cells, and these rows
were less evident after 3DIV for oth Sox10-EGFP (Figure 3.1C, D) and PLP1-DsRed
(insets Figure 3.1C, D). Higher magnification confocal microscopy confirms that
astrocyte and oligodendrocyte cellular integrity were maintained in culture (Figure
3.2A, B), and immunohistochemistry demonstrates that myelin and axons persisted
after 3DIV (Figure 3.2C, D).
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Figure 3.1 Effects of tissue organotypic tissue culture on optic nerve glia. (A-D)
Representative confocal images of optic nerves acutely isolated (A, C) or
maintained in culture for 3DIV (B, D), from GFAP- and Sox10-EGFP mice, as
indicated; insets in C and D are from PLP1-DsRed nerves; scale ar in D = 50 m in
main panels and 100 m in insets. (E) Histogram of mean (+SEM) cell counts per
constant FOV; tested for significance compared to acute nerves using t-tests,
*p<0.05, ***p<0.001, n=6 optic nerves for each group.
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Figure 3.2 Glial integrity is maintained in optic nerve organotypic tissue culture. (A,
B)

Representative

confocal

images

of

astrocytes

(main

panels)

and

oligodendrocytes (insets) from optic nerves acutely isolated (A) or maintained in
culture for 3DIV (B), from GFAP- and Sox10-EGFP mice, as indicated. (C, D) Sections
of optic nerves from GFAP-EGFP mice after 3DIV and immunola elled for MBP (C)
and neurofilament (D); inset in C is negative control, in which primary anti ody is
omitted. Scale ar in D = 20 m in all panels, except inset in C, where it = 50 m in
insets.
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3.2.2 Lithium stimulates gliogenesis ex vivo
Optic nerves from GFAP-EGFP mice were maintained ex vivo for 3 or 7DIV in control
culture medium or medium containing 20 mM lithium chloride, a concentration
which has een shown previously to effectively inhi it GSK3 in the optic nerve due
to the interaction etween Lithium cations and GSK3 (Azim and Butt, 2011; Klein
and Melton, 1996). Examination of whole-mounted optic nerves

y confocal

microscopy showed that lithium increased the num er of astrocytes primarily
etween DIV1 and DIV 3 (Figure 3.3). The num er of astrocytes in lithium was
significantly greater than controls at oth 3DIV (Figure 3.3A, B) and 7DIV (Figure
3.3C, C); unpaired t-tests, p<0.01 and p<0.001, respectively (Figure 3.3F). There was
no statistical difference of astrocyte cell num ers etween 3DIV and 7DIV nerves
treated with Lithium (Figure 3.3F; n=6), and there was no significant difference
when lithium was removed at 3DIV and nerves examined at 7DIV (Figure 3.3E, F).

The results indicate that lithium has a maximal effect after 3DIV, and to determine
whether lithium was required for this entire culture period, nerves were incu ated
for 1, 2 or 3 days in lithium, and examined qualitatively y confocal microscopy at
3DIV (Figure 3.4). Representative data (n=6 in all experimental groups) indicate that
removal of lithium from the culture medium after 1 or 2 DIV appeared less effective
than continued incu ation in lithium for 3DIV in oth astrocytes (Figure 3.4Ai-Aiii)
and oligodendrocytes (Figure 3.4 Ci-Ciii).

52

In addition, culture medium containing serum has

een shown to affect

oth

astrocytes and OPC in vitro (Ffrench-Constant and Raff, 1986; Raff et al., 1984), and
so nerves were incu ated in low serum (0.5%) for 1, 2 or 3DIV, in the presence of
lithium throughout (Figure 3.4B, C). Representative data (n=6 in all experimental
groups) indicate that the presence of serum did not markedly alter the effects of
lithium on astrocytes (Figure 3.4Bi-Biii) or oligodendrocytes (Figure 3.4Di-Diii), and
so serum was used in all su sequent experiments.
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Figure 3.3 Effects of lithium on optic nerve astrocytes. (A-E) Representative
confocal images from optic nerves maintained in culture for 3 or 7DIV, in
control medium (A, B), with lithium continuously (C, D), and following
removal of lithium at 3DIV (E); scale ar in E = 50 m in all panels. (F)
Histogram of mean (+SEM) cell counts per constant FOV; tested for
significance compared to controls using t-tests, **p<0.01, ***p<0.001.
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Figure 3.4 Effects of lithium and serum removal on optic nerve glia. Representative
confocal images from optic nerves maintained in culture for 3DIV (72h). (A, C)
Nerves were treated with normal medium containing lithium for 24h, 48h or the
entire period of 72h, as indicated. (B, D) Nerves were maintained in low serum
(0.5%) medium for 24h, 48h or 72h, as indicated, in the presence of lithium
throughout. Scale ar in Diii = 50 m in all panels.
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3.2.3 Concentration- and time- dependent effects of lithium on glia

The results presented a ove indicated lithium promoted gliogenesis over 3DIV,
using 20mM lithium as in previous studies (Azim and Butt, 2011). To test this
further, a concentration curve was examined in GFAP-GFEC mice (Figure 3.5).
Compared to control nerves at 3DIV (Figure 3.5A), there was no significant effect of
10 mM lithium on astrocyte num ers (Figure 3.5B), ut they were significantly
increased (p<0.001, unpaired t-tests) following incu ation in 20 mM (Figure 3.5C)
and 30 mM lithium (Figure 3.5D). There was no significant difference etween 20
mM and 30 mM lithium (Figure 3.5F), and so 20 mM lithium was used in all
su sequent experiments.

The time-course of action of lithium was examined in nerves from GFAP-EGFP,
Sox10-EGFP and PLP1-DsRed mice and lithium significantly increased astrocyte and
oligodendrocyte cell num ers etween 2DIV and 3DIV (Figures 3.6 and 3.7). The
num er of astrocytes was not altered after 2DIV in control culture or lithium
compared to acute nerves (Figure 3.6E), ut astrocyte num ers were more than
dou led after 3DIV in lithium, compared to control and acute nerves (Figure 3.6C-E;
p<0.001, unpaired t-test).

In Sox10-EGFP nerves, which identifies all oligodendrocyte lineage cells ( oth OPC
and oligodendrocytes), there was a gradual loss of oligodendrocyte lineage cells in
culture over 2DIV compared to acute nerves (Figure 3.7G; p<0.01, unpaired t-test),
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which did not progress further after 3DIV (Figure 3.7G). The decrease in Sox10EGFP+ cells in culture was completely locked y lithium at 2DIV (Figure 3.7C, D, G;
p<0.001; unpaired t-test), and this was followed y a significant increase in Sox10EGFP+ cells after 3DIV in lithium (Figure 3.7E, F, G; p<0.001, unpaired t-tests), and
significantly greater than in acute nerves (Figure 3.7G, p<0.05, unpaired t-test).
Examination of PLP1-DsRed nerves, which identifies differentiated oligodendrocytes
and not OPC (although it should e noted that this reporter is expressed in <50% of
oligodendrocytes), indicated that differentiated oligodendrocyte num ers slowly
decreased in control cultures and were more than dou led at 3DIV in lithium
(Figure 3.7H; p<0.001, unpaired t-test compared to control), ut not altered at 1 or
2DIV.
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Figure 3.5 Concentration-dependent effects of lithium on optic nerve
astrocytes. (A-D) Representative confocal images from optic nerves
maintained in culture for 3DIV, in control medium (A),10mM lithium (B),
20mM lithium (C) or 30 mM lithium (D); scale ar in D = 50 m in all panels.
(E) Histogram of mean (+SEM) cell counts per constant FOV; tested for
significance compared to controls using t-tests, ***p<0.001.
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Figure 3.6 Time-course of the effects of lithium on optic nerve astrocytes. (A-D)
Representative confocal images from optic nerves maintained in culture for 2
or 3DIV, in control medium (A, C) or 20 mM lithium (B, D), as indicated; scale
ar in D = 50 m in all panels. (E) Histogram of mean (+SEM) cell counts per
constant FOV; tested for significance at each time-point compared to controls
using unpaired t-tests, ***p<0.001.
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Figure 3.7 Time-course of the effects of lithium on optic nerve
oligodendrocytes. (A-F) Representative confocal images of optic nerves
from Sox10-EGFP mice maintained in culture for 1, 2 or 3DIV, in control
medium (A, C, E), or 20mM lithium (B, D, F), as indicated (insets are
representative images of nerves from PLP-DsRed mice); scale ar in E = 50
m in main panels and 100 m in insets. (G, H) Histogram of mean (+SEM)
cell counts per constant FOV for Sox10-EGFP+ cells (G) and PLP1-DsRed+
cells (H); tested for significance at each time-point compared to controls
using unpaired t-tests, ***p<0.001.
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3.2.4 Effects of lithium on cell proliferation

The results show that lithium increases astrocytes and oligodendrocytes specifically
etween 2 and 3DIV, indicating cell proliferation (oligodendrogenesis and
astrogliogenesis) at this time-point. This was examined y EdU la elling, ut very
few proliferating cells were detected in optic nerve sections (not illustrated).
Western lot analysis demonstrated significant expression of PCNA (proliferating
cell nuclear antigen), a marker of cell proliferation (Azim and Butt, 2011), ut there
was no significant difference etween the experimental groups (Figure 3.8). The
source of newly generated oligodendrocytes in the optic nerve is adult OPC, which
comprise a small population (approximately 5%) of slowly proliferating cells in the
CNS (Kang et al., 2010; Psachoulia et al., 2009). OPC express Sox10 and can express
PLP1, and so the increase in cells expressing these reporters in lithium at 3DIV
reflects an expansion of OPC y proliferation and/or their increased differentiation
into myelinating oligodendrocytes. However, this could not

e confirmed

y

immunola elling for the OPC marker PDGFR and fate-mapping of EdU la elled
cells (not illustrated). Unfortunately, 12 optic nerves were required for each lot
and so it was not practica le to perform comprehensive analyses of cell
proliferation and death.

It is accepted dogma that OPC only generate oligodendrocytes in the adult CNS
(Kang et al., 2010; Richardson et al., 2011), hence newly generated astrocytes in
lithium are likely to arise from cell division of mature astrocytes, a possi ility that is
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supported y EdU la elling of GFAP-EGFP+ cells after 3DIV in lithium (Figure 3.9AC). Furthermore, the close proximity of astrocytes after lithium treatment at 3DIV
has the appearance of sister cells (Figure 3.9E), which was not o served in controls
(Figure 3.9D); some of these closely associated sister cells were EdU positive,
indicating they had recently divided (Figure 3.9B, C). However, EdU la elling, cell
tracking, and live cell imaging were una le to provide accurate quantitative data or
unequivocally resolve the source of newly generated astrocytes in lithium (not
illustrated). Nonetheless, NG2+ OPC may generate astrocytes in pathology (Tripathi
et al., 2010), and work from our la

has previously reported that astrocytes

expressing the GFAP-EGFP reporter ecome immunopositive for the OPC marker
NG2 in organotypic rain slice cultures (Leoni et al., 2009). At 3DIV in lithium there
was evident co-localization of the GFAP-EGFP reporter with NG2 immunola elling
(Figure 3.10A) and of the Sox10-EGFP reporter with GFAP immunola elling (Figure
3.10B). The results support the possi ility that oth astrocytes and OPC are sources
of newly generated astrocytes in lithium.
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Figure 3.8 Effects of lithium on cell proliferation and oligodendrocyte markers.
Optic nerves (n=12 nerves for each lot) were analysed y western lot for
expression of PCNA (proliferating cell antigen), a marker for cell proliferation,
and data (mean and intensity relative to -actin + SEM, n=3 replicates for
each data point) were tested for significance compared to controls using
unpaired t-tests.
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Figure 3.9 Effects of lithium on astrocyte proliferation. Optic nerves from
GFAP-EGFP mice were maintained in lithium culture for 3DIV. (A-C) EdU
injection la elled rows of astrocytes (arrows). (D, E) Rows of astrocytes were
not evident in controls (D) ut were frequent at DIV3 in lithium as illustrated
y a single z-section confocal micrograph (E), where GFAP-EGFP+ cells
appeared as sister cells. Scale ar=50 m in A, and 10 m in other panels.
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Figure 3.10 Effects of lithium on astrocyte phenotype. Optic nerves from GFAPEGFP mice (A) and Sox10-EGFP mice (B) were maintained in lithium culture for
3DIV. (A) Immunola elling of sections for the OPC marker NG2 identifies cells
expressing the astrocyte reporter GFAP-EGFP (arrow). (B) Immunola elling of
sections for the astrocyte marker GFAP identifies rows of cells expressing the
oligodendrocyte reporter Sox10-EGFP (inset illustrates low magnification
image, with characteristic astrocyte processes). Scale ars = 10 m.
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3.2.5 Lithium has different effects than the GSK3 inhibitor AR-A014418
Lithium is a potent inhi itor of GSK3 and is used in this context in many
experimental paradigms. To examine this, the effects of lithium were compared to
the specific GSK3 inhi itor AR-A014418 (Figure 3.11). AR-A014418 and lithium had
the same effects on Sox10-EGFP+ oligodendrocyte lineage cells, significantly
increasing their num ers in an equivalent manner (Figure 3.11B, D, E, H). In
comparison, although

oth AR-A014418 and lithium significantly increased

astrocytes compared to controls (p<0.001, unpaired t-tests), astrocyte num ers
were increased to a far greater degree in lithium than in AR-A014418 (p<0.001,
unpaired t-tests). However, the most marked difference etween lithium and ARA014418 was the effect on astrocyte morphology, where y astrocytes in ARA014418 appeared stellate (Figure 3.11C), whereas astrocytes in lithium were
strikingly polarised, appearing as a dense network of cells oriented transversely
across the optic nerve (Figure 3.11E). The morphogenic effect lithium is clearly
illustrated at high magnification, which also demonstrates the close affiliation of
astrocytes, suggestive of cell proliferation (Figure 3.12).
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Figure 3.11 Effects of lithium and AR-A014418 on optic nerve glia. (A-F)
Representative confocal images of optic nerves from GFAP- and Sox10-EGFP
mice maintained in culture for 3DIV, in control medium (A, B), 20 M ARA014418 (C, D), or 20mM lithium (E, F), as indicated; scale ar in F = 50 m
in main panels and 100 m in insets. (G, H) Histogram of mean (+SEM) cell
counts per constant FOV for GFAP-EGFP+ cells (G) and Sox10-EGFP cells (H);
tested for significance compared to controls using unpaired t-tests, *p<0.05,
***p<0.001.
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Figure 3.12 Morphogenic effects of lithium on optic nerve astrocytes.
Representative confocal images of optic nerves from GFAP-EGFP mice
maintained in culture for 3DIV, in control medium (A, B), or 20mM lithium
(C, D), as indicated; scale ars = 20 m.
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3.3 DISCUSSION
The developing CNS is characterised y its high plasticity and is “primed” to respond
to stimuli that control cell differentiation and proliferation. However little or no
proliferation is present after development, as most of the cells have reached
terminal differentiation (Butt and Ransom, 1993; Kang et al., 2010). Thus, the
stimuli that regulate gliogenesis during development may have different effects in
adults. To examine this, we devised an ex vivo model that would allow the study of
glial cells in the adult CNS y careful dissection of the optic nerve with retina intact.
After 3 to 7 DIV, we confirmed that the model maintain its integrity and did not
undergo severe axon/myelin degeneration or astrogliosis. Pharmacological
inhi ition of GSK3
developing

y lithium has

een shown to promote myelination in the

rain (Azim and Butt, 2011). Here, we demonstrate that lithium

promotes oligodendrogliogenesis in the adult optic nerve and show for the first
time that lithium induces astrogliogenesis and causes a dramatic change in
astrocyte morphology. By comparing the effect of the specific GSK3 inhi itor ARA014418, the effect of lithium on oligodendrocytes is consistent with its inhi itory
action on GSK3. In contrast, the morphogenic effect of lithium was highly specific
and hence is unlikely to e mediated y inhi ition of GSK3. In the a sence of a
neurogenic niche such as the SVZ, the source of newly generated oligodendrocytes
is adult OPCs. Astrocytes also appeared capa le of cell division in response to
lithium, and we also o served colocalisation of GFAP with the OPC marker NG2 and
the SOX10 reporter, suggesting that lithium may have stimulated the generation of
astrocytes from OPC.
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3.3.1 The ex vivo optic nerve model
Most studies have used

rain and cere ellum of young animals (<P14) for

organotypic rain slice cultures, due to the irreversi le loss of integrity o served
when adult tissue was used (Gahwiler et al., 1997; Stoppini et al., 1991). Similar
studies on postnatal optic nerves have een successful in studying oligodendrocyte
differentiation and myelination (Azim and Butt, 2011). However, most
neurodegenerative diseases, such as AD and MS, are diseases of the adult CNS
(Golden erg, 2012). Hence, we wished to develop a model for studying glial cells in
the adult optic nerve, where oligodendrocytes and astrocytes are terminally
differentiated, and there is a small pool of slowly proliferating adult OPCs that is
capa le of generating oligodendrocytes throughout life (Butt et al., 1999; Butt and
Ransom, 1993; Kang et al., 2010; Psachoulia et al., 2009; Young et al., 2013). This
compares with the postnatal tissue, where OPCs predominate and are undergoing
cell proliferation, death and differentiation under the control of multiple intrinsic
and extrinsic factors (Barres et al., 1992). To successfully maintain the integrity of
the adult optic nerve, it was necessary to alleviate or prevent degenerative changes
in axons and myelin, which we achieved

y keeping the retina intact and

performing nerve isolation in ice-chilled aCSF containing kynurenic acid, to lock
NMDA receptor activation. Immunohistochemical analysis confirmed the presence
of axons and myelin after 3DIV, although neurofilament and MBP immunola elling
appeared punctate, indicative of some degenerative changes in culture. This
possi ility was confirmed a general decline in SOX-10+ and PLP+ cell num ers, and
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a disruption of their arrangement within distinct rows. Nonetheless, there was not
a reactive astrogliosis in control cultured nerves, consistent with tissue
maintenance, as evinced y the integrity of axons, myelin and oligodendrocytes in
culture in the a sence of a marked astrogliosis. These results indicate that the
model is useful for studying glial cells in adult white matter, al eit with the caveat
that the tissue displays some hallmarks of dyshomeostasis and care must e taken
when extrapolating results to the in vivo situation.

3.3.2 Lithium stimulates oligodendrogenesis in the adult optic nerve
Lithium is a potent inhi itor of GSK3 and previous studies in our la oratory
showed GSK3 inhi ition y lithium or other agents dramatically increased OPCs
and myelinating oligodendrocytes in the developing fore rain and optic nerve
(Azim and Butt, 2011). The results of this section show that lithium had the same
effects in the adult optic nerve and promoted oligodendrogenesis from adult OPCs,
as it does with postnatal OPCs. The generation of oligodendrocytes from OPCs is
determined

y the

alance

etween OPC proliferation, apoptosis and

differentiation, under the control of multiple extrinsic and intrinsic factors (Barres
et al., 1993). The dou ling of oligodendrocytes in lithium demonstrates it promotes
OPC proliferation and differentiation, and most likely survival. However, despite
attempts to measure these parameters, western lot proved impractical due to the
num ers of animals required, and staining of tissue sections did not detect
significant num ers of cells in S-phase or undergoing apoptosis. This is consistent
with previous findings in the optic nerve, due to apoptotic cells eing rapidly
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cleared, and proliferating cells passing through S-phase rapidly, so that multiple
injections of cell cycle markers are required for accurate measurements of cell
proliferation and fate mapping (Barres et al., 1992; Calver et al., 1998; Psachoulia et
al., 2009), Nonetheless, since in the adult optic nerve the num er of OPC is less
than 1/10th that of oligodendrocytes (Butt et al., 1999), it is evident that the
population of OPCs must have expanded around 2IV in order to generate the
dou ling in Sox10+ cells o served at 3 DIV. Adult OPCs normally divide very slowly,
with a cell cycle time as great as 70 days (Psachoulia et al., 2009). However, OPC
proliferation increases to a cell cycle time of <24h in response to many factors,
including traumatic injury, demyelination and treatment with FGF2 (Butt and
Dinsdale, 2005; Tripathi et al., 2010). Hence, the rapid expansion of
oligodendrocytes in lithium after 3 DIV could only occur y a marked decrease in
OPC cell cycle time and increased differentiation, and most likely survival. These
effects of lithium on oligodendrocytes were equivalent in AR-A014418, indicating
that in oligodendrocytes lithium acts primarily through inhi ition of GSK3. ARA014418 and lithium are used as Wnt mimetics, ecause of their GSK3 inhi itory
actions. Wnt has een very well characterised in the developing CNS for its role in
neurogenesis and oligodendrogliogenesis (Azim and Butt, 2011; Azim et al., 2014a;
Azim et al., 2014 ; Fancy et al., 2009; Kim et al., 2009c; Lindsley et al., 2006;
Lyuksyutova et al., 2003; White et al., 2009). However, in the developing optic
nerve, Wnt inhi ited oligodendrocyte differentiation (Azim and Butt, 2011),
whereas our results show lithium and AR-A014418 increased PLP+ oligodendrocytes
in the adult nerve, suggesting they mimic the actions of factors such as IGF-I and
FGF2, which act via PI3K/Akt to inhi it GSK3 and promote OPC survival and
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differentiation (Azim et al., 2012; Azim et al., 2014 ; Barres et al., 1993; Flores et
al., 2008; Zeger et al., 2007).
3.3.3 Lithium stimulates astrogliosis and morphogenesis
Astrocytes did not exhi it a reactive astrogliosis typical of an injury response, as
characterised previously in the optic nerve (Butt and Colquhoun, 1996; Butt and
Kirvell, 1996). However, we show for the first time that lithium stimulates a
dramatic increase in astrocytes in the adult optic nerve, generally referred to as
astrogliosis, which is the characteristic astrocyte response to CNS insults
(Sofroniew, 2009). A similar astrogliosis was o served in AR-A014418, ut to a
lesser extent, suggesting that GSK3 is not the only factor mediating the effects of
lithium on astrocyte proliferation. In fact, GSK3 inhi ition has een o served in
response to scratch injury in vitro (Etienne-Manneville and Hall, 2003). Removal of
lithium at 24h or 48h in culture showed that lithium was required continuously
during the first 72h to mediate its full effects on astrogliosis. Interestingly, however,
removal of lithium after this point did not significantly affect astrocyte num ers for
at least 7DIV, indicating the effects of lithium were complete y 3DIV. By comparing
the effect of lithium with the synthetic specific GSK3 inhi itor AR-A014418, we
o served a remarka le difference in their morphogenic effects. Astrocytes in ARA014418 appeared morphologically normal, whereas those in lithium were highly
polarised and distinct from astrocytes descri ed in the normal adult mouse optic
nerve (Butt et al., 1994a; Butt et al., 1994 ). In lithium, astrocytes undergo a
profound morphogenesis and assumed a highly polarised morphology, forming
rows of cells that extended long rarely ranching processes that had few collaterals
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and spanned the diameter of the optic nerve. This was not o served in ARA014418, indicating the morphogenic effects of lithium were either due to the
different ways in which they inhi it GSK3 or involved other pathways. AR-A014418
inhi its GSK3 y competing with ATP and y inding to its pocket (Bhat et al., 2003),
whereas lithium has a dual inhi itory action on GSK3, y directly competing with
Mg2+ and y increasing the phosphorylation of the inhi itory serine of GSK3 (Jope,
2003). GSK3 has een shown to e involved in many signalling pathways and is
phosphorylated y Cdc42 resulting in a change in cell polarity (Etienne-Manneville
and Hall, 2003). Therefore, selective inhi ition of the ATP inding pocket in GSK3
might

lock the negative regulation of cell proliferation without affecting cell

polarity. Alternatively, lithium affects other signalling pathways that regulate
astrogliosis, such as TGF (Sandvig et al., 2004).

A spectrum of changes that characterise astrogliosis have een defined (Sofroniew,
2009): ‘isomorphic’ astrogliosis when the morphology and cytoarchitecture is
preserved, and ‘anisomorphic’ astrogliosis when astrocyte morphology is altered. In
this respect, GSK3 inhi ition with AR-A014418 is isomorphic and lithium is
anisomorphic. However, lithium did not cause an increase in GFAP immunostaining,
which is characteristic of reactive astrogliosis (Pekny and Nilsson, 2005), and the
polarised astrocytes in lithium were distinct from the morphology of reactive
astrocytes descri ed in the optic nerve following injury, which are densely GFAP
immunopositive (Butt and Colquhoun, 1996; Butt et al., 1996). Instead, astrocytes
in lithium appeared similar to transverse astrocytes descri ed in the developing
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optic nerve that have a highly polarised morphology akin to radial glia in the
developing rain (Butt and Ransom, 1993). The results demonstrate that lithium
induced the generation of a novel type of astrocyte in the adult optic nerve.
Astrocyte proliferation due to re-entry into cell cycle is considered to e the source
of newly generated astrocytes following CNS insults (Bardehle et al., 2013; Pekny
and Nilsson, 2005; Sofroniew, 2009). Certainly, following lithium treatment, we
o served EdU la elling in astrocytes and the clonal appearance of rows of closely
apposed astrocytes, consistent with what recently shown in vivo y live cell imaging
(Bardehle et al., 2013). Furthermore, there was evidence of colocalisation of NG2
and SOX10 with GFAP immunola elling, suggesting that lithium may have
stimulated the generation of astrocytes from OPCs. Although OPCs are considered
to only generate oligodendrocytes in vivo in the adult rain (Kang et al., 2010), they
are a le to generate astrocytes in the developing rain (Zhu et al., 2011a), and
studies in transgenic NG2 and PDGFR reporter mice have shown adult OPC
generate astrocytes following injury and demyelination, al eit to a small extent
(Komitova et al., 2011; Tripathi et al., 2010). Furthermore, we have shown OPC
generate astrocytes in cere ellar rain slice cultures (Leoni et al., 2009) and in optic
nerve cultures in vitro in the presence of serum (Kondo and Raff, 2000). Our results
indicate the astrogliosis and morphogenesis o served in lithium is not dependent
on serum, similar to our findings in cere ellar slice cultures (Leoni et al., 2009).
Thus, lithium may affect fate decision in adult OPC to favour astrogliogenesis, which
has

een descri ed for the lithium target canonical Wnt/-catenin in NSC

(Muroyama et al., 2004).
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3.4 SUMMARY AND CONCLUSIONS
In this section, lithium is shown to promote gliogenesis in the adult optic nerve.
Comparison with AR-A014418 indicates the GSK3 inhibitory action of lithium is a
key mechanism by which it promotes the expansion and differentiation of
oligodendrocytes. In contrast, AR-A014418 and lithium have markedly different
effects on astrocytes, and a key finding is that lithium has striking morphogenic
effect and induces the generation of a novel kind of astrocyte not previously
observed in the adult optic nerve or brain. The astrocytes induced by lithium do not
have the phenotypic characteristics of reactive scar astrocytes and may be derived
from OPC. The effects of lithium on oligodendrocytes and astrocytes suggest it may
be a useful treatment for protection and repair in CNS injury and demyelination.
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Section 4

Microarray analysis of gene
targets of Lithium in the adult
mouse optic nerve
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4.1 INTRODUCTION AND AIMS
In the previous section, I provided evidence that lithium promotes gliogenesis in the
adult optic nerve ex vivo in an organotypic culture model. The effects of lithium on
oligodendrocytes are consistent with lithium being a potent inhibitor of GSK3,
which is a profound negative regulator of oligodendrogenesis (Azim and Butt, 2011;
Azim et al., 2014a; Azim et al., 2014b). In contrast, the role of GSK3 in
astrogliogenesis is undefined, although inhibition of GSK3 with lithium has been
reported to stimulate neurogenesis and suppress astrogliogenesis from
transplanted NSC in spinal cord injury (Zhu et al., 2011b). Inhibition of GSK3 by
lithium affects several signalling pathways, most notably canonical Wnt/ -catenin
signalling, but also BDNF, VEGF, CREB, and HSF-1, and subsequent induction of
major cytoprotective proteins, such as GDNF, HSP70, and Bcl-2 (Chiu et al., 2013;
Phiel and Klein, 2001). Also, lithium is proposed to have multiple cellular targets in
addition to GSK3, such as NMDA-R and ion channels, with downstream effects on
p38, JNK and cell survival (Lenox and Wang, 2003; Malhi et al., 2013; Zhu et al.,
2011b). These proposed diverse actions of lithium are of wide-ranging therapeutic
potential and beneficial effects of lithium have been reported in experimental
models of multiple neurological diseases, including ischemia, injury, AD, ALS, PD,
and MS (Chiu et al., 2013). The aim of this section of the thesis is to use Affymetrix
GeneChip arrays to profile gene expression in the adult mouse optic nerve and
identify the major glial targets of lithium.
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4.2 RESULTS
4.2.1 Microarray analysis of gene expression in the adult optic nerves
The primary aim of this section is to identify the glial targets of lithium using the ex
vivo optic nerve model. However, an important finding from previous astrocyte
gene profiling studies is that culture results in major genotypic changes compared
to acutely purified astrocytes (Cahoy et al., 2008; Foo et al., 2011; Zamanian et al.,
2012). Therefore, to better understand the potential effects of culture on the optic
nerve, a three-way Affymetrix GeneChip analysis was used to profile mRNA isolated
from acutely isolated nerves, compared to control cultured nerves and nerves
treated with lithium. Following the protocol of Barres and colleagues (Zamanian et
al., 2012), total RNA was extracted from P35-P45 optic nerves (pooled from 12
animals for each sample) and run in quadruplicate. Total RNA concentration was
determined by spectrophotometry and samples were sent to ATLAS Biolabs
(Germany) for microarray analysis. Briefly, 1ug of Total RNA is converted to cDNA
and then used to generate multiple copies of biotinylated cRNA samples.
Subsequently, 10ug of cRNA was hybridised to a Genechip® Mouse Genome
430_2.0 Arrays (Affymetrix) and visualised using a Affymetrix Genechip ® Scanner
3000. This platform contains oligonucleotide probe sets complimentary to the 3’
end of the mRNA transcripts (a 3’-array), with each array containing 45,000 probe
sets, corresponding to over 34,000 well characterised mouse genes. All samples
passed quality control (QC), as reported by ATLAS Biolabs (Germany). Two
replicates were performed for each experimental condition and each microarray
analysis was run in duplicate (Zamanian et al., 2012). The generated CEL file was
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analysed with Genespring GX 12 (Agilent) software, using the MAS-5 algorithm to
generate expression values and absent/marginal/present (A/M/P) calls (Hubbell et
al., 2002). Expression profiles were then analysed using fold change (FC), A/P calls,
heat maps and profile plots, all within Genespring GX 12 software (Agilent).
Statistical significance was determined using one-way ANOVA, with post-hoc tests,
Tukey HSD and Benjamin-Hochberg FDR (false discovery rate, multiple testing
correction). Pathway analysis was performed using the Ingenuity Pathway Analysis
(IPA) software (Ingenuity Systems, www.ingenuity.com).

Data analysis using the MAS-5 algorithm showed on average expression of 45,101
entities (probe sets) per sample, of which on average 29,616 were present in one or
more of the samples. Expression values (E, Absolute Value) are summarised by the
box and whisker plot (Figure 4.1A) and hierarchical clustering of entities based on
the similarity of their expression across the samples (Figure 4.1B). These data show
that entities were more closely related within experimental groups and variation
was greatest between experimental groups. The Venn diagram in Figure 4.1C shows
the numbers of entities common and exclusive to the three experimental groups:
50 % were present in only one of the samples, and 17 % were present in all three
samples (Figure 4.1C).
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Figure 4.1 Gene expression analysis of adult mouse optic nerves. Optic nerve
transcripts were pooled from 12 nerves in each group (acutely isolated,
control culture, and cultured with lithium for 3 DIV) and run in quadruplicates.
Samples were assessed using a genome wide microarray and scanned
intensity values were normalised using the MAS-5 algorithm. (A) Data is
shown as a baseline transformation to the median of all samples for data
representation on a log2 scale using a box and whisker plot to illustrates the
variability between samples. (B) Hierarchical clustering of all entities and
conditions based on expression profile across samples (with Euclidean
similarity metric and centroid linkage rule). (C) Venn diagram demonstrates
probes that are present in our datasets catalogued by their presence in each
groups.
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4.2.2 Macroglial genes predominate in optic nerve samples
Astrocytes and oligodendrocytes make up the vast majority of cells in the optic
nerve (>90%), and so the bulk of gene expression is expected to be specific to these
cells, with low levels of entities from OPC, microglia, vasculature and axons (Salter
and Fern, 2005). To test this, the expression levels of well described glial, neuronal,
microglial (M1/M2) and endothelial specific markers were examined in acute
nerves, control cultured nerves and lithium treated cultured nerves (Figure 4.2).
The P/M/A calls for these entities are given in Error! Reference source not found..
Under the three different experimental conditions, the entities with highest levels
of expression were for astrocyte and oligodendrocyte markers, the majority of
microglial and non-glial markers either being called absent or present at negligible
levels

(E<50)

(Table

4.1).

Expression

levels

of

the

M1

(activated)

microglia/macrophage markers Mrc1 (CD206), Fcgr3 (CD16), and Arg1 (Arginase 1)
were present in acute and cultured nerves, indicating these are appropriate
markers for identifying microglia in the optic nerve; there was a spike in expression
of Arg1 and Fcgr3 (CD16) in control culture conditions (see below). Similarly, the
results indicate Cldn5 (claudin 5) and von Willebrand factor (Vwf) are useful
markers for endothelial cells in the adult optic nerve, and these were generally
downregulated in culture. Neuronal/axonal markers were called absent or present
at barely detectable levels, although Nefl (neurofilament, light polypeptide) was
prominent, which is consistent with axonal mRNA being present at low levels in the
optic nerve (Salter and Fern, 2005).
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Expression (Abs Val)

Figure 4.2 Gene expression of well described cell markers in adult mouse optic nerves. Optic nerve transcripts were pooled from
12 nerves in each group (acutely isolated, control culture, and cultured with lithium for 3 DIV) and run in quadruplicates.
Samples were assessed using a genome wide microarray and scanned intensity values were normalised using the MAS-5
algorithm.
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Table 4.1 Gene expression of well described cell markers in adult mouse
optic nerves (acutely dissected, cultured controls, and cultured with
lithium).

Gene Symbol
Kcnj10
Aqp4
Gfap
Gja1
Slc1a3
Cnp
Mag
Plp1
Mbp
Mobp
Mog
Ugt8a
Cspg4
Pdgfra
Nkx2-2
Sox10
Olig2
Kcnq2
Scn8a
Cntnap1
Ank3
Nefl
Slc12a5
Sv2b
Syt1
Mrc1
Arg1
Fcgr3
Nos2
Cd86
Fcgr2b
Cldn5
Ocln
Pecam1
Tek
Vwf

Acute
E
Call
717 P
1595 P
2080 P
1817 P
1454 A
1302 P
940 P
2298 P
2977 P
2939 P
2007 P
1813 P
62 P
576 P
231 P
958 P
307 P
7 A
55 P
5 P
38 P
150 P
14 P
51 P
10 A
119 P
6 P
309 P

Control
E
Call
658 P
1141 P
1591 P
1326 P
895 A
1302 P
690 P
1700 P
2343 P
2292 P
1244 P
999 P
13 P
522 P
178 P
640 P
171 P
4 A
33 P
4 A
24 P
22 P
8 P
9 P
4 A
54 P
1022 P
790 P

Lithium
E
Call
501 P
989 P
1479 P
1271 P
949 A
1371 P
569 P
1807 P
2470 P
2531 P
1268 P
954 P
68 P
182 P
149 P
678 P
297 P
2 A
23 P
5 M
35 P
17 P
13 P
10 P
1 A
28 P
361 P
444 P

Name

Cell Type

Kir4.1
aquaporin 4
GFAP
Cx43
GLAST/EAAT1
Cnpase
MAG
PLP
MBP
MOPBP
MOG
UDP glycosyltransferase
NG2
PDGFRa
Transcription Factor
Transcription Factor
Transcription Factor
+
Kv7.2, nodal K channel
Nav1.6, nodal Na + channel
Caspr/Contactin
Ankyrin 3G, nodal protein
Neurofilament, light chain
+
K /Cl transporter
synaptic vesicles
synaptotagmin I
CD206
Arginase 1
CD16

Astrocyte
Astrocyte
Astrocyte
Astrocyte
Astrocyte
Oligodendrocyte
Oligodendrocyte
Oligodendrocyte
Oligodendrocyte
Oligodendrocyte
Oligodendrocyte
Oligodendrocyte
OPC
OPC
OPC
OPC/OL
OPC/OL
Axon
Axon
Axon
Axon
Axon
Neuron
Neuron
Neuron
Microglia/M2
Microglia/M2
Microglia/M2

1
29

A
P

8
37

M
P

7
42

M
P

iNOS
CD86

Microglia/M1
Microglia/M1

51
184
82
9
111
210

P
P
P
P
P
P

205
84
15
12
39
61

P
P
P
P
P
P

69
69
8
14
33
17

P
P
P
P
P
P

CD32
Claudin5 (tight junctions)
Occluding (tight junctions)
adhesion molecule
tyrosine kinase
Von Willebrand factor

Microglia/M1
Endothelial
Endothelial
Endothelial
Endothelial
Endothelial
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4.2.3 The main macroglial genes are unaltered in culture
Astrocytes and microglia in culture are considered to have a more reactive
phenotype than cells in vivo or acutely isolated, although it is notable that few
studies have considered this possibility in the case of oligodendrocytes, where
in vitro studies predominate. Microarray of the optic nerve indicates that
expression levels of the major oligodendrocyte myelin-related genes were
unaffected by culture conditions, e.g. Mbp, Plp1, Cnp, Mobp, etc. (Table 4.1).
Similarly, reactive astrocytes are generally associated with an upregulation of
GFAP and vimentin, and downregulation of Kir4.1, AQP4 and GLAST, none of
which was the case in optic nerves after 3DIV (Table 4.2); this was also true for a
wide range of genes responsible for proteins that are critical for normal
astrocyte homeostatic functions (Table 4.2). In comparison, analysis of
microglial markers for the M1 (activated, or pro-inflammatory) and M2
(alternatively activated or anti-inflammatory, involved in restoring tissue
homeostasis) phenotypes (Kigerl et al., 2009) indicated a general upregulation
of microglial entities (Table 4.3), most prominent being the M2 markers Arg1,
CD14, and Gal3, together with the M1 markers CD16 and Cxcl10 whereas
numerous important markers of microglial activation were called absent,
including the M1 marker iNOS, and M2 markers Il10, Fizz1 and Tnf (Figure 4.3).
Hence, astrocyte and oligodendrocyte genotypes appeared largely unaltered in
culture, whereas microglia were in a state of activation, with the spike in Arg1,
which was called absent in acute nerves, suggesting an overall M2 phenotype.
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Table 4.2 Expression levels of major glial homeostatic genes.
Gene Symbol
Vim

Acute

Control Lithium Comments

2574

2251

2459 Vimentin

Kcna1

817

772

901 Kv1.1, Major glial Kv channel

Kcnj10

717

658

501 Kir4.1, Main glial Kir channel

Kcnb1

654

814

855 Kv2.1, Major glial Kv

Slc1a3

1453

895

949 GLAST1, EAAT1

Slc1a2

877

553

596 GLT-1, EAAT2

Slc38a1

1683

1044

Slc6a1

835

310

306 GAT-1

Slc6a9

1446

747

936 GlyT

Slc16a1

1356

1439

1227 MCT1

Slc2a1

1336

1506

1390 GLUT1

Car2

1908

1393

1680 CAII

Slc12a2

1475

1219

+ +
1041 main glial Na -K -Cl co-transporter

Slc9a3r1

963

852

902 Na+/H+ exchanger

Slc9a6

961

686

672 Na+/H+ exchanger

Slc4a4

806

500

358 Na+/HCO3- cotransporter

Atp1a2

2101

1479

1261 Na+/K+ pump

Atp1b2

1296

1136

874 Na+/K+ pump

Atp1b3

1002

733

959 Na+/K+ pump

Atp2a2

1185

1203

1264 Ca2+ pump

Gja1

2194

1485

1573 Cx43, Main As GJ protein

Gjb1

287

194

122 Cx32, Main OL GJ protein

1092 glutamine transporter
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Table 4.3 Expression levels of M1/M2 phenotype microglial genes.
Gene
Symbol

M1/M2
Acute Call Control Call Lithium Call

Name

Scara5

42 P

75 P

16 P

Scara5

M2

CD163

71 P

45 P

18 M

CD163

M2

Arg1

6 P

1022 P

361 P

ARG1

M2

CD14

104 P

525 P

541 P

CD14

M2

MRC1

119 P

54 P

28 P

MRC1

M2

CD23

M2

Scarb1

M2

Fcer2a

3 M

3 M

4 M

Scarb1

66 P

145 P

138 P

Chi3l3

7 P

15 P

2 A

YM1

M2

Retnla

24 A

5 A

4 A

FIZZ1

M2

Lgals3

528 P

1046 P

1349 P

GAL3

M2

Cd200r1

4 P

14 P

8 P

CD200R

M2

IL10

1 A

3 A

3 A

IL10

M2

Tgfb1

29 P

120 P

36 P

TGF

M2

iNOS

1 A

iNOS

M1

Fcgr3

309 P

790 P

444 P

CD16

M1

CD86

29 P

37 P

42 P

CD86

M1

Fcgr1

102 P

222 P

238 P

CD64

M1

Fcgr2b

51 P

205 P

69 P

CD32

M1

IL6

1 A

126 P

71 P

IL6

M1

Il1b

5 P

18 P

33 P

IL1

M1

Tnf

2 A

4 P

6 P

TNF

M1

Cxcl10

303 P

1012 P

1599 P

CXCL10

M1

Cybb

22 P

36 P

21 P

8 M

7 M

Gp91phox M1
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Figure 4.3 Major genes associated with M1 and M2 microglia/macrophages in
acutely dissected nerves compared to nerves cultured for 3DIV in control
medium or medium containing lithium.
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4.2.4 Optic nerve genes altered in culture
Although the main macroglial genes were not markedly altered in culture,
significant differences (p<0.05) between the treatment groups were identified
using One way ANOVA, with post-hoc tests Tukey HSD and Benjamini-Hochberg
FDR (Figure 4.4). Genes in the dataset were divided by Volcano plot (p<0.05;
Fold Change > 2.0) to identify the most altered genes in the groups comparing
acute versus lithium (Figure 4.4A) and control (Figure 4.4B), and a profile plot
illustrates the expression profile of each probe in the different conditions
(Figure 4.4C). Table 4.4 presents IPA analysis of the top 10 most significantly upand down-regulated entities in culture compared to acute nerves, and how
these were altered by lithium. The results indicate that many of the genes most
altered in culture were ‘rectified’ by lithium, i.e. genes upregulated or
downregulated in control culture (e.g. Cxcl1 and Hba1/Hba2, respectively)
recovered to acute levels in lithium (Table 4.4).

Genes upregulated by control culture are largely indicative of an inflammatory
response and those that were rectified by lithium include the chemokines Cxcl1,
Cxcl3 and Cxcl6, together with Mmp3 and Csf3 (colony stimulating factor 3
(granulocyte). In contrast, genes upregulated in control cultures and not
rectified or only partly rectified by lithium include the M1 marker Il6 (M1) and
M2 marker Arg1 (M2), together with Ereg (Epiregulin) and Krt6A (Keratin 6A),
which have no reported function in glia.
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Genes downregulated by control culture compared to acute nerves were
numerous and top of this list was Hba1/Hba2 (haemoglobin apha1/alpha 2),
iron-containing proteins that are generally associated with oxygen transport,
and which were completely rectified (upregulated) by lithium. In addition,
lithium rectified Slco1A4, Slc22A6 and Slc22A8, which are organic anion
transporters (OATs), Dpp4 (dipeptidyl-peptidase 4), which is involved in insulin
receptor function, and Omd (osteomodulin), which is involved in keratin
metabolism. With the exception of Kcnj13 (Kir7.1), which has been shown in
optic nerve glia (Butt and colleagues, unpublished findings), the remaining most
highly regulated genes in culture (Aifm3, Col25A1, Atp13A5) have no reported
functions in glia and were not rectified or only partly rectified by lithium.
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Figure 4.4

Gene expression analysis of adult mouse optic nerves. Optic nerve

transcripts were pooled from 12 nerves in each group (acutely isolated, control
culture, and cultured with lithium for 3 DIV) and run in quadruplicates. Genes
altered in Acute and Lithium (A) and Acute and Control (B) were identified by
Volcano plot (P<0.05 t-test followed by Benjamini-Hoechberg FDR, FC>2.0).
Their expression values across the different samples are illustrated in C.
91

Table 4.4 Top 10 genes up- and down-regulated in control culture compared to
acute nerves and indicating rectification in lithium.
Acute

Gene Symbol

Acute
vs.
vs.
Control Lithium

Gene Symbol

Acute
Acute
vs.
vs.
Control Lithium

Cxcl1

+8.9

-9.2

Hba1/Hba2

-7.8

+6.9

Cxcl3

+8.7

-9.1

Slco1a4

-7.3

+7.5

Mmp3

+7.5

-7.4

Slc22a6

-6.7

+6.4

Cxcl6

+7.3

-6.9

Slc22a8

-6.4

+7.3

Csf3

+7.3

-6.9

Dpp4

-6.3

+7.0

Arg1

+7.9

-

Omd

-6.2

+6.4

Ereg

+7.4

-

Kcnj13

-6.6

-

1600029D21Rik

+7.1

-

Aifm3

-6.4

-

Krt6a

+7.0

-

Col25a1

-6.3

-

Il6

+6.9

-

Atp13a5

-6.1

-

92

4.2.5 Effects of lithium on optic nerve genes
IPA analysis shows the top 10 genes most up- and down-regulated by lithium
(Table 4.5). The most altered gene was Saa1 (serum amyloid A1) (Table 4.5),
which is notable because it is expressed in the brain in response to
inflammation and was massively upregulated by culture compared to acute
nerves and completely downregulated by lithium. A number of the other most
altered genes are related to the cell cycle, namely Ccnb1, or Cyclin B1, which is
involved in the cell cycle arrest, Mki67 (Ki67), a well-known marker of cell
proliferation, Cdca3 (also known as Tome-1), which interacts with Cyclin B to
activate mitotic entry (Ayad et al., 2003), Esco2, an acetyltransferase required
for sister chromatid cohesion, Ckap2l (also known as Radmis), a microtubule
associated protein that induces mitotic arrest and cell cycle exit. The remaining
most downregulated genes are Hmmr (Hyaluronan-mediated motility receptor),
which is involved in cell motility and remodelling of the extracellular matrix, and
Kcne3, an ancillary protein that assembles as a beta subunit with Kcnc4/Kv3.4,
and have no reported functions in glia.

The gene most upregulated by lithium was Car3 (carbonic anhydrase 3, CAIII)
which is a member of the family of metalloenzymes that catalyse the hydration
of carbon dioxide, but it is not a prominent CA of the brain. Many of the
remaining genes have reported expression in the brain (e.g. Barx2, which
encodes a gene that is involved in cell adhesion, calcitonin-related polypeptide
beta (Calcb), also known as Cgrp2, the chemokine Cxcl11 is found at the BBB,
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Harakiri (Hrk) is involved in apoptosis. Notably, Rhce/Rhd, Lhfpl2, Plin5 (perilipin
5), Rfx2 and Cdsn have no reported functions in the CNS.

Figure 4.5 represents a three-way comparison of the top 20 genes that are most
altered by lithium and sorting for those that are the most highly expressed
(Absolute Value >1000v in one or more of the experimental groups). Car3,
Calcb, Cdsn, and Cxcl11, together with Mmp10, Cox6a2, Ddit4l and Hspa1a, are
notable because they were barely expressed in acute nerves and upregulated
specifically by lithium, not in control culture (Figure 4.5). Cdk1 and Cdca3 were
identified above as amongst the top 10 genes most downregulated by lithium,
and the three-way analysis shows this represents rectification of their
upregulation in culture, and also identifies Lox, Prga4, Clec7a and Col3a1 as
additional major targets of lithium. These latter genes were almost completely
ablated by lithium, together with Fzd2, Lbp, Foxc2, Mfap5, Cd248, and Smoc2,
which were highly expressed in acute nerves.
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Table 4.5 Top 10 genes up- and down-regulated by lithium compared to control
nerves (IPA).
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Figure 4.5 Three-way analysis of the top 20 genes most altered by lithium in
comparison to acutely dissected nerves and control cultures. Genes were
sorted for FC (>10-fold) and level of expression (>1000 absolute value) in one or
other of the experimental groups. Data are presented as relative expression, to
illustrate the proportional change in gene expression.
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4.2.6 Pathway analysis of genes altered by lithium
Analysis of the most altered canonical pathways revealed a number of
interesting potential targets of lithium compared to acute and control nerves
(Table 4.6). The IL-8 and IL-17F signalling pathways were reported in both
controls and lithium (Table 4.6C), although IL-8 and IL-17F were called absent in
all samples, and the major determinant in both pathways is Cxcl1 which was upregulated in culture and rectified by lithium (Table 4.4); Cxcl1 is induced by
activation of Il-17RA and activates the IL-8 receptor Cxcr2 (not illustrated). The
PPAR pathway was specific to controls (Table 4.6A, C), and regulates the
expression of genes involved in lipid metabolism (Figure 4.5). The top canonical
pathway specific to lithium was ‘mitotic role of polo-like kinase (PLK)’ (Table
4.6B, C), which executes several essential functions to promote cell division,
ranging from centrosome maturation in late G2 phase to the regulation of
cytokinesis (Figure 4.6; Bruinsma et al., 2012). The second major pathway
affected by lithium concerned the role of osteoblasts, and on closer inspection
the main element was Rankl (Rankl, receptor-activator of NF- B ligand) and its
TNF-family receptor Rank (not illustrated). Similarly, the effect of lithium on
retinol biosynthesis is related to changes in NAD+/NADH reactions (not
illustrated). In comparison, lithium has multiple targets in the PTEN pathway
(Figure 4.7) and RAN pathway (Figure 4.8), which are major regulators of cell
proliferation, survival, differentiation and function. Lithium dramatically
increased the expression of P21CIP1 (FC > 15), also known as Cyclin-dependent
kinase inhibitor 1a (Cdkn1a), which is a potent inhibitor of cell growth and
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maturation. Hence, the top pathways regulated by lithium are related to cell
proliferation, survival and growth, with the exception of ‘axon guidance
signalling’ (Table 4.6B), which is of particular interest and is examined in greater
detail later with respect to astrocytes (Section 6). In addition, other pathways
significantly altered by lithium have resonance because they are proposed
targets of lithium and/or GSK3 in neurological diseases (see below, Section
4.2.7), and/or have functions in glia (Table 4.6D), including the Wnt/-catenin
canonical pathway, which is a target of Gsk3 inhibition and profound regulator
of oligodendrocytes (see Section 5).
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Table 4.6. IPA top regulated canonical pathways (A) in controls versus acute, (B)
in lithium versus control, (C) specific to control or lithium, and (D) specific to
lithium.
(A) Controls

(B) Lithium

(C) Control compared to Lithium
Top Canonical Pathways
IL-8 Signalling
Role of IL-17F in Allergic Inflammatory Airway
Diseases
PPAR Signalling
RAN signalling
PTEN signalling
Role of Osteoblasts, Osteoclasts and
Chondrocytes in Rheumatoid Arthritis
(D) Pathways specific to Lithium
Ingenuity Canonical Pathways
BMP signalling pathway
Human Embryonic Stem Cell
Pluripotency
TGF- Signalling
PDGF Signalling
CREB Signalling in Neurons
Wnt/ -catenin Signalling
CNTF Signalling
NGF Signalling
Integrin Signalling
VEGF Signalling

Control
YES
YES
YES
NO
NO
NO

Lithium
YES
YES
NO
YES
YES
YES

-log(p-value) Ratio
1.45E00
4.42E-01
1.43E00
4.01E-01
1.43E00
1.37E00
1.35E00
1.35E00
1.32E00
1.26E00
1.24E00
1.23E00

4.79E-01
4.65E-01
3.86E-01
4.57E-01
4.56E-01
4.26E-01
4.38E-01
4.04E-01
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IPA Pathway Figure Legend

Figure 4.5. PPAR signalling genes altered in culture. A complement system pathway generated by IPA. Proteins with increased
expression are marked in red proteins with decreased expression are marked in green. Figure legend applies to all IPA pathways.
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Figure 4.7 Polo-like kinase (PLK) signalling genes altered in lithium. A complement
system pathway generated by IPA. Proteins with increased expression are marked
in red proteins with decreased expression are marked in green. The IPA legend is
shown in Figure 4.5
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Figure 4.8. PTEN signalling genes altered in lithium. A complement system pathway
generated by IPA. Proteins with increased expression are marked in red proteins
with decreased expression are marked in green. The IPA legend is shown in The IPA
legend is shown in Figure 4.5
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Figure 4.9 RAN signalling genes altered in lithium. A complement system pathway
generated by IPA. Proteins with increased expression are marked in red proteins
with decreased expression are marked in green The IPA legend is shown in Figure
4.5.
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4.2.7 Principle diseases related to genes altered by lithium
IPA analysis indicated major effects of lithium on genes associated with mood
disorders, MS and AD (Figures 4.10-4.12), which is relevant because lithium is the
frontline treatment for bipolar disease and beneficial effects of lithium have been
reported in experimental models of MS and AD (Chiu et al., 2013). Genes associated
with BD that were altered by lithium were generally downregulated at the plasma
membrane level compared to other cellular compartments (Figure 4.10). Glia are
enriched with carbonic anhydrase (CA), and it is notable that Car3, Car6 and Car9
were the most upregulated genes in the BD dataset, whereas Car4 was
downregulated, suggesting changes in glial CA may be important in bipolar disease.
Lithium also upregulated the melanin-concentrating hormone receptor 1 (Mchr1),
which has no reported function in the optic nerve. The effect of lithium on genes in
the MS dataset was generally upregulation (Figure 4.11), including the chemokine
Cxcl1, which as noted above was the gene most altered by lithium (FC>+500), in
addition to Ptgs2 (FC>+15), also known as cyclooxygenase 2 (Cox2) (FC>15). A novel
finding was that one of the genes most regulated by lithium was Cdsn (FC>+30), or
corneodesmosin, which is responsible for psoriasis and has not previously been
identified in the CNS, but is a gene recently associated with MS (Calleja et al., 2006;
Hafler et al., 2007; Leclerc et al., 2009; Oji et al., 2010). Interestingly, another gene
detected in our dataset was the antiviral gene Rsad2 (Radical S-adenosyl
methionine domain-containing protein 2), also known as Viperin, which is also
increased in psoriasis and MS (Kulski et al., 2005; van Baarsen et al., 2008).
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Lithium altered more genes associated with AD than any other disease, with a
predominant effect of down-regulation at the plasma membrane level (Figure 4.12).
Genes include Arg1, which as noted above was massively upregulated in control
and rectified by lithium (Table 4.4), Ptgs2 (COX2), and Tgm1 (transglutaminase 1),
which is the gene underlying ichthyosis (scaling of the skin) and has no reported
function in glia or the CNS. The most down-regulated genes affected by lithium and
associated with AD was Ogn (osteoglycin), also known as mimecan, an ECM protein,
and Igfbp6 (insulin-like growth factor binding protein 6). In contrast, lithium
dramatically upregulated the AD-associated gene Lcn2 (lipocalin 2), a protein
involved in the transport of small hydrophilic molecules such as steroids and lipids
into cells. Interestingly, the neuronal markers doublecortin (Dcx), neurofilament
Light (Nefl) and heavy (Nefh) chains were present in our dataset, but on closer
inspection their absolute expression values were minimal in all the groups (E < 50).

105

Figure 4.10 Bipolar Disorder related genes altered by Lithium. A complement
system pathway generated by IPA. Proteins with increased expression are marked
in red proteins with decreased expression are marked in green. The IPA legend is
shown in Figure 4.5
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Figure 4.11 Multiple Sclerosis related genes altered by lithium. A complement
system pathway generated by IPA. Proteins with increased expression are marked
in red proteins with decreased expression are marked in green. The IPA legend is
shown in Figure 4.5.
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Figure 4.12 Alzheimer’s Disease related genes altered by lithium. A complement
system pathway generated by IPA. Proteins with increased expression are marked
in red proteins with decreased expression are marked in green. The IPA legend is
shown in Figure 4.5.
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4.3 DISCUSSION
The aim of this section was to examine the genes and major pathways affected by
lithium in the ex vivo adult mouse optic nerve organotypic culture preparation.
Microarray analysis confirmed that the bulk of gene expression is specific to
astrocytes and oligodendrocytes, which make up the vast majority of cells in the
optic nerve, with minor levels of entities from OPC, microglia, vasculature and
axons. Comparison of acutely dissected optic nerves with those maintained in
organotypic culture for 3DIV indicated the major astrocyte and oligodendrocyte
genes were not greatly affected by culture, supporting the microscopic evidence on
astrocytes and oligodendrocytes in Section 3. Culture did appear to result in a
general activation of microglia towards a M2 phenotype, consistent with a tissue
protective response following isolation of the optic nerve. A key finding is that
lithium rectified many of the inflammatory genes that were upregulated in control
cultures and in this respect normalised the tissue towards an acute state. A number
of genes and pathways that were specifically altered in lithium included targets of
GSK3, most notably the Wnt pathway, but also CREB, VEGF, and HSF-1. In addition,
novel genes altered by lithium treatment were identified, such as Saa1, Calcb, Car3,
Cdk1, Lox and Cdsn, many of which have no reported function in glia or the CNS.
Novel pathways altered by lithium treatment included the PLK and RAN signalling
pathways, with downstream effects on cell proliferation, survival and growth.
Furthermore, lithium treatment had major effects on genes associated with mood
disorders, MS and AD, in particular the latter. The results indicate that glial targets
of lithium treatment in the adult mouse optic nerve have therapeutic relevance to a
number of neurodegenerative diseases, including MS and AD.
109

4.3.1 Major macroglial genes are unaltered ex vivo
Expression profiling is a powerful approach to understanding the genetic changes
that characterise the ex vivo optic nerve model, prior to testing the effects of
therapeutic agents. An important finding is that the major macroglial genes were
not greatly altered in culture. Oligodendrocytes/myelin are highly sensitive to CNS
insults, and unaltered expression of the major myelin genes in culture is consistent
with the biological findings in Section 3 indicating that oligodendrocyte and myelin
integrity are maintained in this ex vivo model. In addition, astrocytes are known for
their extensive genetic and morphological changes following injury (Zamanian et al.,
2012), marked by upregulation of GFAP, and the intermediate filaments vimentin
and Nestin, together with changes to the actin cytoskeleton and binding proteins
that modify the extracellular milieu to form the glial scar. The genetic profile of
cultured optic nerves did not report any significant changes that would suggest a
reactive astrocyte phenotype. However, many minor genes associated with reactive
astrocytes were altered. For example, in controls there was increased expression of
Serpina3n, which is associated with hypertrophic reactive astrocytes characterised
by a stellate morphology (Zamanian et al., 2012). Interestingly, Serpina3n was
downregulated by lithium, suggesting it may be involved in the lithium-induced
morphological changes in astrocytes. In addition, there was upregulation of Mmp3
and Csf3 (colony stimulating factor 3), which are hallmarks of reactive astrocytes
and brain injury (Hua et al., 2011; Neria et al., 2013), together with the chemokines
Cxcl1, Cxcl3 and Cxcl6, which are expressed and release by reactive astrocytes
(Koyama et al., 2013; Lu et al., 2005). Notably, all of these genes were
downregulated by lithium, indicating it has a general anti-inflammatory effect.
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Interestingly, EREG (Epiregulin) and KRT6A (Keratin 6A) were upregulated in culture
and have not been reported in glia, but their respective roles in EGF/ErbB signalling
and cytoskeletal remodelling suggests they may be important in astrocyte
remodelling in cultured nerves (Liu and Neufeld, 2007). In the case of microglia,
there was clear evidence of activation in control cultured nerves (see below).

4.3.2 Astrocyte homeostatic genes are maintained ex vivo
A number of genes altered in culture and lithium were associated with reactive
astrocytes. To dissect the extent of astrocyte changes, I examined genes associated
with the known homeostatic functions of astrocytes, many of which are
dysregulated in reactive astrocytes. The results indicated that astrocyte
homeostatic functions were maintained in culture, but comparison of expression
profiles in acute and control nerves also highlighted a number of genes related to
astrocyte homeostatic genes that appear distinct to the optic nerve and would not
otherwise have been identified. For example, the transporters involved in pH
regulation SLC26A6 (Cl--HCO3- exchanger), SLC26A7 (Cl--HCO3- exchanger) and
SLC4A10 (Na+-HCO3- co-transporter) are expressed in acute nerves and almost
completely lost in culture; they have no reported functions in glia, although
SLC4A10 is predominantly expressed in the brain and with AQP1 is a candidate gene
in glaucoma (Liu et al., 2010a; Liu et al., 2010b), whereas SLC26A6 and SLC26A7 are
important in the kidney and GI tract (Alper and Sharma, 2013). The expression of
these transporters in the acute optic nerve is novel and suggests they play a role in
glial electrolyte and acid-base homeostasis, although SLC13A4 was the main Na+-
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HCO3- co-transporter (NBC), and SLC9A3R1 and SLC9A6 were the main Na+-H+
exchangers (NHE) in all experimental groups. Car2 (CAII), is the most strongly
expressed Car in the optic nerve (Absolute value 19000, and not altered by culture),
and has been reported specifically in oligodendrocytes (Butt et al., 1995; Butt and
Kirvell, 1996). However, Car9 (CA IX) was also called present in acute nerves and
upregulated in cultured nerves, but has not been described in glia, although a study
in Car9 KO mice indicated it has unresolved functions in the brain (Pan et al., 2012).
Car11 and Car14 were also expressed in acute nerves and have been reported in
the brain (Aspatwar et al., 2010; Makani et al., 2012), whereas all others were
called absent or barely detectable in all groups, with the exception of Car3, which
was massively upregulated in Lithium treated nerves (see below).

The SLC6 family is normally referred to as the neurotransmitter transporter family,
and a number are prominent in the optic nerve samples and regulated in culture
(Table 4.2). A novel finding was the expression in acute nerves of Slc6a20, which is
massively downregulated in culture, and is the transporter for proline, an amino
acid with an essential role in primary metabolism and physiological functions
(Broer, 2006; Wyse and Netto, 2011). GAT1 (SLC6A1) is the main GABA transporter
in the optic nerve in all experimental groups, but Slc6a13 (GAT3), another astrocyte
GABA transporter (Gadea and Lopez-Colome, 2001), is strongly expressed in acute
nerves and downregulated in culture. In contrast, the low affinity monocarboxylate
transporter Slc16a3 (MCT4) is strongly upregulated in culture, although SLC16A1
(MCT1) is the primary MCT expressed in the optic nerve (not illustrated) in all
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experimental groups, and is responsible for the ’lactate shuttle’ by which astrocytes
supply the high energy demand of neurons (Bergersen, 2007; Hertz and Dienel,
2005), which has been demonstrated in the mouse optic nerve (Tekkok et al.,
2005). Interestingly, GLAST (SLC12A3, EAAT1), GLT1 (SLCA1A2, EAAT2) and the
glutamine transporter SLC28A1, which are responsible for the astrocyte glutamateglutamine shuttle, were amongst the most highly expressed transporters in the
optic nerve (Abs Val > 1000), in all experimental groups. Similarly, GlyT was the
third most abundant solute transporter in the optic nerve, indicating
neurotransmitter homeostasis is maintained in culture.

The main potassium channels in optic nerve glia in all experimental groups were
Kir4.1 (Kcnj10) and Kv1.1 (Kcna1), which are ubiquitous in glia (Verkhratsky, 2013).
However, there was a complete loss of Kcnj13 (Kir7.1) in culture (Table 4.2); Kir7.1
is a potassium channel recently discovered in our lab to be important in optic nerve
glia and its loss in culture might explain why this channel has been overlooked in
other in vitro studies of glia. Other highly expressed glial potassium channels were
Kir5.1 (Kcnj16), Kv1.6 (Kcna6), TREK-1 (Kcnk2), TWIK-1 (Kcnk1), Kv4.3 (Kcnd3), Kv2.1
(Kcnb1) and THIK-1 (Kcnk13).

The aquaporin water channels Aqp1 and Aqp5 were both similarly up-regulated in
control cultured nerves, but were called absent in acute nerves. AQP1 and AQP5
have been indicated in astrocytes during brain injuries (Chai et al., 2013), but there
are no reports of these AQPs in oligodendrocytes, microglia, or brain endothelium
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(Papadopoulos and Verkman, 2013; Verkhratsky, 2013; Verkman, 2002). This
suggests AQP1 and AQP5 might be important water channels that are differentially
expressed in optic nerve astrocytes in response to injury. Nonetheless, AQP4 is the
principal member of this protein family in the optic nerve (Table 4.1) and
throughout the CNS, where it is expressed in astrocytes and is involved in water
movement, cell migration and neuroexcitation (Papadopoulos and Verkman, 2013).

4.3.3 Novel optic nerve genes
A number of entities that have not been described previously in glia or the optic
nerve were identified because of their regulation in culture and strong expression in
acute nerves. Top of the list is Hba1/Hba2 (haemoglobin apha1/alpha 2), ironcontaining proteins that are generally associated with oxygen transport in the
blood, but which are co-localised with mitochondria in the brain and are
significantly reduced in neurodegeneration (Shephard et al., 2014). Notably,
Hba1/Hba2 was completely rectified by lithium. Other entities not previously
identified in the optic nerve are implicated in neuroprotection, such as AIFM3,
which reduces mitochondrial membrane potential and induces apoptosis through a
caspase dependent pathway. In comparison, although neither COL25A1 nor DPP4
(dipeptidyl-peptidase 4) have been reported in glia, the former is implicated in AD
pathology (Tong et al., 2010), and the latter is involved in neuronal insulin receptor
function (Pipatpiboon et al., 2013), suggesting their expression in acute nerves may
indicate unresolved functions in optic nerve glia worthy of further study. ATP13A5
is belongs to the P5-ATPase group mutations underlie a form of PD. Similarly,
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SLCO1A4, SLC22A6 and SLC22A8, which are organic anion transporters (OATs), are
not reported in glia, but are important for drug delivery across the BBB and their
dysfunction may contribute to neurological diseases (Zhou and You, 2007). Notably,
another top 10 gene downregulated by culture and rectified by lithium was OMD
(osteomodulin), which is involved in keratan sulfate/keratin metabolism, consistent
with the expression of keratin 6A and the keratan sulphate proteoglycan Ogn (also
known as mimecan proteoglycan and osteoglycin), which have not been reported in
the optic nerve, but are associated with macular dystrophy (Keenan et al., 2012),
and suggest a previously unrecognised function for keratin in the optic nerve
worthy of further study.

LCN2 (lipocalin 2) is of interest because it is an iron-trafficking protein and iron has
an essential function in oligodendrocytes (Badaracco et al., 2010; Todorich et al.,
2009); the iron-bound form of LCN2 is internalized following binding to the
SLC22A17 receptor (which is also present in optic nerves (Asb Val = 520)), leading to
release of iron and subsequent increase of intracellular iron concentration.
Lipocalin 2 was also recently reported as a new marker of early reactive response of
astrocytes to nerve injury and inflammation (Chia et al., 2011; Zamanian et al.,
2012). It was also reported to cause a polarisation of astrocytes which would fit
with our biological findings (Bi et al., 2013; Jang et al., 2013; Jeon et al., 2013).
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4.3.4 Ex vivo upregulation of genes associated with inflammation
The modulation of inflammation in the CNS is important for decreasing
neurodegeneration and favouring successful repair. A number of microglial genes
were upregulated, and the large spike in the M2 marker Arg1, which was called
absent in acute nerves, suggests an anti-inflammatory phenotype involved in
restoring tissue homeostasis (Zhou et al., 2012). In addition, upregulation in culture
of Csf3 (colony stimulating factor 3), a feature of brain injury (Hua et al., 2011),
suggests it may act similar to CSF1 (MCSF, macrophage colony stimulating factor),
which has a known function in microglia (Raivich et al., 1999). Further genes
specifically upregulated in control cultures that were indicative of an inflammatory
response include the chemokines Cxcl1, Cxcl3 and Cxcl6, which are expressed and
released by reactive astrocytes (Koyama et al., 2013; Lu et al., 2005). These
chemokines were called absent or barely detectable in acute nerves and were
rectified by lithium, indicating it has an anti-inflammatory action. All three
chemokines have been reported in the brain, where they may have complex
functions in addition to their well-established functions in the immune system
(Reaux-Le Goazigo et al., 2013). Interestingly, the most altered gene in cultured
nerves CXCL1 has been shown to play a critical role in regulating the dispersal of
oligodendrocyte progenitors during development (Vora et al., 2012), and genetic
overexpression of CXCL1 has been indicated to promote remyelination and
neuroprotection in EAE (Omari et al., 2009). CXCL3, the second most altered gene in
cultured optic nerves and which was called absent in acute nerves, has been
reported in astrocyte cell lines (Laureys et al., 2014; Lu et al., 2005), but otherwise
the functions of CXCL3 in glia are undefined. In addition, the chemokine CXCL12
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(SD-F) and its receptors CXCR4 and CXCR7 were called present, and are of interest
because they are part of the astrocyte chemokine network (McKimmie and
Graham, 2010), CXCL12 acting via CXCR4 to regulate survival and migration of
OPC(Dziembowska et al., 2005), and via CXCR7 to promote their maturation acting
(Gottle et al., 2010). CCL2 (MCP-1) and CCL7 (MCP3) are closely related and were
barely detectable in acute nerves, but massively upregulated in culture. Astrocytes
and microglia are sources of CCL2 (Reaux-Le Goazigo et al., 2013), but I could not
find any reports of CCL7 in glia or the brain.

The most altered pathway that was specific to control cultured optic nerves was the
peroxisome proliferator-activated receptor pathway (PPAR) (Table 4.6). Alterations
in PPAR signalling were related to specific upregulation of PPAR , and
downregulation of HSP90. PPAR is repressed by forming a complex with hsp90,
which was downregulated in cultured nerves. In addition, PPAR function is
suppressed by cytokines, growth factors and insulin, which is consistent with
downregulation of insulin signalling in cultured nerves and the low expression of IL1 and TNF, which were called absent. PPAR has been shown to regulate lipid and
glucose metabolism, homeostasis and microglial macrophage activation following
brain injury (Bernardo and Minghetti, 2006). Moreover, PPARs regulate the
expression of genes involved in lipid metabolism, and gemfibrozil, a known
activator of PPAR- and PPAR- (called present), has anti-inflammatory properties
and stimulates the expression of myelin-specific genes in oligodendrocytes, by
promoting the recruitment of PPAR-

to the promoter of PLP and myelin
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oligodendrocyte glycoprotein genes in human oligodendrocytes (Jana et al., 2012).
These results indicate PPAR signalling is worthy of further study in the optic nerve.

Another key pathway regulated in culture was HIF1 signalling (Table 4.5), which is
an important factor in hypoxic stress and was downregulated in optic nerve
cultures; HIF1-

also associates with the molecular chaperone HSP90 and p53

protein, which were both downregulated. HIF1-

accumulates under hypoxic

conditions and contributes significantly to the pathophysiology of cerebral
ischemia, and its downregulation in cultured nerves is consistent with these nerves
being healthy. Another key pathway regulated in culture was IL-17F (Table 4.5B),
although IL-17F (also known as IL-24) was called absent in all groups, its receptor IL17RA was called present and upregulated in culture, and this receptor is shared by
IL-17A, which was called statistically present and binds IL-17RA with a far higher
affinity than IL-17F. Signal transduction for both IL-17A and IL-17F requires the
presence of a heterodimeric complex consisting of both IL-17RA and IL-17RC (both
called present in all groups) and the absence of either receptor results in ineffective
signal transduction. Activation of IL-17RA invokes an ACT-1/TRAF-6 mediated
activation of NF- B and ERK signalling pathways to induce the expression of
cytokines and chemokines such as IL-6 and CXCL-1, which were both increased in
culture. Another member of the family, IL-17D is highly expressed in brain and was
the most expressed in the optic nerve, and its receptor IL-17RD was called present.
The most notable role of IL-17 is its involvement in inducing and mediating
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proinflammatory responses, and it has been suggested as a target for antiinflammatory therapies to improve recovery post-stroke.

4.3.5 Lithium downregulates genes associated with tissue inflammation
A major effect of lithium was the downregulation of inflammatory markers
upregulated by culture. Lithium and GSK3 pathway has been implicated in many
diseases and inflammation state in various tissues (Goldstein et al., 2009; Jope et
al., 2007). Accumulating evidences suggest that lithium, together with other mood
stabilizing agents, exhibits anti-inflammatory properties (Goldstein et al., 2009; Rao
et al., 2008; Rapoport et al., 2009). The most regulated gene by lithium was Saa1
(serum amyloid A1), which is expressed at trace levels in acute nerves and
massively upregulated in control cultured nerves. Saa1 is one of the top genes
associated with amyloidosis and chronic inflammatory diseases including
atherosclerosis, rheumatoid arthritis, Crohn's and AD (Tucker and Sack, 2001).
Microglia are the likely source of Saa1 in the optic nerve, since it has been shown to
be induced in retinal microglia in response to gluacoma (Walsh et al., 2009),
although Schwann cells have been shown to be a primary source of Saa1 after
peripheral nerve injury (Jang et al., 2012), raising the possibility that astrocytes or
oligodendrocytes may produce Saa1 in the optic nerve. Similarly, one of the top
genes rectified by lithium was S100a8, which is a potential proinflammatory
chemokine that is upregulated by activated microglia (Walker et al., 2006). Of the
remaining top rectified genes, Ccnb1 (Cyclin B1) is involved in the cell cycle arrest
and is regulated by PPAR pathway (Morse et al., 2009). Lithium also downregulated
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a number of genes related to the cell cycle: Ccna2 (cyclin A2), Ccnb1 (cyclin B1) and
Ccnb2 (cyclin B2) are involved in cell cycle and differentiation and mediate the
actions of IGF1 in oligodendrocytes (Bellanger et al., 2007; Min et al., 2012); Cdca3
is also known as Tome-1 and acts as a cytosolic protein interacting with Cyclin B for
the activation of mitotic entry (Ayad et al., 2003); Esco2 is an acetyltransferase
required for sister chromatid cohesion and shown to promote neuronal
differentiation by suppressing the Notch pathway (Leem et al., 2011); Ckap2l, also
known as Radmis, is a microtubule associated protein found in neural stem cells
and expressed in the neurogenic niches throughout life, and its over expression
induces mitotic arrest and cell cycle exit (Kuninger et al., 2004; Yumoto et al., 2013);
Mki67 is a well-known marker of cell proliferation (Scholzen and Gerdes, 2000) that
is also downregulated by lithium. The dramatic decrease of expression of Saa1
together with the modulation of PPAR and the down regulation of Cox-2 could
explain the potent anti-inflammatory effect that has been associated with lithium
(Bernardo and Minghetti, 2006; Bosetti et al., 2002).
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4.3.6 Novel gene targets of lithium treatment
The microarray approach identified a great number of genes that have not been
previously reported as targets of lithium and many have not been reported in the
CNS. Lithium showed a remarkable upregulation of CAIII (Ca3) which is a member of
a family of metalloenzymes that catalyse the hydration of carbon dioxide and has
not been reported in the optic nerve or glia. Expression of CAIII is specific to skeletal
tissue, cerebrospinal fluid, liver and kidney and associated with a plethora of
diseases such as seizures, heart diseases, Alzheimer’s Disease (AD), Parkinson
Disease (PD) and bipolar disorder (BD) (Lafon-Cazal et al., 2003; Staunton et al.,
2012; Winum et al., 2003). Barx2 is also of interest because it encodes a gene that
has been shown to be expressed in various tissues, including muscles and brain, and
is involved in the control of cell adhesion and remodelling of the actin cytoskeleton
(Herring et al., 2001; Meech et al., 2012; Tsau et al., 2011), suggesting it may be
important in the dramatic morphological changes in astrocytes induced by lithium.
Barx2 has been shown to act downstream of BMP and regulates chondrogenesis
together with the Sox proteins (in particular Sox9) during limb development (Meech
et al., 2005). Another major gene upregulated by lithium was calcitonin-related
polypeptide beta (Calcb), also known as Cgrp2, which together with its alpha
counterpart are mainly expressed in the brain, but found also in liver, kidney testis
and heart (Rezaeian et al., 2009; Young et al., 2005). Calcb was shown to be
expressed by degenerating spinal cord neurons in an ALS model while its receptor
seems to be astrocyte specific, therefore suggesting a potential role of astrocyte
activation in ALS (Ringer et al., 2009). Our results indicate lithium dramatically
upregulates Calcb in optic nerve glia. Similarly, Harakiri (Hrk) gene is a protein
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encoding the apoptosis of neurons during embryogenesis and also expressed during
axotomy or NGF deprivation through the activation of caspase-3 (Imaizumi et al.,
2004; Imaizumi et al., 1997; Kanazawa et al., 1998). There are no neurons in the
optic nerve and known neuronal markers are barely expressed, suggesting Hrk has
an unidentified function in glia that is activated by lithium. In contrast, upregulation
of the chemokine Cxcl11 is suggests increased endothelial expression, since it is
involved in the passage of T cells across the BBB and thought to be a biomarker for
MS (Feng et al., 2014; Jernas et al., 2013; Szczucinski et al., 2007).

A key finding was that the major canonical pathway specific to lithium was the
‘mitotic role of polo-like kinase’ (PLK), which is not a reported target of lithium, but
has been implicated in oligodendrocyte cell death (Kragh et al., 2009) and Schwann
cell proliferation (Schworer et al., 2003), and executes several essential functions to
promote cell division, ranging from centrosome maturation in late G2 phase to the
regulation of cytokinesis (Bruinsma et al., 2012). It is also of main importance
because it is known to regulate neuronal and axonal remodelling and growth (Lin et
al., 2012; Seeburg et al., 2005). The main downstream target of PLK was Cdkn1a,
which was downregulated by lithium, and a loss of Cdkn1a has been shown to
induce terminal differentiation of progenitor cells into mature astrocytes (Porlan et
al., 2013). We also identified a link between the PLK and the PTEN pathways, as
Plk3 was shown to be important in the stabilisation of PTEN and both pathways
were down-regulated (Xu et al., 2010). PTEN is necessary for myelin formation and
its inhibition can be deleterious in vivo (Harrington et al., 2010).
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The pathway analysis showed that one of the main effects of lithium was to downregulate the cell cycle entry by affecting genes such as cyclin B together with Tome1, which are regulators of mitotic entry. The RAN pathway was another important
finding that fits with this general hypothesis. RAN-GTPases have many roles that
span from the regulation of cellular growth to the arrangement of the cytoskeleton.
Furthermore, it was shown to be important in the cell maturation of stem cells
(Lopez-Casas et al., 2002; Lopez-Casas et al., 2003; Wang and Gao, 2005). The
general upregulation of the RAN pathway by lithium is indicative of its role as
potentiator of cell maturation and remodelling.

A number of other genes in the top 10 upregulated by lithium are of considerable
interest because they are not reported to be expressed in the brain, most notably:
Perilipin 5 (Plin5), which is involved in the lipolysis and it is mainly expressed in
skeletal and muscle tissue and reported as being absent in the brain (Kuramoto et
al., 2012; Yamaguchi et al., 2006); Rfx2, which is highly expressed in tissues rich in
ciliated cells (McClintock et al., 2008); mimecan, a proteoglycan that has never
been reported in the optic nerve and does not have a known function, but is
suggested to have a role in collagen formation (Tasheva et al., 2002). Two surprising
genes identified by lithium treatment are corneodesmosin (Cdsn) and Lox (Lysis
oxidase). Cdsn is profoundly and specifically upregulated by lithium (not culture),
but has never been reported in glia or the CNS, and is a protein found in
corneodesmosomes that localise to the epidermis of the skin associated with
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psoriasis, although Cdsn has been identified as a risk gene in MS (Calleja et al.,
2006; Hafler et al., 2007; Leclerc et al., 2009; Oji et al., 2010). In contrast, Lox is
expressed in acute nerves and almost completely ablated by lithium (and notably
upregulated in culture). Lox is involved in many pathologies and cellular activities,
such as control of differentiation and oncogenic transformation (Dimaculangan et
al., 1994; Hajnal et al., 1993), and is important for the oxidation of cell surface
proteins and the chemotactic response in vitro (Lucero et al., 2011; Lucero et al.,
2008). Notably, however, Lox regulates cell-cell adhesion by its interaction with catenin, leading to an up-regulation of the down-stream activator Cyclin D1
(Giampuzzi et al., 2003; Sanchez-Morgan et al., 2011). -catenin has two main
function in the cell: it can localise at the plasma level compartment as a component
of adherens junctions in order to stabilise adhesion and also activation of
proliferation by translocating to the nucleus and interacting with T cell factor
(TCF)/lymphoid enhancer factor (LEF) (Mann et al., 1999; Sanchez-Morgan et al.,
2011). Lox interacts with cytosolic

-catenin and sequesters it to the plasma

membrane, regulating its cytosolic availability. Hence, downregulation of Lox would
alter -catenin mediated cell-cell adhesion, possible involving Cdsn, and at the
same time increase availability of

-catenin for the canonical Wnt/-catenin

signalling pathway, which are likely to be important for the effects of lithium on
oligodendrocytes and astrocytes (see Sections 5 and 6).
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4.3.7 Lithium alters genes related to multiple neurodegenerative diseases
Lithium is the gold standard choice for the treatment of BD (Cade, 1949; Licht,
2012), but there is evidence that lithium may have wide-ranging beneficial effects in
multiple neurological diseases, including MS and AD (Chiu et al., 2013). There is
strong evidence that the direct and indirect modulation of GSK3 is an effect of
lithium (Jope, 2003; Quiroz et al., 2010). However, the full mechanisms of action of
lithium and its cellular targets are not completely clear in these diseases. IPA
analysis of disease-related genes in the optic nerve showed that lithium downregulates a great number of components at the plasma membrane compared to
any other compartment of the cell. Notably, CAIII was one of the most altered
genes following lithium treatment and it was flagged in the BD dataset. Lithium
increased the expression of CAIII, which is involved in pH regulation and cellular
homeostasis (Supuran, 2011). It has been shown that inhibition of CA using
Topimarate can be beneficial during acute depression, but their activation could be
a novel therapy for AD (Supuran et al., 2011; Winum et al., 2003). CAIII is the only
isoform that is not inhibited by sulphonamides and sulphamates (Supuran, 2011),
whereas CAIV is sensitive and was inhibited by lithium, as well as being identified in
astrocytes (Svichar et al., 2006). CAIV is also expressed by osteoclasts and its
inhibition is currently investigated as a novel treatment for osteoporosis (Riihonen
et al., 2007), which in turn could be related to identification of the osteoclast
pathway as one of the top lithium regulated pathways in the optic nerve.
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Bipolar disorder is associated with a higher risk of dementia and it has been
suggested that chronic treatment of lithium could be beneficial against the effects
of AD (Nunes et al., 2007). AD is characterised by dementia caused by the formation
of amyloid plaques and neurofibrillary tangles, and through its inhibition of GSK3,
lithium

has

been

shown

to

inhibit

amyloid

plaque

formation

and

hyperphopsphorylation of tau proteins in neurons (Munoz-Montano et al., 1997).
One of the most downregulated genes in lithium was Arg1, which plays an
important role in M2 macroglia/macrophage activation and also in vascular cell
function (Liu et al., 2012; Tuppo and Arias, 2005), and has also been shown to be
involved in AD pathology and wound healing (Campbell et al., 2013; Olivon et al.,
2013). The most down-regulated gene affected by lithium and associated with AD
was osteoglycin, also known as mimecan, a small leucine-rich proteoglycan with
unclear functions, that is expressed mainly in skeletal and muscle, but also found in
the brain and retina (Ge et al., 2004; Kurpakus Wheater et al., 1999; Tanaka et al.,
2012), and found in cerebrospinal fluid of patients affected by AD (Zhang et al.,
2005). Another gene associated with AD that was down-regulated by lithium is
Igfbp6, a polypeptide that modulates the expression of Igf-1 by regulating the
bioavailability of Igf-1 and Igf- 2 protein (Cerro et al., 1993; Pollak et al., 2004;
Putzer et al., 1998). Igfbp6 is of high relevance because it is expressed by astrocytes
and oligodendrocytes and its decreasing levels are associated with a peak in OLs
maturation (Kuhl et al., 2003; Larsen et al., 2006; Mewar and McMorris, 1997).
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In section 3, I showed that lithium increased oligodendrogenesis in the adult mouse
optic nerve, and so it is of interest that lithium regulated a great number of genes
associated with MS (Figure 4.10). The gene for the chemokine CXCL1 was the most
altered by lithium in our analysis (FC>500). CXCL1 acting via its receptor CXCR2 has
been shown to be important for the development and maintenance of
oligodendrocyte lineage cells and myelination (Padovani-Claudio et al., 2006).
Similarly, regulation of genes by lithium that control cell cycle arrest and
maturation, such as the RAN, PLK and PTEN pathways, Cdkn1a and Igfbp6, are
consistent with lithium promoting gliogenesis, as observed in Section 3. Moreover,
it was surprising to identify in the optic nerve genes for Corneodesmosin and
Viperin that are reported exclusively in the epidermis, but recently have been
associated in MS pathologies, suggesting a potential interaction between psoriasis
and MS (Calleja et al., 2006; Hafler et al., 2007; Kulski et al., 2005; Leclerc et al.,
2009; Oji et al., 2010; van Baarsen et al., 2008). In this respect, it is interesting to
note that a side-effect of lithium treatment is an exacerbation of pre-existing
psoriasis or an induction of de novo psoriasis (Jafferany, 2008). In the optic nerve,
corneodesmosin was specifcially upregulated by lithium treatment, suggesting a
previously unrecognised function for this protein in the formation of desmosomal
intercellular junctions in the mouse optic nerve that may be relevant to MS.
Desmosomes contribute to cell-cell adhesion, signalling and differentiation and are
a feature of CSF-contacting neurons (Vigh et al., 2004) and astrocytes in the fish
optic nerve (Scholes, 1991), as well as having features in common with the postsynaptic density in asymmetric synapses, which ensure maintenace of
interneuronal communication (Klemann and Roubos, 2011).
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4.4 SUMMARY AND CONCLUSIONS
In this section I have used a genomic approach to identify the potential mechanisms
by which lithium may have its profound effects on glial cells in the optic nerve. In
addition, the results have provided a new insight into the genetic profile of the
adult optic nerve and its response to culture. An important finding is that the ex
vivo optic nerve is a good model for studying macroglial cells, which appeared
largely unaltered in culture. Although a number of genes associated with reactive
astrocytes were upregulated in control cultures, a prominent astrogliosis was not
detected, suggesting limited tissue damage and maintenance of a relatively normal
astrocyte phenotype in the ex vivo optic nerve. Unsurprisingly, there was evidence
of microglial activation, with a number of M1 and M2 markers being increased,
together with a range of genes associated with inflammation and injury. A key
finding was the lithium had a general anti-inflammatory effect on genes
upregulated by culture, with prominent novel targets including Arginase-1, Saa1
and the PPAR pathway, as well as recognised targets of lithium, such as Wnt
signalling. In addition, lithium treatment is shown to be a potent regulator of genes
involved in the cell cycle, proliferation, maturation and cellular remodelling.
Furthermore, numerous genes were identified that have not been reported in the
optic nerve or glia, and in some cases have no known function in the CNS, including
corneodesmosin, Lox, Saa1, Calcb, and Car3. Notably, many of the genes altered by
lithium in the optic nerve are associated with mood disorders, MS and AD,
suggesting that glial cells are targets of lithium treatment in these
neurodegenerative diseases.
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Section 5

Wnt signalling regulates
oligodendrogenesis in the adult optic
nerve
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5.1 INTRODUCTION AND AIMS
In Section 4, I identified a number of key genes and pathways that are altered by
lithium and may underlie the profound effect of lithium on gliogenesis in the adult
mouse optic nerve demonstrated in Section 3. One of the highlighted pathways was
Wnt signalling, which is a key regulator of oligodendrocyte differentiation in the
developing brain (Azim et al., 2014a; Fancy et al., 2009), and a recent study in the
adult indicated a specific role for canonical Wnt signalling in stimulating
proliferation within the oligodendrocyte lineage (Ortega et al., 2013). Lithium is
widely used as a Wnt mimetic due to its inhibitory effect on GSK3, which results in
the translocation of

-catenin to the nucleus to interact with LEF-1 (Detera-

Wadleigh, 2001; Williams and Harwood, 2000), which has been shown to have
neuroprotective effects (Leng et al., 2008). The effects of lithium and Wnt on adult
oligodendrocytes are unknown, but in the postnatal optic nerve, Wnt and GSK3
inhibition

had

opposite

effects,

respectively

inhibiting

and

promoting

oligodendrocyte differentiation and indicating diverse mechanisms of action of
lithium (Azim and Butt, 2011). The aim of this section was to compare the effects of
lithium and Wnt on oligodendrocyte lineage cells in the adult optic nerve.
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5.2 RESULTS
5.2.1 Effect of Wnt3a on adult oligodendrocytes
Canonical Wnt/-catenin signalling is a key regulator of oligodendrocyte
differentiation and microarray analysis (n=12 optic nerves for each experimental
group, run in triplicate) showed it was one of the pathways most altered by lithium
treatment (Table 5.1). To test whether lithium acts as a Wnt mimetic, I compared
the effects of lithium (20 mM) and the Wnt3a agonist 2-Amino-4-(3,4(methylenedioxy)benzylamino)-6-(3-methoxyphenyl) pyrimidine (2 M) ex vivo in
adult optic nerves from Sox10-EGFP and PLP-DsRed mice (Figure 5.1). In the adult
optic nerve, the vast majority of oligodendrocyte lineage cells are mature
myelinating oligodendrocytes, with a small population (<5%) of adult OPC (Butt et
al., 1999). Expression of the Sox10 reporter identifies both OPC and mature
oligodendrocytes, whereas only mature oligodendrocytes express the PLP reporter
(Azim and Butt, 2011). Compared with nerves maintained in control culture (n=6),
the numbers of SOX10-EGFP+ oligodendrocyte lineage cells was increased
significantly in both lithium (p<0.001, ANOVA, Bonferroni post-hoc test n=6) and
Wnt3a (p<0.05, ANOVA, n=6), and there was no significant difference between the
two treatments (Figure 5.1A). In comparison, lithium doubled the number of PLPDsRed+ oligodendrocytes compared to control (p<0.001, ANOVA, n=6 in all
experimental groups) (Figure 5.1Bii, Biv), whereas Wnt3a had no significant effect
(Figure 5.1Biii, Biv). Interestingly, in the postnatal optic nerve, Wnt3a significantly
decreased the number of PLP-DsRed+ cells compared to lithium and controls (Azim
and Butt, 2011). The results demonstrate Wnt signalling persists in the adult optic
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nerve and indicate its mechanism of action in oligodendrocytes differs than in the
postnatal nerve.

Table 5.1 Gene expression of Wnt related genes altered by Lithium compared to
acute nerves
Symbol

p-value

Fold Change

Location

Type

WNT4

2.92E-02

-6.936

Extracellular Space

cytokine

FZD2

1.60E-02

-4.736

Plasma Membrane

G-protein coupled receptor

BMP6

4.47E-02

-3.334

Extracellular Space

growth factor

WNT5A

9.90E-03

-3.327

Extracellular Space

cytokine

BMP5

2.36E-02

-3.052

Extracellular Space

growth factor

FZD6

3.54E-02

-2.818

Plasma Membrane

G-protein coupled receptor

WNT7A

3.80E-02

-2.183

Extracellular Space

cytokine

FZD1

2.08E-02

-2.176

Plasma Membrane

G-protein coupled receptor

FZD7

4.34E-02

-1.886

Plasma Membrane

G-protein coupled receptor
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Figure 5.1 Effects of lithium and Wnt3a on oligodendrocyte lineage cells. (A-B) Representative confocal images of optic nerves from
Sox10-EGFP and PLP1-DsRed mice maintained in culture for 3DIV, in control medium (Ai, Bi), 20mM lithium (Aii, Bii), or 2µm Wnt3a
agonist (Aiii, Biii) as indicated; scale bars = 100 m in main panels. Histogram of mean (+SEM) cell counts per constant FOV for Sox10EGFP cells (Aiv) and PLP1-DsRed (Biv); tested for significance using ANOVA followed by Bonferroni post-hoc test. Lithium dramatically
increased the number of SOX10-EGFP+ cells and PLP1-DsRed cells compared to control (P<0.001, n=6). Wnt3a increased SOX10-EGFP+
cells compared to control (P<0.001, n=6) to levels comparable to Lithium (P>0.05, n=6); however no statistical difference was observed
for PLP1-DsRed cells (P>0.05, n=6).
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5.2.2 Wnt signalling persists in the adult optic nerve
The effects of Wnt3a provide functional evidence that Wnt/-catenin signalling
persists and regulates oligodendrocyte differentiation in the adult optic nerve. The
role of canonical Wnt/-catenin signalling in oligodendrocyte development is well
accepted, but the exact elements of Wnt signalling in the adult optic nerve are
unknown. These were analysed by qRT-PCR, using the RT2 profiler WNT signalling
pathway PCR array (Sabiosciences). Biological replicates were analysed by
comparing mean Ct values of each genes to the most stable house-keeping gene
Hsp90ab1. Genes presented are all statistically significant (p<0.05, t-test; n=12 optic
nerves for each experimental group run in triplicate).

By comparing the transcriptome of acutely isolated optic nerves with culture
control we identified a number of Wnt signalling molecules that are present in
acute nerves but lost in culture (Table 5.2). The endogenous Wnt signalling
pathways in the adult optic nerve are illustrated in Figure 5.2. Wnt3 signalling is a
major Wnt in the adult optic nerves, consistent with the results presented above
(Figure 5.1) and its known function in regulating brain development (Roelink, 2000).
However, the most abundant Wnt ligands were Wnt6 and Wnt16, which were lost
in control cultures (p<0.01) and have no clear function in the CNS. Also expressed
were Wnt10a, which has been shown in the developing zebrafish CNS (Kelly et al.,
1993), and Wnt2b, which has a role in olfactory bulb and optic cup development
(Ohta et al., 2011; Tsukiyama and Yamaguchi, 2012). Expression of Axin2 (also
known as Conductin) in the optic nerve is consistent with it being a key component
of canonical Wnt/ -catenin signalling, as is the case for LEF-1 and WIF-1, which are
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respectively the main target and modulator of the canonical Wnt/-catenin
pathway. The expression of Sox17 is notable because it was one of the most
expressed Wnt signalling target molecule in the optic nerve and is necessary for the
regulation of oligodendrogenesis, directly antagonising Wnt/ -catenin to suppress
cell proliferation and drive OPC maturation (Chew et al., 2011; Moll et al., 2013;
Sohn et al., 2006). In contrast, Prickle1 (Prk1) belongs to the molecules regulating
the noncanonical PCP pathway and is expressed in neurons and glia embryonically
(Liu et al., 2013; Okuda et al., 2007).

Culture conditions dramatically increased the expression of the WNT target Fosl1
(FOS-like antigen 1, including also known as Fra-1), which is implicated in regulating
cell proliferation and differentiation (Casalino et al., 2007) and has been shown to
regulate the expression of MMP9 and interact with SMAD2/3 (Das et al., 2012;
Sundqvist et al., 2013). Moreover, there was an upregulation of canonical signalling
molecules Wnt8a, which is essential for normal vertebrate development (Lindsley
et al., 2006), together with Wnt2 and Wnt7b, which have poorly defined functions
in the CNS, although Wnt2 may interact with PDGF signalling (Miller et al., 2012).
Wnt1 and WISP1 (Wnt1 inducible signalling pathway protein 1) were both
significantly upregulated in culture, and have been implicated in microglia (Shang et
al., 2012) and Wnt1 has an important developmental role in ventral midbrain
dopaminergic neurons (Moreno-Bravo et al., 2012). Similarly, upregulation of Myc is
consistent with its role in promoting OPC proliferation and inhibiting their
differentiation in mature oligodendrocytes (Magri et al., 2014), whereas Jun
expression is increased by PDGF administration in oligodendrocytes in vitro (Hart et
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al., 1992) and is implicated in reactive astrogliosis and the inflammation response
(Albanito et al., 2011). Foxn1 and Dab2 were also upregulated, but have no
reported function in glia, although Dab2 is implicated in CNS embryonic
development (Cheung et al., 2008).
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Table 5.2 Wnt-signalling transcripts in adult mouse optic nerve that were regulated
by organotypic culture for 3DIV. Data obtained by q-PCR analysis of 3 biological
replicates of Acutely isolated optic nerves compared to optic nerves cultured for
3DIV. Statistical analysis was performed by volcano plot (unrelated t-test P<0.05;
FC>2.0).
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Figure 5.2 Wnt signalling genes present in acutely isolated nerves and altered by
culture condition. A complement system pathway generated by IPA. Proteins with
increased expression are marked in red proteins with decreased expression are
marked in green. Further information on the IPA legend is shown in Figure 4.5.

138

5.2.3 Effects of lithium and Wnt3a on the Wnt signalling pathway
qRT-PCR was used to determine the effects of lithium and the Wnt3a agonist on
expression of Wnt pathway transcripts compared to control optic nerves (Table 5.3
and Figure 5.3); all nerves were maintained in culture, hence any differences
between the treatments is due to the effects of lithium or Wnt3a. A key feature was
that both lithium and Wnt3a down-regulated Wnt signalling (Figure 5.3), but to a
far greater degree in Wnt3a and the majority of elements differed between the two
treatments (Table 5.3). Notably, Wnt8a, which was upregulated by culture
(FC=+69), was completely rectified by Wnt3a (FC=-78), but only partly
downregulated by lithium (FC=-12). The other Wnt ligands were specific to one
treatment or the other: Wnt16, Wnt8b and Wnt5a in lithium, and Wnt2, Wnt4,
Wnt6, Wnt7b and Wnt9a in Wnt3a. Fewer Fzd receptors were altered, with Fzd2
being downregulated in both lithium and Wnt3a, whereas Fzd8 and Fzd9 were
downregulated specifically in Wnt3a. A major effect of lithium was on Sfrp2 and
Sfrp4, which are inhibitory to Wnt signalling and were not affected in control
culture, but were lost after lithium treatment. Notably, Wnt16 and Wif1 were
strongly expressed in acute nerves and were respectively ablated by lithium and
Wnt3a. Wnt signalling is proposed to negatively regulate oligodendrocyte
differentiation and so its downregulation in both lithium and Wnt3a is consistent
with both factors acting via this pathway to promote the observed
oligodendrogenesis in the adult optic nerve, although the specific mechanisms may
differ.
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Table 5.3 Wnt-signalling transcripts in adult mouse optic nerve that were regulated
by lithium and Wnt3a in organotypic culture for 3DIV. Data obtained by q-PCR
analysis of 3 biological replicates of Acutely isolated optic nerves compared to optic
nerves cultured for 3DIV. Statistical analysis was performed by volcano plot
(unrelated t-test P<0.05; FC>2.0).
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Figure 5.3 Wnt signalling genes altered by Lithium. A complement system pathway
generated by IPA. Proteins with increased expression are marked in red proteins
with decreased expression are marked in green. The IPA legend is shown in Figure
4.5.
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Figure 5.4 Wnt signalling genes altered by Wnt3a. A complement system pathway
generated by IPA. Proteins with increased expression are marked in red proteins
with decreased expression are marked in green. The IPA legend is shown in Figure
4.5.
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5.2.4 Key oligodendrocyte pathways regulated in lithium
The similar effects of Wnt3a and lithium are consistent with the latter being used as
a mimetic for canonical Wnt/-catenin signalling, due to its GSK3 inhibitory action.
However, lithium acts on multiple pathways that may regulate oligodendrogenesis,
and these were investigated by comparing the microarray datasets of lithium
compared to acute nerves (n=12 optic nerves for each experimental groups, run in
triplicate). Key interrelated pathways that were regulated by lithium were PTEN,
STAT, BMP and ID2/ID4.

5.2.4.1 PTEN signalling
Lithium dramatically altered the PTEN pathway (Figure 5.5), with the pathway
predictor software indicating an activation of PI3K/Akt. The most altered gene in
this pathway is P21Cip1, also known as Cdkn1a, which was one of the most
upregulated genes in lithium and inhibits cell proliferation and promotes cell
differentiation (Lin et al., 2007; Porlan et al., 2013). PTEN is a tumour suppressor
protein that is regulated by multiple signalling factors, including BMP (see below),
PDGF and IGF-1. PTEN antagonises the PI3K signalling pathway (Funamoto et al.,
2002) and deletion of PTEN results in the over-expression of Akt and its
downstream targets, such as mTOR, which leads to the regulation of cell growth
(Harrington et al., 2010). Furthermore, PTEN accumulation inhibits nuclear
translocation of cyclin D1, resulting in cell cycle arrest (Radu et al., 2003).
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5.2.4.2 STAT signalling
Lithium significantly altered multiple elements that are predicted to result in a
down-regulation of the STAT3 signalling pathway (Figure 5.6). STAT3 is activated by
a plethora of cytokines and growth factors, including BMP (see below), and a key
effect of lithium was on Myc, which was one of the most upregulated genes in
lithium and regulates cell cycle progression during oligodendrocyte progression
(Magri et al., 2014).

5.2.4.3 The BMP pathway
BMPs have been shown to play a critical role in cell fate determination in the
developing CNS, through the downstream effectors SMAD1/5/8 and STAT3 (Rajan
et al., 2003). Lithium exerted a powerful downregulation of Bmp4, Bmp5, Bmp7 and
Bmp15, whereas Bmp1 and Bmp2 were upregulated in both lithium and Wnt3a
(Figure 5.7). The key effects were on BMP4, which was significantly downregulated
in both lithium (FC>-12) and Wnt3a (FC>-8), and on BMP2, which was significantly
upregulated in both lithium (FC>3) and Wnt3a (FC>2) (Table 5.4). Moreover, the
BMP effectors Smad1/5/8 were upregulated, as were the downstream targets JUN
and CREB. The increased expression of CREB promoted by lithium is consistent with
that reported in the literature (Grimes and Jope, 2001a).
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5.2.4.4 ID2/4
HDACs are key regulators of Notch, Wnt and BMP signalling, acting to inhibit key
molecules, including Hes5, ID2/4, TCF4, Egr1 and Sox11 (Swiss et al., 2011). Notch1,
HDAC1/2, and TCF4 were unaltered in lithium and Wnt3a, whereas Sox11 and Hes5
were called absent or barely present in the optic nerve, and although Egr1 was
upregulated, this appeared to be a culture effect (Table 5.4). In contrast, lithium
strongly downregulated ID4 (p<0.05, ANOVA, Benjamini-Hoechberg FDR, FC>2.0),
but not ID2, whereas Wnt3a decreased both ID2 and ID4 (p<0.05, ANOVA,
Benjamini-Hoechberg FDR), although these were marginal effects (FC<1.5) (Table
5.4). YY1, which suppresses TCF4 and ID4 via HDAC1, was unaltered by treatments
(Table 5.4). The results suggest that Wnt and BMP signalling via ID2/4 may be
important in the divergent effects of lithium and Wnt3a on mature
oligodendrocytes.
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Figure 5.5 PTEN signalling genes altered by Lithium. A complement system
pathway generated by IPA. Proteins with increased expression are marked in red
proteins with decreased expression are marked in green. The IPA legend is shown in
Figure 4.5.
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Figure 5.6 Stat3 signalling genes altered by Lithium. A complement system pathway
generated by IPA. Proteins with increased expression are marked in red proteins
with decreased expression are marked in green. The IPA legend is shown in Figure
4.5.
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Figure 5.7 BMP signalling genes altered by Lithium. A complement system pathway
generated by IPA. Proteins with increased expression are marked in red proteins
with decreased expression are marked in green. The IPA legend is shown in Figure
4.5.
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5.2.5 Effects of lithium and Wnt3a on key oligodendrocyte genes
The main oligodendrocyte genes were not different (FC>1.5) between the
experimental groups (Table 5.4), and the key differences are illustrated in Figure
5.8. For example, myelin genes were equivalent in lithium and Wnt3a (e.g. MBP,
PLP1, CNPase, MOG, and MAG). Similarly, genes that define the oligodendrocyte
lineage - Sox10 and Olig2 – were not altered in lithium and Wnt3a (Table 5.4),
whereas genes that define OPCs - Pdgfra, Cspg4, and Nkx2.2 - were differentially
altered in lithium and Wnt3a; Cspg4 was not altered in either treatment, whereas
Nkx2.2 was downregulated in both, and notably Pdgfra was significantly and
specifically downregulated in lithium (FC>3). This key finding was confirmed by
western blot and qRT-PCR, which demonstrated an almost complete loss of
PDGFR in lithium (Figure 5.9A, B; n=12 optic nerves for each experimental group,
run in triplicate for the qRT-PCR and western blot), and also confirmed that Olig2
and Sox10 were unaltered (Figure 5.9C; n=12 optic nerves for each experimental
group, run once). A range of transcription factors that are important for
oligodendrocyte differentiation were unaltered by lithium and Wnt3a (e.g. Sox5,
Sox6, and Sox9), but both Olig1 and Sox17 were downregulated in both treatments
(FC>2.0). In addition, a number of growth factors and their receptors that regulate
oligodendrocyte differentiation were altered in lithium and Wnt3a, and notable
findings were the profound upregulation of Cxcl1 (FC>160 in lithium) and LIF (FC>50
in lithium), both of which were significantly greater in lithium than Wnt3a (Table
5.4). In addition, there was a downregulation of GPR17, which was greater in
lithium (FC>-13). Figure 5.8 illustrates the main oligodendrocyte genes altered by
lithium and Wnt3a, most of which were regulated in an equivalent manner, with
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the notable exceptions of Igf1, Bmp2, Lif and Cxl1, which were differentially
regulated.
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Table 5.4 Comparison of major oligodendrocyte genes in lithium and Wnt. Data
obtained by analysing the microarray datasets generated for acutely isolated optic
nerves, control, Lithium and Wnt3a treated for 3DIV. Statistical analysis was
performed as ANOVA followed by TukeyHSD post-hoc test. P values were FDR
corrected.
Gene Symbol
Cnp
Mag
Plp1
Mbp
Mobp
Mog
Ugt8a
Cspg4
Pdgfra
Pdgfa
Nkx2-2
Nkx6-2
Olig1
Olig2
Sox5
Sox6
Sox9
Sox10
Sox17
Fgf2
Egr1
Sox11
Fgfr1
Fgfr2
Fgfr3
Igf1
Igf1r
Lif
Lifr
Cxcl1
Cxcl12
Cxcr2
Cxcr4
Notch1
Yy1
Tcf4
Hdac1
Hdac2
Bmp2
Bmp4
Id2
Id4
Lef1
Gpr17
Ccnd1
Cdk2
Cdk4
Cdk6

Acute
1302
940
2298
2977
2939
2007
1813
62
576
290
231
363
689
307
19
185
578
958
26
10
517
5
177
1212
144
37
243
8
8
9
370
1
348
373
674
800
309
190
123
172
549
396
106
221
1189
31
314
23

Control
1302
690
1700
2343
2292
1244
999
13
522
356
178
228
245
171
13
177
820
640
14
16
1086
15
129
658
162
82
153
306
17
883
261
2
252
395
804
712
331
248
440
22
759
259
60
30
1250
28
535
59

Lithium
1371
569
1807
2470
2531
1268
954
68
182
428
149
289
260
297
17
192
825
678
9
10
1031
8
250
718
99
29
98
411
18
1500
58
2
182
376
766
618
293
237
426
14
643
130
24
17
1321
26
442
40

Wnt3a
1975
746
1889
1996
2398
1402
982
79
375
373
113
346
337
204
13
256
583
1005
13
14
1040
4
418
646
182
165
61
115
29
670
154
2
141
300
593
512
335
158
262
21
560
225
20
28
1186
10
423
50
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Figure 5.8 Comparison of major oligodendrocyte genes that are markedly altered in
lithium and Wnt. Data obtained by analysing the microarray datasets generated for
acutely isolated optic nerves, control, Lithium and Wnt3a treated for 3DIV.
Statistical analysis was performed as ANOVA followed by TukeyHSD post-hoc test. P
values were FDR corrected.
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Figure 5.9 Expression of common oligodendrocyte markers. Relative quantification
(q-PCR) of the expression of Pdgfra in acutely isolated optic nerves, control and
Lithium (A). q-PCR data illustrate the general decline of Pdgfra transcript level in
culture condition. (B) Proteomic analysis confirms a general decline of PDGFR-a
level at 2DIV concomitant with the biological effect observed in Lithium treated
optic nerves. Olig2 and Sox-10 indicates that the expression of oligodendrocyte
lineage cells markers is preserved.
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5.3 DISCUSSION
Wnt signalling is a potent negative regulator of oligodendrocyte differentiation and
myelination in the developing brain (Azim and Butt, 2011; Fancy et al., 2009). A key
finding of this section was that Wnt signalling persists in the adult optic nerve and
regulates oligodendrogenesis. Both lithium and Wnt3a increased oligodendrocytes
in the adult optic nerve, which contrasts with the developing CNS, where Wnt
inhibits oligodendrocyte differentiation (Azim and Butt, 2011; Fancy et al., 2009),
indicating an important difference in Wnt signalling between adult and postnatal
OPCs. A major effect of lithium and Wnt3a was to downregulate multiple aspects of
Wnt signalling, including Wnt8a and Fzd2, which were amongst the most highly
regulated Wnt ligands and receptors in both groups. In addition, differential effects
were identified, such as Wnt16, which was the most strongly regulated in lithium. A
key target of lithium treatment was downregulation of BMP and ID4 signalling,
which are potent negative regulators of oligodendrocyte differentiation and
myelination. Moreover, lithium specifically resulted in a marked loss of the OPC
marker PDGFR, but not SOX-10 or OLIG2, suggesting the increase in
oligodendrocytes in lithium may have depleted the pool of OPCs. In general, lithium
and Wnt3 altered similar pathways that negatively and positively regulate
oligodendrocyte differentiation, notable exceptions being Igf1, Bmp2, Lif and Cxl1,
which were differentially altered in lithium and Wnt3a, and may underlie
differences in their effects on mature oligodendrocytes.
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5.3.1 Canonical Wnt/-catenin promotes oligodendrogenesis in adult optic nerve
Lithium and Wnt3a equally increased oligodendrocyte lineage cells expressing the
SOX-10 reporter, which comprise OPC and mature oligodendrocytes. Lithium also
doubled cells expressing the PLP1 reporter, which are considered to be mature
oligodendrocytes, whereas Wnt3a did not significantly alter the numbers of these
cells. The effects of lithium are equivalent to those reported during development
and are consistent with its GSK3 inhibitory effects (Azim and Butt, 2011). However,
in the adult nerve the loss of PDGFR in lithium indicates the pool of adult OPCs
was depleted by generating new oligodendrocytes, whereas this was not observed
in the developing forebrain, where the SVZ provides a renewable source of OPCs
under the control of Wnt and other factors (Azim et al., 2014a; Azim et al., 2014b).
In contrast to lithium, Wnt has differential effects on the developing and adult
nerve.

In

the

postnatal

nerve,

there

was

ongoing

differentiation

of

oligodendrocytes from a large population of OPCs, and Wnt increased the
proliferation of Sox10+ OPCs, but inhibited their differentiation into PLP+
oligodendrocytes (Azim and Butt, 2011; Azim et al., 2014b). The results of this
section indicate Wnt increased OPCs as it does during development, but did not
inhibit their differentiation into oligodendrocytes, which were also increased, not
significantly different from lithium, albeit not significantly different to controls
either. The concentration of Wnt3a used in this study was based on that used
previously (Azim and Butt, 2011; Feigenson et al., 2011), but further experiments
are required to determine whether the differences between lithium and Wnt3a are
concentration-dependent. In addition, this section identified multiple Wnt ligands
and Fzd receptors are active in the optic nerve in addition to Wnt3a, which merits
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further examination. Nonetheless, OPCs are the source of oligodendrocytes in both
the developing and adult optic nerve, hence the effects of Wnt3a to respectively
increase and decrease PLP+ oligodendrocytes in the adult and postnatal nerves
indicates a fundamental difference in Wnt signalling in adult and postnatal OPCs.
Moreover, lithium and Wnt3a differentially altered elements of FGF-2 and BMP
signalling, which can modify the response of precursor cells to Wnt (Duncan et al.,
2005; Feigenson et al., 2011; Israsena et al., 2004; Jamora et al., 2003). Thus, the
interplay between these different pathways may underlie the differential effects of
lithium and Wnt3 on oligodendrocytes in the adult and postnatal nerves and merits
further study.

5.3.2 Wnt signalling persists in the adult optic nerve
Microarray and qRT-PCR analysis of the transcriptome of acutely isolated optic
nerves compared to cultured nerves identified the expression of diverse Wntrelated genes that have never previously been reported in the adult optic nerve.
The Wnt superfamily consists of at least 19 secreted glycoproteins that act via a
number of membrane-spanning FZD receptors to activate either the ‘canonical’
Wnt/ -catenin pathway or the ‘non canonical’

-catenin independent pathway

(Malaterre et al., 2007). In the canonical pathway, Wnt signalling inhibits GSK3,
which allows the nuclear translocation of non-ubiquitinated

-catenin to the

nucleus, where it interacts with TCF/LEF transcription factors to regulate
proliferation and differentiation during oligodendrocyte development (Adachi et al.,
2007; Azim and Butt, 2011; Azim et al., 2014a; Fancy et al., 2009). The ‘non
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canonical Wnt/calcium pathway’ is involved in the mobilization of intracellular
calcium, although its downstream targets are poorly understood (Saneyoshi et al.,
2002; Sheldahl et al., 2003), whereas the ‘non canonical planar polarity pathway’
involves the regulation of cell polarity. In addition, there is complex regulation of
Wnt signalling, such as by the secreted inhibitory frizzled receptor proteins (SFRPs),
Wnt inhibitory factor 1 (WIF-1) and Dickkopf WNT signalling pathway inhibitor
(DKK) proteins. Many of these elements were identified in the adult optic nerve and
indicated specific mechanisms of Wnt signalling are active in the nerve, presumably
acting as signalling molecules between glia and other cellular elements, such as the
vasculature.

Expression of Wnt3 amongst the top 10 Wnt genes in the optic nerve is consistent
with the effects of Wnt3a on oligodendrocytes and has been shown to regulate
oligodendrocyte

differentiation

and

neurogenesis,

without

inhibiting

cell

differentiation (David et al., 2010; Feigenson et al., 2011; Langseth et al., 2010;
Roelink, 2000). However, the most highly expressed Wnt ligand in the nerve was
Wnt6, which has no reported function in the CNS or glia. However, Wnt6 has been
shown to regulate macrophage polarisation toward an M2 phenotype in lungs
(Schaale et al., 2013), and therefore may play similar role in optic nerve microglia,
which display a M2 phenotype (Section 4). In addition, ectopic expression of Wnt6
induces embryonic epithelialisation (Krawetz and Kelly, 2008; Schmidt et al., 2004),
suggesting it may be important in remodelling glia. Another notable observation
was the expression of Wnt16, which has been shown to be expressed in the brain,
but its function in the CNS is unresolved (McWhirter et al., 1999; Nygren et al.,
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2009). Outside the CNS, Wnt16 inhibits osteoblast differentiation, while promoting
keratinogenesis (Jiang et al., 2002; Teh et al., 2007), which has a resonance with the
microarray findings in Section 4, which identified a hitherto unrecognised
expression of genes associated with osteobalst differentiation and keratinogenesis
in the adult optic nerve. Similarly, Wnt10a has not been reported in the mammalian
CNS, but is expressed in the developing CNS of zebrafish (Kelly et al., 1993), and in
mammals has been reported in epidermis, liver and kidney and regulates
adipogenesis of mesenchymal cells in vitro (Cawthorn et al.; Kirikoshi et al., 2001;
Wang and Shackleford, 1996). Notably, Wnt2b and its receptor Fzd4 have not been
reported in the optic nerve previously, but are expressed in the optic cup and
olfactory bulb where they have a potential role in differentiation (Tsukiyama and
Yamaguchi, 2012).

A number of different targets of canonical and non-canonical Wnt signalling were
identfiied in the optic nerve. The expression of LEF-1 is consistent with its role as a
target for canonical Wnt/-catenin signalling in oligodenrogenesis (Azim et al.,
2014a; Fancy et al., 2014) and its function in regulating proliferation of stem cells
and endothelial cells (Huang and Qin, 2010; Jamora et al., 2003; Petersson et al.,
2011). Axin2 (also known as Conductin) is another component of canonical Wnt/ catenin signalling and has recently been shown to be important for myelination and
remyelination in vivo (Fancy et al., 2011), as well as maintenance of adult NSC
(Bowman et al., 2013; Yan et al., 2009). We also identified expression of a class of
molecules known to regulate Wnt signalling, including Sox17 and Wif1. Sox17
antagonises Wnt/ -catenin directly to suppress proliferation of OPCs and drive
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their maturation into myelinating oligodendrocytes (Chew et al., 2011; Moll et al.,
2013; Sohn et al., 2006). Sox17 was downregulated in culture and may in part be
related to the observed decrease in oligodendrocytes in control cultured nerves
(Section 3). Wif1 is another important inhibitor of Wnt signalling that is regulated
by SMAD1 and its upstream activator BMP (Hu et al., 2008; Xu et al., 2011), both of
which are regulated by lithium (see below). In contrast, Prickle-1 belongs to the
molecules involved in the noncanonical PCP pathway, and is involved in axonal
maturation and morphogenesis in the developing brain and retina (Liu et al., 2013).

The data demonstrate the activity of both canonical and noncanonical Wnt
signalling, many aspects of which were downregulated in culture. However, culture
conditions dramatically increased the expression of the Wnt target Fosl1 (also
known as Fra-1), which is implicated in regulating cell proliferation and
differentiation (Casalino et al., 2007) and has been shown to regulate the
expression of MMP9 and interact with SMAD2/3 (Das et al., 2012; Sundqvist et al.,
2013). In addition, there was an upregulation of Wnt8a, which is essential for
normal vertebrate development (Lindsley et al., 2006), together with Wnt2, Wnt7b
and Wnt1. Wnt2 and Wnt7b interact with PDGF to regulate the development of
endodermal organs (Miller et al., 2012), suggesting they may have a similar role in
OPCs. Furthermore, Wnt2 modulates the stabilisation and localisation of -catenin
in adherens junctions (Wang et al., 2013), consistent with a structural function for
Wnt2/-catenin signalling. In contrast, Myc has a known function in OPCs and
promotes their proliferation and inhibit their differentiation (Magri et al., 2014),
suggesting upregulation of Myc in culture may be important in the decreased
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capacity for OPCs to generate oligodendrocytes. C-Jun expression is increased by
PDGF administration in oligodendrocytes in vitro (Hart et al., 1992), and has been
implicated with reactive astrogliosis and inflammation response in the cerebellum
(Albanito et al., 2011).

5.3.3 Wnt signalling is a key target of lithium and Wnt3a in the adult optic nerve

Microarray and qRT-PCR demonstrated that treatment with lithium and Wnt3a
generally downregulated Wnt signalling in the adult optic nerve. This may seem
counterintuitive, since lithium and Wnt3a activate canonical Wnt/-catenin
signalling, but the results are consistent with negative feedback mechanisms
preventing long-term Wnt activation (Ueno et al., 2007). Interestingly, this was not
related to an activation of known negative regulators of Wnts, such as the Sfrp2
and 4, which were ablated by lithium, and Wif1, which was strongly expressed in
acute nerves and ablated by Wnt3a. Notably, Wnt16 was specifically
downregulated in lithium, whereas Wnt8a was upregulated by culture and
downregulated by both lithium and Wnt3a, although the effect of Wnt3a was
greater. As noted above, Wnt16 and Wnt8a have no reported function in the brain
or in glia, although Wnt8a is involved in embryonic neural development (Erter et al.,
2001; Fear et al., 2000). In addition, Fzd2 was downregulated in both lithium and
Wnt3a, whereas the ligand Wnt5a was specifically downregulated by lithium.
Wnt5a/Fzd2 are downregulated in many neurodegenerative diseases, including ALS
(Li et al., 2013). In the optic nerve, Wnt3a generally decreased expression of more
Wnt ligands and Fzd receptors than lithium, specifically Wnt2, Wnt4, Wnt6, Wnt7b,
Wnt9a, Fzd8 and Fzd9; with the exception of Wnt2, none of these have not been
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noted in glia and have no clear functions in the adult CNS. Interestingly, Wnt2 is a
reported target of antidepressants (Okamoto et al., 2010), but has not been noted
in glia. Notwithstanding these uncertainties, the downregulation of Wnt signalling
in lithium and Wnt3a is consistent with both factors acting via this pathway to
promote the observed oligodendrogenesis in the adult optic nerve, as it does in the
developing forebrain (Azim et al., 2014a; Azim et al., 2014b), although the specific
mechanisms may differ.

5.3.4 Lithium alters PTEN and STAT signalling
In addition to Wnt signalling, IPA analysis highlighted a number of pathways that
may underlie the profound effect of lithium on increasing oligodendrocytes in the
adult nerve and can be tested pharmacologically and genetically in future studies.
Lithium significantly altered the PTEN and STAT pathways compared to acutely
dissected nerves. PTEN is a tumour suppressor gene that is tightly regulated by
BMP, PDGF and IGF-1, which were also altered by lithium. PTEN acts by
counteracting the PI3K pathway (Funamoto et al., 2002) and genetic deletion of
PTEN in oligodendrocytes results in over activation of Akt and its downstream
target mTOR, which leads to increased cell growth (Flores et al., 2008; Harrington et
al., 2010; Narayanan et al., 2009). Our results indicate that lithium activated the
PI3k-Akt pathway without decreasing Pten levels. Furthermore, PTEN accumulation
inhibits nuclear translocation of cyclin D1 resulting in cell cycle arrest (Radu et al.,
2003). Lithium also altered the STAT pathway, which like PTEN is regulated by BMP.
STAT3 has been shown to be an important regulator of astrogliosis after injury
161

(Herrmann et al., 2008). Moreover, STAT3 conditional knock out in astrocytes had
deleterious effects on myelination, suggesting it mediates interplay between
astrocytes and oligodendrocytes, possibly involving BMP (Nobuta et al., 2012). A
recent study showed that lithium directly inhibits STAT3 expression in NSC during
development through a GSK-independent pathway (Zhu et al., 2011b). We also
identified that lithium treatment increased Cdkn1a (also known as P21) and Myc,
downstream targets of PTEN and STAT. Cdkn1a has been shown to provide
apoptosis resistance, inhibit cell proliferation and promote cell differentiation (Lin
et al., 2007; Porlan et al., 2013). Cdkn1a and Myc were the most up-regulated
genes in our analysis further indicating an effect of lithium on PTEN and STAT
pathways, which would provide a potential mechanism by which lithium increases
oligodendrocytes in the optic nerve.

162

5.3.5 BMP and ID4 signalling are downregulated in lithium
The results indicate BMP signalling is prominent in the adult optic nerve and that a
major effect of lithium is to directly or indirectly decrease the expression of BMP-4,
-5, -7 and -15, but not BMP-1 or -2. BMPs play a critical role in cell fate
determination in the developing CNS through the crosstalk between the
downstream effectors Smad1/5/8 and STAT3 (Rajan et al., 2003). CREB is a
downstream target of BMP signalling and was upregulated in lithium, which is
consistent with findings in the postnatal optic nerve (Azim and Butt, 2011; Grimes
and Jope, 2001a) and evidence that CREB promotes myelination, as well as axonal
growth (Afshari et al., 2001; Gao et al., 2004). In particular, lithium strongly
downregulated BMP-4, which acts via ID4 to inhibit oligodendrogenesis and
myelination by complexing with OLIG1 and OLIG2 (Samanta and Kessler, 2004; Wu
et al., 2012). Like BMP-4, lithium downregulated ID4 and decreased levels of ID4
have been shown to enhance oligodendrocyte differentiation (Samanta and Kessler,
2004).

Wnt and BMP regulate HDAC expression to inhibit oligodendrocyte differentiation
and promote the expansion of OPC population during development (MarinHusstege et al., 2002; Ye et al., 2009). The canonical Wnt/-catenin pathway
increases proliferation in OPCs by promoting cell cycle re-entry and inhibits their
differentiation during development by increased expression of ID2/4 (Swiss et al.,
2011). When Wnt/-catenin is activated, ID2/4 is phosphorylated, resulting in a
cascade of events that initiates OPC proliferation (Chen et al., 2012a). ID2/4 directly
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interacts with Olig1/2 and inhibits Cdkn1a expression (Chen et al., 2012b; Samanta
and Kessler, 2004). ID4 is essential in OPCs, whereas ID2 is less so (Chen et al.,
2012a; Kondo and Raff, 2000; Samanta and Kessler, 2004), which is consistent with
the effects of lithium, which strongly decreased ID4 but not ID2. In addition, Olig1
was downregulated in lithium and Wnt3a, whereas Olig2 was maintained, which
supports a recent study showing that Olig2 is essential for oligodendrocyte
differentiation, whereas Olig1 plays a minor role and is non-essential (Paes de Faria
et al., 2014). Overall, the results provide evidence that lithium represses inhibition
of OPC differentiation to promote the expansion of oligodendrocytes in adult as it
does in development (Azim and Butt, 2011). Furthermore, Wnt3a had a marginal
effect on ID4, suggesting a further difference in the actions of lithium and Wnt3a
that may be important in their effects on mature PLP+ oligodendrocytes.

5.4 SUMMARY AND CONCLUSIONS
This section shows that lithium and Wnt3a act in a similar manner to increase
oligodendrocytes in the adult optic nerve. Comparison of the effects of lithium and
Wnt3a on optic nerve genes and pathways strongly suggests that lithium is acting
primarily as a Wnt mimetic to downregulate Wnt and BMP signalling, which are
potent negative regulators of oligodendrocyte differentiation, acting at least in part
via ID4. However, lithium was more potent than Wnt3a in mature PLP+
oligodendrocytes, and a number of possible targets were identified that may
underlie this differential effect. Notably, Cxcl1 and LIF, which are expressed by
astrocytes and stimulate myelination (Kadi et al., 2006; Ishibashi et al., 2009), were
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most highly upregulated in lithium compared to Wnt3a, and barely detectable in
acute nerves. In comparison, IGF1, which is a key regulator of oligodendrocyte
differentiation and myelination, was most upregulated in Wnt3a. These results
identify a number of signalling pathways that are expressed in the adult optic nerve
and are regulated by lithium/Wnt. Further studies are required to identify the
specific cell types expressing the various ligands, receptors and intracellular targets,
using immunohistochemistry, in situ hybridization and possibly single cell RT-PCR,
together with genetic and pharmacological approaches to determine their functions
in regulating oligodendrocyte differentiation in the adult optic nerve.
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Section 6

Lithium and Wnt differentially
regulate astrogliogenesis in the
adult mouse optic nerve
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6.1 INTRODUCTION AND AIMS
In Sections 3, I demonstrated a striking effect of lithium on astrogliosis, which is the
classic astrocyte response to any CNS insult. Reactive astrocytes participate in the
formation of the glial scar that protects underlying tissue from the site of damage,
but is an inhibitory chemicophysical barrier to axon growth and is a primary reason
why CNS axons do not regenerate (Barnett and Linington, 2013; Eddleston and
Mucke, 1993; Sandvig et al., 2004; Sofroniew, 2009). Lithium has been shown to
induce astrogliogenesis in vivo and to reduce the response to LPS induced
inflammation (Beurel and Jope, 2010; Jope et al., 2007; Rocha et al., 1998). The
mechanisms by which lithium regulates astrogliosis are unclear, but Section 5
identified multiple aspects of Wnt signalling that persist in acute nerves that are
regulated by lithium in oligodendrocytes, consistent with the GSK3 inhibitory action
of lithium (Detera-Wadleigh, 2001; Williams and Harwood, 2000). Wnt signalling is
implicated in reactive astrocytes in a number of pathologies, including injury, PD,
ALS, AD and autism (Chen et al., 2012b; Gonzalez-Fernandez et al., 2013; L'Episcopo
et al., 2011; Miyashita et al., 2009; Toledo and Inestrosa, 2009), and regulates
astrocyte differentiation from NSC during development (Cai et al., 2006; Coyle-Rink
et al., 2002; Kalani et al., 2008; Kasai et al., 2005). Therefore, the aim of this section
was to compare the effects of lithium and Wnt on astrocytes and examine their
mechanisms of action in the adult optic nerve.
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6.2 RESULTS
6.2.1 Lithium and Wnt3a induce astrogliogenesis in the adult optic nerve
The effects of lithium and activation of the canonical Wnt/-catenin pathway were
compared directly using the Wnt3a agonist in adult optic nerves maintained in
organotypic culture ex vivo for 3DIV, as described in Section 3. After 3DIV,
compared to control cultures (Figure 6.1A), lithium induced a marked astrogliosis
compared to controls (Fig. 6.1B; p<0.001 ANOVA, and post-hoc Bonferroni tests), as
reported in Section 3. Wnt3a also resulted in a significant increase in astrocytes
compared to control (Figure 6C; p<0.001 ANOVA, and post-hoc Bonferroni tests),
but significantly less than observed in lithium (Figure 6.1D; p<0.01 ANOVA, and
post-hoc Bonferroni tests).
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Figure 6.1 Effects of lithium and Wnt3a on astrocytes in the adult optic nerve. (A-C)
Representative confocal images of optic nerves from GFAP-EGFP mice maintained
in culture for 3DIV in control medium (A), lithium (B) or Wnt3a (C), as indicated;
scale bar in C = 20 m in all panels. (D) Histogram of mean (+SEM) cell counts per
constant FOV; tested for significance ANOVA followed by Bonferroni post-hoc test.
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6.2.2 Lithium and Wnt3a have divergent effects on astrocyte morphology
Astrocytes in the adult optic nerve have heterogeneous morphologies (Figure 6.2),
but can be broadly classified into two morphological phenotypes – ‘stellate’ process
arborisation (Figure 6.2, large arrow) and ‘transverse’ orientation (Figure 6.2, small
arrow), as characterised in detail previously (Butt et al., 1994a; Butt et al., 1994b).
A key finding is that lithium and Wnt3a had divergent morphogenic effects on
astrocytes (Figure 6.3). In control culture, astrocytes maintained their characteristic
stellate and transverse phenotypes (Figure 6.3A, B). In comparison, Wnt3a induced
the generation of astrocytes with a ‘simple’ stellate morphology (Figure 6.3C),
together with transverse astrocytes with three or more long smooth processes
(Figure 6.3D). Notably, the stellate astrocytes in Wnt3a were distinct from those in
control nerves and had short, fine bifurcating processes that extended for a short
distance from a centrally located cell body (Figures 6.3C and 6.4Bi). In contrast,
lithium induced the generation of astrocytes with a distinct bipolar morphology,
extending long, fine processes that were smooth and rarely branched, and
traversed the radius of the optic nerve (Figures 6.3E and 6.4Ai). In addition,
transverse and stellate astrocytes in lithium and Wnt3a formed distinct clones
(Figure 6.3D, inset, and 6.3F), consistent with clonal proliferation observed in vivo
(Bardehle et al., 2013). Clones were rarely observed in control and acute nerves,
where astrocytes had discrete domains (Figures 6.2 and 6.3A, B). Cell counts
confirmed that compared to control, lithium (p<0.001, ANOVA, Bonferroni) and
Wnt3a (p<0.01, ANOVA, Bonferroni) significantly increased transverse astrocytes,
but not the number of stellate astrocytes (Figure 6.3G).
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Figure 6.2 Astrocyte morphology in the adult optic nerve from GFAP-EGFP mice.
Astrocytes displayed stellate and transversely oriented process arborisations. Inset
illustrates the typical branching processes. Scale bars = 20 m.
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Figure 6.3 Effects of Wnt3a and lithium on astrocyte morphology in the adult optic nerve.
(A-F) Representative confocal images of optic nerves astrocytes maintained in culture for
3DIV in Control (A, B), Wnt3a (C, D) or Lithium (E, F) from GFAP-EGFP mice, as indicated.
Astrocytes appeared as clones in Wnt3a (inset in D) and lithium (F), but not controls (B).
Scale bar = 20 m. (G) Histogram of mean (+SEM) cell counts per constant FOV of
astrocytes with stellate and transverse morphology, tested for significance by ANOVA
followed by Bonferroni post-hoc test; **p<0.01, ***p<0.001.

6.2.3 Analysis of astrocyte genes altered in lithium and Wnt3a
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Although lithium and Wnt3a both induced astrogliosis, lithium- and Wnt3aastrocytes appeared markedly different (Figure 6.4Ai, Bi), indicating that they acted
via divergent mechanisms. To characterize the transcript profile of lithium- and
Wnt3a-astrocytes, we compared the transcriptome obtained for control, lithium
and Wnt3a with the database of genes whose expression is enriched in astrocytes
(Cahoy et al., 2008). Approximately 90% of astrocyte entities were expressed in the
treatment groups (4790 in Wnt3a and 4800 in lithium), with 95 and 80 entities
being found in lithium or Wnt3a, but not controls (Figure 6.4Aii, Bii). Statistical
analysis was performed on datasets obtained by Volcano Plot (p<0.05, moderated ttest and Benjamini-Hoechberg FDR), in which genes were filtered for FC>2.0 and
absolute value E>200, which indicated that more entities were downregulated than
upregulated in both treatments, and the effect was more marked in lithium (Figure
6.4 Aiii, Biii). One approach to examine the divergent effects of lithium and Wnt3a
on astrocytes would be to focus on the genes that are differentially regulated.
However, such an analysis would miss key genes, since the differences between the
treatment groups were not absolute, whereby stellate and transverse astrocytes
were found to a greater or lesser extent in all groups (Figures 6.2 and 6.3); indeed,
only 16 entities differentially regulated in lithium and Wnt3a had FC>2.0/E>200,
and all of these were FC<2.04 and appeared undistinguished (not illustrated). The
most informative approach is to compare all genes within the astrocyte database in
each treatment group as illustrated in the Volcano plots (Figure 6.4 Aiii, Biii).
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Ai

Figure 6.4 Astrocyte transcripts altered by Wnt3a and lithium. Photomicrographs (left panels) illustrate that lithium (Ai) and Wnt3a
(Bi) induce the development of divergent astrocyte morphological phenotypes. Venn diagrams (middle panels) illustrate the astrocyte
genes enriched in lithium (Aii) and Wnt3a (Bii), compared to control culture, using a generally adopted astrocyte database (Cahoy et
al., 2008). Entities were selectively filtered by Volcano Plot (right panels) to illustrate altered genes with FC>2.0 (p<0.05, moderated ttest Benjamini-Hoechberg FDR) in lithium (Aiii) and Wnt3a (Biii).
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6.2.4 Astrocyte genes commonly regulated in both lithium and Wnt3a
Analysis of the top astrocyte entities regulated by Wnt3a or lithium (filtered for
FC>2.0 and E>200) identified Gas1 (growth arrest-specific 1) as being regulated by
both lithium and Wnt3a (Table 6.1). Gas1 was strongly expressed in acute nerves
and was not markedly altered in control culture, but was downregulated in both
lithium and Wnt3a (E<<200) by >4-fold compared to acute nerves. This is of interest
because Gas1 is abundant in astrocytes and blocks the effects of growth factors to
induce cell-cycle arrest (Zarco et al., 2013). The downregulation of Gas1 in both
lithium and Wnt3a indicates it is a common mechanism by which lithium and
Wnt3a act via canonical Wnt/-catenin signalling to promote astrogliogenesis. In
comparison, the remaining top regulated genes in lithium and Wnt3a were specific
for one or either treatment and, as noted above, lithium generally induced a
greater FC than Wnt3a.

Table 6.1 Astrocyte genes most statistically altered both by lithium and Wnt3a (FC>2.0
control vs lithium; p(Corr)5.4E-04).

Gene
Symbol

Gas1

Acute Cont
FC
FC
FC
FC
FC
FC
(E)
(E)
Wnt
Lithium
Acute Lithium Wnt Lithium
Vs.
vs.
vs.
vs.
vs.
vs.
Wnt
Control Acute Acute Control Control
1.48
-5.81
-4.00
-3.93
-2.71
-1.45
406
279

Lith
(E)

Wnt
(E)

70

103
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6.2.5 Specific effects of Wnt3a on astrocyte genes
The top astrocyte genes regulated by Wnt3a are given in Table 6.2, and a few stand
out as being differentially regulated in Wnt3a and lithium, suggesting they may be
key factors in the different morphogenic effects of lithium and Wnt3a on
astrocytes. Significant features were that two of the top 20 genes regulated by
Wnt3a were involved in regulating planar cell polarity (Ctnnd1 and Cpne1), and a
further two in phosphoinositide metabolism (Pld2 and Plcd4). Ctnnd1 (catenin
(cadherin associated protein) delta 1) and Cpne1 (Copine-1) were downregulated in
Wnt3a, but not lithium. Pld2 (Phospholipase D2) and Plcd4 (Phospholipase C, delta
4) were upregulated in Wnt3a, but downregulated in lithium. In addition, Mertk (Cmer proto-oncogene tyrosine kinase) was upregulated in Wnt3a alone, higher than
lithium and control levels, and is a receptor tyrosine kinase for the ligand growth
arrest-specific protein 6 (Gas6), which is increased in astrocytes in MS lesions
(Weinger et al., 2009). Vcam1 (Vascular cell adhesion molecule-1) was upregulated
in culture and rectified by Wnt3a, and to a lesser extent lithium, and is of interest
because it acts as an environmental sensor in the SVZ and disruption of VCAM1 in
vivo causes proliferation and depletion of the normally quiescent astrocyte-like
NSC, or Type B cells (Kokovay et al., 2012). Most of the remaining genes have been
discussed elsewhere, e.g. P2rx7, Id2, and Fzd7, or did not stand out as having major
importance in generating novel astrocytes in Wnt3a, because they were expressed
at equivalent levels in acute and Wnt3a nerves, e.g. Bcl10, Masp1, Ugdh, Psph, Mcc,
B4galt7, Tor1aip2, and Hmgb2.
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Table 6.2 Astrocyte genes most significantly altered in Wnt3a.
Gene
Symbol
Ctnnd1
Cpne1
Gas1
P2rx7
Serpinh1
Bcl10
Id2
Plcd4
Pld2
Masp1
Ugdh
Psph
Mcc
B4galt7
Fzd7
Tor1aip2
Vcam1
Hmgb2
Mertk
Plxnb1

p (Corr)
0.031135
0.01217
5.34E-04
0.030018
0.004924
0.02998
0.021669
0.006015
0.005209
0.019958
0.004007
7.27E-04
0.034056
0.014986
0.020264
0.023708
4.14E-05
5.48E-04
0.016806
0.009361

FC Wnt
vs. Acute
-2.35
-1.56
-4.00
-2.23
-1.27
-1.42
-1.02
1.26
1.36
1.18
-1.08
-1.17
-1.60
1.24
-1.37
-1.12
3.96
2.27
1.97
-1.08

FC Wnt vs.
Control
-2.80
-2.79
-2.71
-2.68
-2.59
-2.51
-2.38
2.37
2.36
2.30
-2.29
-2.27
-2.22
-2.21
-2.19
-2.13
-2.09
-2.07
2.05
2.05

Acute
(E)
355
132
406
250
268
227
188
225
180
172
275
126
145
114
345
136
55
62
130
308

Control Lithium
(E)
(E)
431
390
240
194
279
70
306
278
559
457
409
405
448
344
122
94
106
89
90
126
591
317
249
461
204
149
317
218
561
293
265
244
461
339
295
150
127
138
142
163

Wnt
(E)
153
86
103
114
215
162
187
288
248
205
257
109
91
143
255
124
220
142
259
290
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6.2.6 Specific effects of lithium on astrocyte genes
As noted above, astrocyte genes regulated by lithium were altered to a far greater
extent than in Wnt3a (Table 6.3). Notably, the top 3 were also identified in Section
4 as the genes most altered by lithium overall, namely Car3, Lox and Cdsn (Table
6.3); Car3 and Cdsn were barely present in acute nerves (E<50) and were
upregulated over 20-fold in lithium, whereas Lox was strongly expressed in acute
nerves and almost completely abolished in lithium. Moreover, these effects were
specific to lithium and were not observed in controls or Wnt3a (Table 6.3). Of the
remaining genes, most were similarly expressed in lithium and two or more of the
other groups, such as Hhatl and Alcam, and brief examination in the literature
suggests they may not be key factors in the generation of novel transverse
astrocytes in lithium. However, a number stood out.

Klf4 (Kruppel-like factor 4) is upregulated in lithium and downregulated in Wnt3a,
so may be important in their divergent effects on astrocytes. Klf4 is upregulated in
astrocytes following ischemic injury (Park et al., 2014), and its expression, together
with c-myc or Oct4, results in the reprogramming of somatic cells into pluripotent
stem cells (Kim et al., 2009a; Kim et al., 2009b; Kim et al., 2008).

Gpr56 (G-protein coupled receptor 56) is upregulated in lithium and is involved in
cell adhesion and cell-cell interactions, specifically in the maintenance of the pial
basement membrane integrity and regulating NP migration (Singer et al., 2012).
GPR56 is present in abundance in radial glial endfeet and loss of Gpr56 in mice
results in a defective pial basement membrane (BM) and neuronal ectopia in the
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cerebral cortex, and in humans to a specific human brain malformation called
bilateral frontoparietal polymicrogyria (BFPP) (Jin et al., 2009b; Li et al., 2008).

Per1 (Period1) is a clock gene that is upregulated in lithium and is associated with
the regulation of neuroinflammation through the NF-kB-JNK-IL-6 pathway in
astrocytes (Sugimoto et al., 2014). Interestingly, daily rhythms of Per1 and other
clock genes regulate circadian ATP release in astrocytes (Marpegan et al., 2011),
and ATP signalling is a prominent feature of optic nerve astrocytes (Hamilton et al.,
2008).

Fstl1 (Follistatin-like 1) is downregulated in lithium and is involved in the inhibition
of BMP signalling (Xu et al., 2012).

Pacrg (Parkin Co-Regulated Gene) was upregulated in lithium, but not Wnt3a,
completely rectifying the downregulation observed in controls to recover acute
levels, and stands out because it is expressed by ependymal glia (Wilson et al.,
2010).

Cntf (ciliary neurotrophic factor) is of interest because it is an astrocyte-derived
factor that has multiple autocrine and paracrine effects. CNTF and its receptors are
constitutively expressed in astrocytes (Dallner et al., 2002) and promotes
astrogliosis and hypertrophy (Escartin et al., 2006; Hudgins and Levison, 1998). In
addition, CNTF promotes oligodendrocyte survival and axon regeneration (Barres et
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al., 1993; Muller et al., 2009), and stimulates astrocytes to release trophic factors,
such as CXCL10, that more than doubles the number of OPCs within 48h and
promote myelination (Albrecht et al., 2007; Barres et al., 1993; Nash et al., 2011).
Furthermore, CNTF regulates the differentiation of bipotential OPCs to generate
astrocytes (Raff and Lillien, 1988). Thus, CNTF may be involved in all the major
effects of lithium in the optic nerve.
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Table 6.3 Astrocyte genes most significantly altered by lithium.

Gene Symbol
Car3
Lox
Cdsn
Gas1
Fstl1
Pacrg
Il13ra1
Alcam
Cntf
Klf4
Per1
Hhatl
Gpr56
Ctsc
Tpx2
Gas2l1
Inhbb

p (Corr)
1.28E-05
0.001294
9.82E-07
5.34E-04
7.47E-05
3.38E-04
0.032208
2.98E-05
0.001198
3.79E-04
0.001993
2.47E-04
5.49E-04
3.96E-05
0.001227
0.00495
6.03E-04

FC Lithium
vs. Acute
24.55
-3.78
30.32
-5.81
-2.49
-1.09
-1.35
-4.74
1.53
1.74
3.92
-1.06
1.73
1.33
1.40
1.36
4.72

FC Lithium
vs. Control
10.47
-9.96
5.84
-3.93
-2.73
2.57
-2.43
2.42
2.31
2.27
2.25
2.24
2.22
-2.22
-2.10
2.02
-2.01

Acute
(E)
40
204
13
406
624
231
203
539
260
131
66
348
167
160
69
204
43

Control
(E)
95
546
71
279
696
84
373
281
175
103
118
150
133
482
207
140
415

Lithium
(E)
976
54
407
70
251
213
151
114
398
229
260
330
289
213
97
277
203

Wnt
(E)
62
406
106
103
443
146
229
202
198
66
144
242
151
281
158
251
185
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6.2.7 Lithium and Wnt3a regulate axon growth pathways
In light of the results above showing lithium and Wnt promote astrogliosis, and the
astroglial scar being the primary reason why CNS axons do not regenerate, it is
noteworthy that the axonal guidance pathway was the third most altered pathway
in lithium. Lithium showed a gross inactivation of the inhibitory parts of the axonal
guidance pathway (Figure 6.5). In particular, lithium exerted a strong
downregulation of integrin-mediated adhesion and the genes involved in axon
repulsion, notably the Eph and Sema3 pathways (Figures 6.5), together with
multiple effects on the Sema4/5/6/7, Slit/Robo, Netrin, Nogo/Mag, NGF/Lingo,
NGF/Trk, Rhoa/Rock, Wnt, BMP and Shh signalling pathways (Figure 6.6). On the
other hand, eIF4E (eukaryotic translation initiation factor 4E) was the most
upregulated gene in the Sema3 pathway (Figure 6.5) and netrin pathway (Figure
6.6), and complexes with the homeoprotein Emx2, which together promote axon
growth (Li et al., 2004; Nedelec et al., 2004; Zheng et al., 2001). The Rho family
GTPase 1 (Rnd1) is also strongly upregulated by lithium (FC>28) and is a key factor
in Sema3 (Figure 6.5) and Sema4 (Figure 6.6), and promotes axon outgrowth by
antagonising growth cone collapse induced by Sema3 (Li et al., 2009; Zanata et al.,
2002). The downregulation of Sema 3 and upregulation of Rnd1 in lithium (Figure
6.5) suggests this a key mechanism by which lithium may regulate astrocytemediated control of axon growth in the optic nerve. Moreover, lithium increased
the expression of NGF (Figure 6.6), which is known to enhance axonal regeneration
by inhibiting GSK3 (Lindsay, 1988; Zhou et al., 2004). Remarkably, Wnt3a had the
exact same effect as lithium on the Eph and Sema3 pathways, but with less potency
(not illustrated), and with only subtle differences on the other axon
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growth/guidance pathways (Figure 6.7). The results indicate lithium is a potent
regulator of axon growth/guidance pathways in the adult CNS via GSK3-dependent
canonical Wnt/-catenin signalling. Moreover, the results indicate that astrocytes
generated in lithium and Wnt3a are not equivalent to reactive astrocytes formed in
response to CNS injury, which is consistent with the microarray data described in
Section 4.
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Figure 6.5 Effects of lithium on the Eph and Sema3 axonal growth and guidance pathways. A complement system pathway generated
by IPA. Proteins with increased expression are marked in red proteins with decreased expression are marked in green. The IPA legend
is shown in The IPA legend is shown in Figure 4.5

184

Figure 6.6 Effects of lithium on axon growth and guidance pathways. A complement system pathway generated by IPA. Proteins with
increased expression are marked in red proteins with decreased expression are marked in green. The IPA legend is shown in The IPA
legend is shown in Figure 4.5
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Figure 6.7 Effects of Wnt3a on axon growth and guidance pathways. A complement system pathway generated by IPA. Proteins with
increased expression are marked in red proteins with decreased expression are marked in green. The IPA legend is shown in The IPA
legend is shown in Figure 4.5
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6.2.8 Lox mediates novel morphogenic effects on astrocytes
I have identified Lox (lysyl oxidase) and Cdsn (corneodesmosin) as two novel genes
that are amongst the most regulated by lithium, overall (Section 4), and the top
genes specifically in astrocytes (Table 6.3). Notably, Lox regulates cell-cell adhesion
via the non-canonical function of

-catenin (Giampuzzi et al., 2003; Sanchez-

Morgan et al., 2011), and corneodesmosin is specific to desmosomes, which form
strong cell-cell adhesion bonds (Leclerc et al., 2009; Oji et al., 2010). Lox and Cdsn
are have never previously been reported as expressed in the normal CNS, and this
was confirmed by qRT-PCR, comparing mean Ct values of each gene to the most
stable house-keeping gene Hsp90ab1 (Figure 6.8; n=12 optic nerves for each
experimental group run in triplicate). Cdsn was not expressed in the brain or
acutely dissected optic nerves (Figure 6.8A). In contrast, Lox was strongly expressed
in acutely isolated nerve, but not in the forebrain or cerebellum (Figure 6.8B).
Significantly (p<0.05, t-tests), lithium dramatically increased the expression of Cdsn
(Figure 6.8A) and decreased the expression of Lox (Figure 6.8B).

The qRT-PCR confirms that Lox and Cdsn are major targets of lithium in the optic
nerve, providing supporting evidence that they may be involved in the morphogenic
effects of lithium on astrocytes, through their functions in cell-cell interactions. To
assess the potential involvement of corneodesmosin, immunostaining was
performed on optic nerves cultured for 3DIV in lithium and control medium (Figure
6.9). Corneodesmosin was not expressed in acute nerves (Figure 6.9A), but was
expressed to a low extent in control cultures (Figure 6.9B) and was markedly
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upregulated in lithium (Figure 6.9C). Corneodesmosin immunolabelling was
localised to astrocyte somata and transverse processes (some indicated by arrows
in Figure 6.9B, C). The results confirm the qRT-PCR results that corneodesmosin is
upregulated in lithium and demonstrate expression is localised to astrocytes.

The effects of Lox on astrocytes were tested directly, using the Lox inhibitor aminopropionitrile (BAPN, 4mM, Sigma) and Lox activator Suramin (6mM, Sigma);
BAPN irreversibly inhibits Lox (Lucero et al., 2011; Lucero et al., 2008; Tang et al.,
1983), whilst Suramin profoundly upregulates Lox (Buchinger et al., 2008).
Sufficient adult GFAP-EGFP mice were not available at the time for these
experiments, so they were performed on optic nerves from P10 GFAP-EGFP mice
maintained in culture for 3DIV, which respond in the same way to lithium and
allowed me to use age-matched mice from the same litter to compare the effects of
lithium, BAPN and suramin (Figure 6.10). The Lox activator suramin did not result in
astrogliosis and was not significantly different from controls (Figure 6.10A, B, G). In
contrast, inhibition of Lox with BAPN, to mimic the effects of lithium on Lox
downregulation, dramatically increased the number of astrocytes (Figure 6.10C, G;
p<0.001, ANOVA, Bonferroni), not significantly different than in lithium and with a
similar morphogenic effect (Figure 6.10D, G). However, astrocytes in BAPN were
less uniform than in lithium, which induced the generation of highly polarised
transverse astrocytes, as observed in the adult (Figure 6.10C, D, G; p<0.001,
ANOVA, Bonferroni), and similar to those described above in Wnt3a (Figures 6.1
and 6.3). The results demonstrate Lox is functional in the optic nerve, confirming
the qRT-PCR results. Moreover, the lack of further effects of suramin and the
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explosion of astrogliosis in BAPN indicates endogenous levels of Lox are sufficient
and necessary for maintaining astrocyte numbers and morphology.
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A

B

Figure 6.8 qRT-PCR analysis of cornedesmosin (Cdsn) and lysyl oxidase (Lox) transcripts in
the brain and optic nerve.

190

Figure 6.9 Corneodesmosin expression in optic nerve astrocytes. Optic nerves from
adult GFAP-EGFP mice acutely dissected (A), or cultured for 3DIV in control
medium (B) or lithium (C). Representative confocal photomicraphs immunolabelled
for corneodesmosin and arrows indicate co-expession with GFAP-EGFP. Scale bar =
20m.
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Fig. 6.10 Effects of Lox on optic nerve astrocytes. Optic nerves from P10 GFAP-EGFP
mice were maintained ex vivo for 3DIV in control medium (A), the Lox activator
suramin (B), Lox inhibitor BAPN (C) or lithium (D). (A-D) Representative confocal
images of whole mounted optic nerves; scale bar = 100 m. (E) Histogram of mean
(+SEM) cell counts per constant FOV; ***p<0.001, ANOVA followed by Bonferroni
post-hoc test.
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6.3 DISCUSSION
In this section, I report for the first time that lithium and Wnt3a promote the
generation of novel astrocytes in the adult CNS. Furthermore, lithium and Wnt3a
had differential effects on astrocytes, whereby Wnt3a induced formation of simple
stellate astrocytes and lithium induced highly polarised transverse astrocytes,
although these differences were not absolute and appeared to represent extremes
of a morphological continuum. These effects are consistent with microarray
analyses which demonstrated a major effect on activation of the Planar Cell
Polarity, Cdc42, and genes involved in the remodelling of cytoskeleton and
extracellular matrix, such as PLCd4 and PLD. In addition, axon growth and guidance
was one of the top pathways regulated by lithium and Wnt, with a general
downregulation of axonal repulsive cues, such as the ephrins and semaphorins, and
upregulation of genes implicated in chemoattraction, notably Rnd1 and eIF4E.
Microarray analysis identified Cdsn and Lox, which have cell-cell adhesion functions,
as two of the most important genes in lithium. qRT-PCR demonstrated Cdsn is
absent in the brain and optic nerve, but is massively upregulated by lithium and
immunostaining provided evidence Cdsn is localised to astrocyte somata and
processes. Lox is also absent in the brain, but is enriched in the optic nerve and
abolished by lithium. Direct inhibition of Lox in optic nerves to mimic the effects of
lithium increased astrogliogenesis and induced polarised astrocytes similar to
observed in lithium and Wnt. The results provide evidence that lithium induces the
generation of novel astrocytes through a mechanism that involves Wnt signalling, at
least in part mediated by the downregulation of Lox and upregulation of
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corneodesmosin. Moreover, lithium and Wnt do not mediate a classic reactive
astrogliosis that is characteristic of CNS injury, since the astrocytes do not have a
reactive phenotype and are not axon growth inhibitory.

6.3.1 Lithium and Wnt promote astrogliosis
Lithium and Wnt3a both increased astrocytes, suggesting they have a shared
mechanism in

promoting astrogliosis, consistent with their effects on

downregulating Wnt signalling and on oligodendrogenesis discussed in Section 5.
Results of the present section provide the first direct evidence that Wnt regulates
astrogliogenesis in the adult CNS, as described for astrocyte differentiation from
NSC during development (Cai et al., 2006; Coyle-Rink et al., 2002; Kalani et al.,
2008; Kasai et al., 2005). It is thought that astrocytes actively migrate and
proliferate clonally in response to CNS insults (Bardehle et al., 2013; Sofroniew,
2009), and numerous cytokines and growth factors have been shown to promote
proliferation of astrocytes in vitro (Selmaj et al., 1990). Furthermore, GSK3 in
astrocytes has been shown to be inhibited in an in vitro scratch-assay of injury,
resulting in stabilisation of -catenin at the leading edge of astrocyte migration
(Etienne-Manneville and Hall, 2003). Notably, stabilisation of -catenin resulted in a
change of astrocyte polarity through the phosphorylation of GSK3 mediated by
Cdc42 and the mitotic role of PLK (Etienne-Manneville and Hall, 2003). Cdc42 is
highly expressed in the optic nerve (E>1000 in all experimental groups), and when
genetically knocked out in vivo reduces cell proliferation and polarisation in
response to injury (Bardehle et al., 2013; Etienne-Manneville and Hall, 2003), which
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has resonance with the effects of lithium on optic nerve astrocytes and the PLK
pathway. Furthermore, in nerves treated with Wnt3a, we identified the novel
expression of Copine 1 (Cpne1), which is involved in intracellular calcium and
known to interact with Cdc42 (Creutz et al., 1998; Tomsig et al., 2003).

Consistent with the astrogliogenic effects of lithium and Wnt3a, the microarray
analyses demonstrated an overall upregulation of genes involved in cell growth and
proliferation (1955 genes), together with cell movement, remodelling of
cytoskeleton and polarisation, as summarised in Table 6.4. As noted in Section 4,
cell cycle control in lithium involves the PLK and RAN pathways (Table 4.6C) and
multiple growth factors (Table 4.6D), and future studies should examine their roles
in regulating gliogenesis in the adult nerve (Hudgins and Levison, 1998; Lopez-Casas
et al., 2002; Lopez-Casas et al., 2003; McKimmie and Graham, 2010; Raivich et al.,
1999; Wang and Gao, 2005). Interestingly, the current section identified Gas1 as
abundant in acute nerves, consistent with it being highly expressed in quiescent
cells, where it blocks the effects of growth factors and induces cell-cycle arrest
(Zarco et al., 2013). Gas1 enhances AP-1 and inhibits NFB and c-myc (Lee et al.,
2001), and its downregulation in lithium and Wnt3a suggests it is a common
mechanism by which canonical Wnt/-catenin signalling promotes astrogliogenesis.
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Table 6.4 Summary of Disease and Function annotations regulated in lithium

6.3.2 Does Wnt/b-catenin signalling regulate OPC fate in the adult optic nerve?
The results indicate clonal expansion of astrocytes, as described in vivo (Bardehle et
al.,

2013),

and

this was

particularly

prominent

in

lithium. However,

immunolabelling in Section 3 suggested OPC may also be a source of newly
generated astrocytes in response to GSK3 inhibition. Moreover, the stellate GFAPEGFP astrocytes generated in Wnt3a were characterised by very short, fine primary
processes with complex branching, which is unlike astrocytes described in the
normal or injured nerve (Butt and Colquhoun, 1996; Butt et al., 1994b), and is
highly reminiscent of NG2+ OPC (Butt et al., 1999). We have previously reported
NG2+ OPC express the GFAP-EGFP reporter ex vivo in cerebellar slice cultures (Leoni
et al., 2009), and the current section indicates that

canonical Wnt/-catenin

signalling regulates their fate decision in the non-neurogenic niche of the optic
nerve, as it does in the SVZ during development (Cai et al., 2006; Coyle-Rink et al.,
2002; Kalani et al., 2008; Kasai et al., 2005). It is significant, therefore, that lithium
increased expression of CNTF, which Raff and colleagues showed regulates the
differentiation of bipotential OPCs from the optic nerve to generate astrocytes (Raff
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and Lillien, 1988). Moreover, lithium also upregulated Klf4 (Kruppel-like factor 3),
which together with c-myc results in the reprogramming of cells into pluripotent
stem cells (Kim et al., 2009a; Kim et al., 2009b; Kim et al., 2008). A recent study has
shown that Klf4 is up-regulated in astrocytes following ischemic injury (Park et al.,
2014). A combination of live cell imaging, fate mapping and genetic techniques are
required to test the possibility that canonical Wnt/-catenin signalling regulates
fate decision of OPCs and their differentiation into astrocytes in the adult optic
nerve.

6.3.3 Astrocytes genes regulated y Wnt signalling
Microarray analysis identified a number of genes and pathways altered specifically
by Wnt3a, which may underlie its effects on astrocytes. Wnt3a upregulated PLCd4
and the astrocyte specific PLD2, which are associated with growth factor signalling
and cytoskeleton remodelling (Fukami et al., 2008; Fukami et al., 2000; Zhang et al.,
2004). Phosphoinositide metabolism is a reported target of lithium and these
effects of Wnt3a suggest lithium mediates its actions via Wnt/-catenin signalling.
Phosphoinositides are involved in a plethora of cell functions including growth
factor signalling, membrane trafficking, cytoskeleton remodelling and transduction
of neurotransmitters (Fukami et al., 2008; Fukami et al., 2000). Genetic deletion of
Plcd1 or 3 results in epidermal hyperplasia and inflammation, while deletion of
Plcd4 results in reduced fertility caused by abnormal acrosome reaction by
impaired intracellular Ca2+ (Fukami et al., 2008). PLD has been associated with
many signal transduction pathway, and Pld1 is expressed by neurons, while Pld2 is
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expressed by astrocytes (Zhang et al., 2004). Moreover, Pld expression is increased
in differentiating cells in response to retinoic acid administration (Rujano et al.,
2004).

Another target of Wnt3a was Mertk, which was upregulated, and Mertk expression
has been shown to be elevated in astrocytes and oligodendrocytes in MS lesions
(Weinger et al., 2009). Moreover, Mertk/Axl have been shown to mediate
phagocytosis in the retina (Finnemann and Nandrot, 2006; Nandrot et al., 2007).
Mertk, together with Axl and Tyro3, is a receptor tyrosine kinase that mediates the
actions of Gas6 and Mertk/Axl can reduce Gas6 level by sequestration (Weinger et
al., 2009). On face value, the results might suggest that activation of Wnt/-catenin
upregulates Mertk, but overall Wnt signalling was downregulated in Wnt3a by a
negative feedback mechanism (Section 5), indicating that Wnt signalling may
negatively regulate Mertk/Gas6 signalling in the optic nerve, which has relevance to
remyelination in MS.

Plexin B1 (Plxnb1) was upregulated by Wnt3a and is a receptor for semaphorins,
which not only induce growth cone collapse in axons, but are also are involved in
cell migration and cytoskeletal dynamics (Barberis et al., 2004). Moreover,
Semaphorin 4D activates the MAPK pathway through Plexin B1 (Aurandt et al.,
2006). Interestingly, Wnt3a also downregulated the expression of catenin (cadherin
associated protein) delta 1 (Ctnnd1), which together with

-catenin has been
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shown to be important in the regulation of planar cell polarity, morphogenesis and
cell-cell adhesion (Chacon-Heszele et al., 2012; Kurley et al., 2012; Ouyang et al.,
2013). Copines (Cpne1) are a class of protein that are involved in intracellular
calcium that has never been shown expressed in the optic nerve (Creutz et al.,
1998). Interestingly, Cpne1 interacts with MEK1 and Cdc42 and therefore is
assumed to have a role in planar cell polarity (Tomsig et al., 2003). Serpinh1 was
also downregulated in response to Wnt3a and is essential for folding of type 1
collagen (Ishida et al., 2006). Moreover, Serpinh1 depletion inhibits the expression
of type 1 collagen and scar formation (Wang and Li, 2008), supporting the evidence
that the astrocytes induced in Wnt3a does not represent a classic reactive
astrogliosis and scar formation.

6.3.4 Novel astrocyte genes regulated y Lithium
Lithium increased the expression of genes that have never been reported to have
functional roles in astrocytes. Lithium dramatically increased the expression of
CAIII, which is involved in the regulation of cellular homeostasis and pH regulation
(Riihonen et al., 2007; Supuran, 2011; Winum et al., 2003). CAIV and not CAIII is
normally expressed in astrocytes (Svichar et al., 2006), and CAIII is implicated in
seizure susceptibility, AD, PD and BD (Lafon-Cazal et al., 2003; Staunton et al., 2012;
Winum et al., 2003). Interestingly, a number of astrocyte genes regulated by lithium
are implicated in ependymal cell and stem cell function. Gpr56 is present in
abundance in radial glia (Jin et al., 2009b; Li et al., 2008), Pacrg is expressed in
ependymal cells lining the ventricles (Brody et al., 2008; McClintock et al., 2008;
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Wilson et al., 2009), and Klf4 is known to reprogramme somatic cells into
pluripotent stem cells (Kim et al., 2009a; Kim et al., 2009b; Kim et al., 2008). Hence,
the genotype of astrocytes in lithium has similarities with ependymal astrocyte-like
neural stem cells.

6.3.5 Wnt and lithium regulate genes that promote axon growth
Lithium and Wnt3a showed a remarkable down-regulation of the chemo-repulsive
molecules and inducers of growth cone collapse, such as the Wnt5a, Wnt7a,
Ephrins and the semaphorins. On the other hand, lithium, and to a less extent
Wnt3a, greatly increased the expression of eIF4E, Rnd1 and NGF. eIF4E has been
shown to be expressed in the regenerating axons of the olfactory bulb in vivo and
the regenerating sensory axons in vitro (Li et al., 2004; Nedelec et al., 2004; Zheng
et al., 2001). Rnd1 antagonises the growth cone collapse caused by Sema3 and
promotes axon outgrowth (Li et al., 2009; Zanata et al., 2002). Moreover, its overexpression in neurons causes the formation of multiple axons (Li et al., 2009). NGF
is known to enhance axonal regeneration by inhibiting GSK3 (Lindsay, 1988; Zhou et
al., 2004). The effects of lithium and Wnt3a indicate that inhibition of GSK3 and
activation of Wnt/-catenin promotes a general regenerative capacity, by inhibiting
reactive astrogliosis and inducing astrocytes that are morphologically and
biochemically permissible for axon regeneration.
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6.3.6 Lox is central to the effects of lithium
Lithium exerted profound changes in Lysis oxidase (Lox) and corneodesmosin (Cdsn)
compared to all the other conditions. We confirmed the absence of Lox and Cdsn in
the forebrain and cerebellum by q-PCR, and demonstrated their expression and
regulation by lithium in the optic nerve. In addition, I demonstrated that
pharmacological inhbition of Lox mimicked the effects of lithium and Wtnt3a,
causing a profound astrogliosis and morphogenic effect. The results support a
central role for Lox in mediating the effects of lithium and Wnt on astrocytes, and
the likely mechaism is through the disruption of -catenin localisation at the plasma
membrane level, which may involve corneodesmosin.

Lox is involved in many pathologies and cellular activities, such as control of
differentiation and oncogenic transformation (Dimaculangan et al., 1994; Hajnal et
al., 1993), and is important for the oxidation of cell surface proteins and the
chemotactic response in vitro (Lucero et al., 2011; Lucero et al., 2008). Notably, Lox
regulates cell-cell adhesion by its interaction with

-catenin, leading to an up-

regulation of the down-stream activator Cyclin D1 (Giampuzzi et al., 2003; SanchezMorgan et al., 2011). Lox sequesters -catenin from the cytoplasm to the plasma
membrane, antagonising Wnt translocation of nuclear -catenin (Giampuzzi et al.,
2003; Sanchez-Morgan et al., 2011). Moreover, Lox has great affinity with
fibronectin and collagen and causes polarisation of epithelial cells (Fogelgren et al.,
2005; Jansen and Csiszar, 2007 Kagan and Li, 2003). Corneodesmosin is specifically
upregulated in astrocyte by lithium and, like Lox, is involved in cell-cell adhesion
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(Leclerc et al., 2009; Oji et al., 2010). The expression of Cdsn has never previously
been reported in glia or the CNS, but lithium induces its expression in astrocyte
transverse processes and somata. The function of corneodesmosin in astrocytes is
unknown, but we can assume that it is involved in the formation of adherens
junctions and that this is important for the morphogenic effects of lithium on
astrocytes, which is mediated in part by Lox. Corneodesmosin is considered to be
specific to desmosomes in the epithelium (Leclerc et al., 2009; Oji et al., 2010),
where it is essential for the correct formation of cell-cell adhesion bonds, and its
dysregulation has been linked with psoriasis and perinatal death due to epidermal
tearing (Leclerc et al., 2009; Oji et al., 2010). Notably, Cdsn has been identified as a
risk gene in MS (Calleja et al., 2006; Hafler et al., 2007; Leclerc et al., 2009; Oji et al.,
2010), and the results of this section indicate this may involve Wnt-mediated
effects on astrocytes.
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6.4 SUMMARY AND CONCLUSIONS
In this section, I demonstrated for the first time that Wnt and its mimetic lithium
promote astrogenesis in the optic nerve, without causing reactive astrogliosis.
Lithium and Wnt3a may regulate the same pathways to promote astrocyte
proliferation, but act via very different mechanisms to differentially affect astrocyte
morphogenesis. The results indicate the highly polarising effect of lithium on
astrocytes is through a noncanonical Wnt/-catenin pathway, with a central role for
Lox sequestrating cytosolic -catenin to the plasma membrane and promoting cellcell adhesion via adherens junctions involving a unique role for corneodesmosin in
the CNS. These effects of lithium on astrocytes, and to a lesser extent Wnt, provide
a permissive environment for myelination and axon regeneration. The results
demonstrate for the first time that Wnt signalling regulates astrocytes in the adult
CNS and suggest lithium is a potential therapy for regulating astrocyte scar
formation and promoting regeneration in the CNS
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Section 7

General Discussion
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7.1 Summary of Key Findings
In this study, I have examined the effect of lithium and Wnt signalling on glial cells
of the adult mouse optic nerve. To achieve this, an optic nerve ex vivo model was
developed that preserved structural and cellular integrity for up to 7DIV. Microarray
analysis confirmed that the major oligodendrocyte and astrocyte genes were
unaltered ex vivo, although there was some evidence of upregulation of genes
associated with activation of astrocytes and microglia, consistent with tissue repair
mechanisms.

A key finding was that addition of lithium to the culture medium promoted both
oligodendrogliogenesis and astrogliogenesis in the adult nerve. Comparison with a
specific GSK3 inhibitor and Wnt3a agonist indicated the gliogenic actions of lithium
were via its GSK inhibitory action and activation of the canonical Wnt/-catenin
pathway. Genomic analysis demonstrated that lithium had a general antiinflammatory effect on genes upregulated by culture, with prominent novel targets
including Arginase-1, Saa1 and the PPAR pathway. In addition, lithium treatment is
shown to be a potent regulator of genes involved in the cell cycle initiation, growth
and cellular remodelling. A major effect of lithium was on Wnt signalling and the
results demonstrated for the first time endogenous Wnt signalling in adult white
matter and that it regulates gliogenesis. In OPCs, lithium acts primarily as a Wnt
mimetic to downregulate Wnt and BMP signalling, which are potent negative
regulators of oligodendrocyte differentiation, acting at least in part via ID4.
However, lithium also acted on mature PLP+ oligodendrocytes via a non-Wnt
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mechanism, and microarray analysis identified Cxcl1 and LIF, which are released by
astrocytes to stimulate myelination, as the most highly upregulated in lithium.

Perhaps the most striking finding was that lithium and Wnt induced the generation
of novel kinds of astrocyte not previously observed in the adult optic nerve.
Moreover, the newly generated astrocytes were morphologically and genotypically
distinct in lithium and Wnt, whereby Wnt3a induced formation of simple stellate
astrocytes and lithium induced highly polarised transverse astrocytes. Astrocytes
were generated by clonal cell division, but there was immunohistochemical and
microarray evidence that astrocytes may also be derived from OPC. Significantly,
astrocytes in lithium and Wnt were not reactive and expressed genes associated
with supporting axon growth and guidance, with a general downregulation of
axonal repulsive cues, such as the ephrins and semaphorins, and upregulation of
genes implicated in chemoattraction, notably Rnd1 and eIF4E. Furthermore, a
number of genes were identified that have not been reported in the optic nerve or
astrocytes, and in some cases have no known function in the CNS. Most notable
were Lox and corneodesmosin which are shown to be the most regulated astrocyte
transcripts in lithium. Lox is barely expressed in the brain, but is enriched in the
optic nerve and almost completely ablated by lithium. Direct pharmacological
inhibition of Lox provided evidence it is the mechanism by which lithium induces
astrocyte polarisation, involving cell-cell adhesion via adherens junctions involving a
unique role for corneodesmosin that is massively upregulated by lithium. Overall,
the results of this project identify novel effects of lithium and Wnt on
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oligodendrocytes and astrocytes in the adult CNS, which are relevant to
neurodegenerative and demyelinating diseases.

7.2 The optic nerve organotypic culture model
In this study, I devised a new model for the study of gliogenesis in adult white
matter. Previously, most studies focussed on organotypic culture of developing
tissue as the adult loses its integrity (Gahwiler et al., 1997; Stoppini et al., 1991).
Azim and Butt (2011) showed that GSK3 inhibition promoted oligodendrogenesis in
the developing optic nerve. However, oligodendrogenesis is ongoing in the
developing optic nerve, whereas little or no proliferation occurs in the adult optic
nerve (Butt and Ransom, 1993; Kang et al., 2010). Furthermore, astrocytes in the
developing CNS are immature and are highly responsive (Jarlestedt et al., 2010). To
successfully maintain tissue integrity, it was necessary to take great care in
preserving cells within the tissue and alleviate degenerative changes in axons and
myelin, which would otherwise induce a reactive astrogliosis response. This was
achieved by keeping the retina intact and therefore maintaining the axons of retinal
ganglion cells that pass through the optic nerve. Immunohistochemical analysis
confirmed the persistence of axons and myelin, and this was confirmed by
microarray, where interestingly Nefl was robustly expressed. However, there was
some tissue disruption, denoted by a slight decrease in oligodendrocytes and
disruption of their arrangement in rows. In addition, there was an increase in
astrocytes in cultured nerves, but no evidence of cellular hypertrophy, consistent
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with a limited isomorphic astrogliosis, which is considered to be tissue protective
(Sofroniew, 2009).

Microarray confirmed there were no major changes in macroglial genes in culture,
although there was a microglial response toward the M2 state and an upregulation
of genes involved in inflammation, brain injury and the astrocyte injury response,
including MMP3, CSF3, LCN2 and Serpina3, together with chemokines released by
reactive astrocytes, such as CXCL1, CXCL3 and CXCL6 (Hua et al., 2011; Neria et al.,
2013). This is further indication of injury and perhaps longer studies may reveal
further degenerative changes in axons and myelin, full activation of microglia and
the formation of a glial scar. We also identified a number of genes never previously
reported in the optic nerve. Amongst these were genes involved in keratin
metabolism such as OMD, Keratin 6A and mimecan, which have no known function
in mammalian glia, but reactive astrocytes produce keratins (Sofroniew, 2009), and
by extension it seems likely these novel genes are involved in the glial responses to
tissue damage and are worthy of further study. In this respect, it is interesting that
astrocytes in culture also upregulate corneodesmosin, which interacts with keratins
to regulate desmosomes (Kitajima, 2013), and both desmosomes and cytokeratins
are features of primitive astroglia, such as mammalian ependymal cells (Kasper,
1992; Kawano et al., 2001) and fish optic nerve astrocytes (Scholes, 1991). Culture
conditions also altered a number of pathways, such as the peroxisome proliferatoractivated receptor pathway (PPAR), IL-17F and the HIF1 pathways, which are all
associated with microglial activation and brain injury and downregulated by lithium.
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The anti-inflammatory role of lithium is not new (Goldstein et al., 2009; Nahman et
al., 2012; Quiroz et al., 2010). Interestingly, we observed a general rectification of
expression of most genes altered by culture condition. Notable amongst these were
Saa1, one of the most downregulated genes in lithium. Saa1 was barely detectable
in acute nerves, but its expression was massively induced by culture. Saa1 is one of
the top genes associated with amyloidosis and chronic inflammatory diseases,
including atherosclerosis, rheumatoid arthritis, Crohn's and AD (Tucker and Sack,
2001). Lithium completely ablated the expression of Saa1 identifying this as a major
target of lithium that has relevance to the diseases mentioned above, in which Saa1
levels are increased. Interestingly, Lox is also ablated by lithium and, like Saa1, is
involved in atherosclerosis and vascular fibril deposition, and colocalises with A
accumulation in brain vessel walls in AD (Wilhelmus et al., 2013).

7.3 Lithium and Wnt signalling in the adult optic nerve
Wnt signalling has been shown to have a prominent role in NSC proliferation and in
oligodendrogenesis in the developing brain (Adachi et al., 2007; Azim and Butt,
2011; Das et al., 2006; Feigenson et al., 2009; Kim et al., 2009c; Lie et al., 2005;
Shimizu et al., 2008; Umehara et al., 2007). In this study we demonstrated qRT-PCR
evidence that Wnt/-catenin signalling persists in the adult optic nerve and showed
that activation with lithium and Wnt induce the proliferation of OPCs and their
differentiation into oligodendrocytes, as observed during development (Azim and
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Butt, 2011; Azim et al., 2014a; Azim et al., 2014b). Furthermore, a number of Wnt
related genes were identified that have no known function in the CNS, such as
Wnt6 and Wnt16. We also demonstrated the expression of Sox17, which is crucial
for Wnt-mediated regulation of oligodendrogenesis (Chew et al., 2011; Moll et al.,
2013; Sohn et al., 2006). Studies on the developing CNS have shown that Wnt/catenin promoted proliferation of OPCs, but inhibited their differentiation into
mature oligodendrocytes (Azim and Butt, 2011; Fancy et al., 2009; Feigenson et al.,
2009). More specifically, Azim and Butt showed that Wnt3a promotes OPC
expansion and inhibits oligodendrocyte maturation in the developing optic nerve,
whereas lithium induces both (Azim and Butt, 2011). In contrast, Wnt3a did not
decrease in oligodendrocytes in the adult optic nerve, indicating a major difference
in Wnt (Ueno et al., 2007). The effect of lithium on OPCs and oligodendrocytes can
be attributed to its downregulation Wnt, BMP and ID4, which negatively regulate
oligodendrocyte differentiation by decreasing HDAC1/2, which are required for
oligodendrocyte differentiation (Chen et al., 2012a; Samanta and Kessler, 2004; Ye
et al., 2009). Furthermore, lithium almost completely ablated PDGFR which
maintain OPCs in a proliferative state and inhibit their differentiation (Bansal,
2002). Cell cycle progression in OPCs is tightly regulated by the Cdks and their
inhibitors, which were regulated in lithium, but the PLK pathway was the most
regulated, indicating future studies should examine its role in gliogenesis. Cell cycle
exit is essential for OPC differentiation and is regulated by YY1 and Sox17 that
interact to inhibit cell cycle re-entry (Chew et al., 2011; Rylski et al., 2008a; Rylski et
al., 2008b; Sohn et al., 2006). YY1 interacts specifically with the inhibitor of myelin
expression TCF4/LEF1 and ID4 by recruiting HDAC1/2 to their promoter during OPC
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differentiation (Chen et al., 2012a; Du and Yip, 2011; Marin-Husstege et al., 2002;
Swiss et al., 2011). Interestingly, lithium upregulated astrocyte-derived factors that
affect oligodendrocytes, including CXCL1, which is released by astrocytes and its
overexpression promotes remyelination in EAE (Omari et al., 2009), and CNTF,
which stimulates astrocytes to release trophic factors, such as CXCL10, which more
than doubles the number of OPCs within 48h and promote myelination (Albrecht et
al., 2007; Barres et al., 1993; Nash et al., 2011), similar to the effects of lithium in
the optic nerve. This illustrates the difficulty in working in the intact tissue, since
although it is a true scenario, it is difficult to dissect direct and indirect effects.
Nonetheless, the effects of CXL1, CNTF, BMP and other factors can be studied in
this model, and it should be possible to dissect their precise mechanisms of action
pharmacologically and using genetic techniques. Furthermore, longitudinal studies
would throw some light on the precise mechanisms by which lithium and Wnt
promote the generation of adult OPCs, which is important because decreased
capacity for oligodendrogenesis is a feature of MS and AD.
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7.4 Lithium and Wnt promote astrogliogenesis in the adult optic nerve
The effects of Lithium and Wnt3a on gliogenesis were not restricted to
oligodendrocytes and this PhD provides the first evidence that lithium and Wnt3a
induce astrogliogenesis in the adult optic nerve. Notably, lithium and Wnt also
induced the generation of novel astrocyte phenotypes, indicating divergent
mechanisms of action. In lithium, astrocytes were characterised by an accentuated
polarity which is consistent with the observed activation of noncanonical PCP
signalling (Ciani and Salinas, 2005; Etienne-Manneville and Hall, 2003; Jang et al.,
2013; Jansen and Csiszar, 2007; Jin et al., 2009a; Liu et al., 2013; Zhou et al., 2004).
Microarray analysis demonstrated a large number of genes associated with
cytoskeleton remodelling were altered by lithium. Prominent amongst these was
Lox, which is strongly expressed in acute nerves and essentially ablated by lithium.
Lox is involved in the stabilisation of -catenin for the correct formation of cell
adhesion. Moreover, we confirmed pharmacologically that direct inhibition of Lox
promoted astrocyte polarisation.

The source of newly generated astrocytes in the adult CNS is a matter of hot
debate. The adult optic nerve contains little or no proliferation and the only
proliferating cells are a small number of OPCs (Butt et al., 1999; Butt and Ransom,
1993; Kang et al., 2010; Psachoulia et al., 2009; Young et al., 2013). However,
lithium promoted a massive expansion of glial cells in the optic nerve. The doubling
of Sox10+ cells can be attributed to their differentiation from OPCs, but there was
an equivalent increase in GFAP+ cells between DIV2 and DIV3. Recent studies
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showed that only a small population of astrocytes can proliferate in response to
injury and the=is occurs over days (Bardehle et al., 2013). An in vivo study has
shown that GSK3 inhibition can induce the proliferation of NG2+ cells and
astrocytes in response to injury (White et al., 2009). Furthermore, NG2+ cells can
differentiate in astrocyte in vitro, which could explain our immunohistochemical
results. Nonetheless, astrocytes can be reprogrammed into proliferative
neuroblasts that differentiate in neurons in vivo (Niu et al., 2013), and GSK3
inhibition has been shown to play a major role in stem cell pluripotency (Huang and
Qin, 2010; Sato et al., 2004; Umehara et al., 2007). The possible reprogramming of
adult astrocytes in lithium is consistent with the increase in Klf4, which is associated
with astrogliogenesis and is one of 2 genes that is essential for the induction of
pluripotency (Kim et al., 2009a; Kim et al., 2009b; Kim et al., 2008; Park et al., 2014).
Another point of interest was the presence of genes associated with ciliogenesis,
such as Rfx2 and Pacrg. This is a characteristic of astrocyte-like stem cells, radial
glia, and ependymal cells, which are also interconnected by complex cell-cell
junctions, consistent with the upregulation of corneodesmosin in lithium.
Moreover, it is difficult to ignore the striking resemblance of polarised astrocytes in
lithium with radial glia. This is certainly a possibility that requires further attention.
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7.5 Conclusions
In conclusion, this PhD has given evidence for the first time that lithium and Wnt
induce gliogenesis in the adult optic nerve. We developed a novel ex-vivo model to
study glia in the white matter that allows easier manipulation of cell signalling than
any in-vivo models. We identified that lithium induces the differentiation of
oligodendrocytes by inhibition of BMP and ID2/4. Furthermore Lithium stimulates
astrogliogenesis through the Wnt pathway and induces astrocyte polarisation
through the inhibition of Lox. We identified novel genes whose expression was
promoted by Lithium such as corneodesmosin which is worth of further study.
Lithium showed novel interactions with pathways such as the Polo-like kinase
pathway, Ran pathway and Stat pathway that has never been reported in the
literature previously. Lithium is used in a number of neurological disorders and is
suggested as a potential therapy in many others, including AD and MS. Thus, my
results confirm that glial cells are potential targets of lithium treatment, which
promotes repair by stimulating oligodendrocyte generation and remodelling
astrocytes to a phenotype that supports axon growth.

214

Bibliography
Adachi, K., Mirzadeh, Z., Sakaguchi, M., Yamashita, T., Nikolcheva, T., Gotoh, Y., Peltz, G.,
Gong, L., Kawase, T., Alvarez-Buylla, A., et al. (2007). Beta-catenin signaling promotes
proliferation of progenitor cells in the adult mouse subventricular zone. Stem Cells 25,
2827-2836.
Afshari, F.S., Chu, A.K., and Sato-Bigbee, C. (2001). Effect of cyclic AMP on the expression of
myelin basic protein species and myelin proteolipid protein in committed
oligodendrocytes: differential involvement of the transcription factor CREB. Journal of
neuroscience research 66, 37-45.
Albanito, L., Reddy, C.E., and Musti, A.M. (2011). c-Jun is essential for the induction of Il1beta gene expression in in vitro activated Bergmann glial cells. Glia 59, 1879-1890.
Albrecht, P.J., Enterline, J.C., Cromer, J., and Levison, S.W. (2007). CNTF-activated
astrocytes release a soluble trophic activity for oligodendrocyte progenitors. Neurochem
Res 32, 263-271.
Allen, N.J., and Barres, B.A. (2009). Neuroscience: Glia - more than just brain glue. Nature
457, 675-677.
Alper, S.L., and Sharma, A.K. (2013). The SLC26 gene family of anion transporters and
channels. Mol Aspects Med 34, 494-515.
Alvarez-Buylla, A., Garcia-Verdugo, J.M., and Tramontin, A.D. (2001). A unified hypothesis
on the lineage of neural stem cells. Nat Rev Neurosci 2, 287-293.
Alvarez-Buylla, A., Theelen, M., and Nottebohm, F. (1988). Mapping of radial glia and of a
new cell type in adult canary brain. The Journal of neuroscience : the official journal of the
Society for Neuroscience 8, 2707-2712.
Andersen, C.L., Jensen, J.L., and Orntoft, T.F. (2004). Normalization of real-time quantitative
reverse transcription-PCR data: a model-based variance estimation approach to identify
genes suited for normalization, applied to bladder and colon cancer data sets. Cancer Res
64, 5245-5250.
Angelucci, F., Aloe, L., Jimenez-Vasquez, P., and Mathe, A.A. (2003). Lithium treatment
alters brain concentrations of nerve growth factor, brain-derived neurotrophic factor and
glial cell line-derived neurotrophic factor in a rat model of depression. The international
journal of neuropsychopharmacology / official scientific journal of the Collegium
Internationale Neuropsychopharmacologicum (CINP) 6, 225-231.
Annalisa Buffo, I.R., *‡ Pratibha Tripathi,* Alexandra Lepier,‡ Dilek Colak,* Ana-Paula
Horn,*§ Tetsuji Mori,*¶ and Magdalena Götz*‡ (2009). Origin and progeny of reactive
gliosis: A source of multipotent cells in the injured brain.
Appel, B., Givan, L.A., and Eisen, J.S. (2001). Delta-Notch signaling and lateral inhibition in
zebrafish spinal cord development. BMC Dev Biol 1, 13.

215

Arnett, H.A., Fancy, S.P., Alberta, J.A., Zhao, C., Plant, S.R., Kaing, S., Raine, C.S., Rowitch,
D.H., Franklin, R.J., and Stiles, C.D. (2004). bHLH transcription factor Olig1 is required to
repair demyelinated lesions in the CNS. Science 306, 2111-2115.
Aspatwar, A., Tolvanen, M.E., and Parkkila, S. (2010). Phylogeny and expression of carbonic
anhydrase-related proteins. BMC Mol Biol 11, 25.
Aurandt, J., Li, W., and Guan, K.L. (2006). Semaphorin 4D activates the MAPK pathway
downstream of plexin-B1. The Biochemical journal 394, 459-464.
Ayad, N.G., Rankin, S., Murakami, M., Jebanathirajah, J., Gygi, S., and Kirschner, M.W.
(2003). Tome-1, a trigger of mitotic entry, is degraded during G1 via the APC. Cell 113, 101113.
Azim, K., and Butt, A.M. (2011). GSK3beta negatively regulates oligodendrocyte
differentiation and myelination in vivo. Glia 59, 540-553.
Azim, K., Fischer, B., Hurtado-Chong, A., Draganova, K., Cantù, C., Zemke, M., Sommer, L.,
Butt, A., and Raineteau, O. (2014a). Persistent Wnt/ -Catenin signaling determines
dorsalization of the postnatal subventricular zone and neural stem cell specification into
oligodendrocytes and glutamatergic neurons. Stem Cells
Azim, K., Raineteau, O., and Butt, A.M. (2012). Intraventricular injection of FGF-2 promotes
generation of oligodendrocyte-lineage cells in the postnatal and adult forebrain. Glia 60,
1977-1990.
Azim, K., Rivera, A., Raineteau, O., and Butt, A. (2014b). GSK3
postnatal subventricular zone derived-oligodendrogenesis. Glia.

negatively regulates

Badaracco, M.E., Siri, M.V., and Pasquini, J.M. (2010). Oligodendrogenesis: the role of iron.
Biofactors 36, 98-102.
Bain, J., Plater, L., Elliott, M., Shpiro, N., Hastie, C.J., McLauchlan, H., Klevernic, I., Arthur,
J.S., Alessi, D.R., and Cohen, P. (2007). The selectivity of protein kinase inhibitors: a further
update. The Biochemical journal 408, 297-315.
Bansal, R. (2002). Fibroblast growth factors and their receptors in oligodendrocyte
development: implications for demyelination and remyelination. Dev Neurosci 24, 35-46.
Bansal, R., and Pfeiffer, S.E. (1989). Reversible inhibition of oligodendrocyte progenitor
differentiation by a monoclonal antibody against surface galactolipids. Proceedings of the
National Academy of Sciences of the United States of America 86, 6181-6185.
Bansal, R., and Pfeiffer, S.E. (1994). Inhibition of protein and lipid sulfation in
oligodendrocytes blocks biological responses to FGF-2 and retards cytoarchitectural
maturation, but not developmental lineage progression. Developmental biology 162, 511524.
Barberis, D., Artigiani, S., Casazza, A., Corso, S., Giordano, S., Love, C.A., Jones, E.Y.,
Comoglio, P.M., and Tamagnone, L. (2004). Plexin signaling hampers integrin-based
adhesion, leading to Rho-kinase independent cell rounding, and inhibiting lamellipodia
extension and cell motility. Faseb j 18, 592-594.

216

Bardehle, S., Kruger, M., Buggenthin, F., Schwausch, J., Ninkovic, J., Clevers, H., Snippert,
H.J., Theis, F.J., Meyer-Luehmann, M., Bechmann, I., et al. (2013). Live imaging of astrocyte
responses to acute injury reveals selective juxtavascular proliferation. Nature neuroscience
16, 580-586.
Barnett, S.C., and Linington, C. (2013). Myelination: do astrocytes play a role?
Neuroscientist 19, 442-450.
Barolo, S. (2006). Transgenic Wnt/TCF pathway reporters: all you need is Lef? Oncogene 25,
7505-7511.
Baron, W., de Jonge, J.C., de Vries, H., and Hoekstra, D. (2000). Perturbation of myelination
by activation of distinct signaling pathways: an in vitro study in a myelinating culture
derived from fetal rat brain. Journal of neuroscience research 59, 74-85.
Barres, B.A., Hart, I.K., Coles, H.S., Burne, J.F., Voyvodic, J.T., Richardson, W.D., and Raff,
M.C. (1992). Cell death and control of cell survival in the oligodendrocyte lineage. Cell 70,
31-46.
Barres, B.A., Schmid, R., Sendnter, M., and Raff, M.C. (1993). Multiple extracellular signals
are required for long-term oligodendrocyte survival. Development (Cambridge, England)
118, 283-295.
Bellanger, S., de Gramont, A., and Sobczak-Thepot, J. (2007). Cyclin B2 suppresses mitotic
failure and DNA re-replication in human somatic cells knocked down for both cyclins B1 and
B2. Oncogene 26, 7175-7184.
Benjamin, J.M., Kwiatkowski, A.V., Yang, C., Korobova, F., Pokutta, S., Svitkina, T., Weis,
W.I., and Nelson, W.J. (2010). AlphaE-catenin regulates actin dynamics independently of
cadherin-mediated cell-cell adhesion. The Journal of cell biology 189, 339-352.
Bergersen, L.H. (2007). Is lactate food for neurons? Comparison of monocarboxylate
transporter subtypes in brain and muscle. Neuroscience 145, 11-19.
Bernardo, A., and Minghetti, L. (2006). PPAR-gamma agonists as regulators of microglial
activation and brain inflammation. Curr Pharm Des 12, 93-109.
Bernardos, R.L., Barthel, L.K., Meyers, J.R., and Raymond, P.A. (2007). Late-stage neuronal
progenitors in the retina are radial Muller glia that function as retinal stem cells. In The
Journal of neuroscience : the official journal of the Society for Neuroscience (United
States), pp. 7028-7040.
Beurel, E., and Jope, R.S. (2010). Glycogen synthase kinase-3 regulates inflammatory
tolerance in astrocytes. Neuroscience 169, 1063-1070.
Bhat, R., Xue, Y., Berg, S., Hellberg, S., Ormo, M., Nilsson, Y., Radesater, A.C., Jerning, E.,
Markgren, P.O., Borgegard, T., et al. (2003). Structural insights and biological effects of
glycogen synthase kinase 3-specific inhibitor AR-A014418. The Journal of biological
chemistry 278, 45937-45945.
Bi, F., Huang, C., Tong, J., Qiu, G., Huang, B., Wu, Q., Li, F., Xu, Z., Bowser, R., Xia, X.G., et al.
(2013). Reactive astrocytes secrete lcn2 to promote neuron death. Proceedings of the
National Academy of Sciences of the United States of America 110, 4069-4074.

217

Boche, D., Perry, V.H., and Nicoll, J.A. (2013). Review: activation patterns of microglia and
their identification in the human brain. Neuropathol Appl Neurobiol 39, 3-18.
Bogler, O., Wren, D., Barnett, S.C., Land, H., and Noble, M. (1990). Cooperation between
two growth factors promotes extended self-renewal and inhibits differentiation of
oligodendrocyte-type-2 astrocyte (O-2A) progenitor cells. Proceedings of the National
Academy of Sciences of the United States of America 87, 6368-6372.
Bosetti, F., Rintala, J., Seemann, R., Rosenberger, T.A., Contreras, M.A., Rapoport, S.I., and
Chang, M.C. (2002). Chronic lithium downregulates cyclooxygenase-2 activity and
prostaglandin E(2) concentration in rat brain. Mol Psychiatry 7, 845-850.
Bowman, A.N., van Amerongen, R., Palmer, T.D., and Nusse, R. (2013). Lineage tracing with
Axin2 reveals distinct developmental and adult populations of Wnt/beta-cateninresponsive neural stem cells. Proceedings of the National Academy of Sciences of the
United States of America 110, 7324-7329.
Brody, K.M., Taylor, J.M., Wilson, G.R., Delatycki, M.B., and Lockhart, P.J. (2008). Regional
and cellular localisation of Parkin co-regulated gene in developing and adult mouse brain.
Brain Res 1201, 177-186.
Broer, S. (2006). The SLC6 orphans are forming a family of amino acid transporters.
Neurochemistry international 48, 559-567.
Bruinsma, W., Raaijmakers, J.A., and Medema, R.H. (2012). Switching Polo-like kinase-1 on
and off in time and space. Trends Biochem Sci 37, 534-542.
Buchinger, B., Spitzer, S., Karlic, H., Klaushofer, K., and Varga, F. (2008). Lysyl oxidase (LOX)
mRNA expression and genes of the differentiated osteoblastic phenotype are upregulated
in human osteosarcoma cells by suramin. Cancer letters 265, 45-54.
Bushong, E.A., Martone, M.E., Jones, Y.Z., and Ellisman, M.H. (2002). Protoplasmic
astrocytes in CA1 stratum radiatum occupy separate anatomical domains. The Journal of
neuroscience : the official journal of the Society for Neuroscience 22, 183-192.
Butt, A.M. (1991). Macroglial cell types, lineage, and morphology in the CNS. Ann N Y Acad
Sci 633, 90-95.
Butt, A.M., and Colquhoun, K. (1996). Glial cells in transected optic nerves of immature
rats. I. An analysis of individual cells by intracellular dye-injection. J Neurocytol 25, 365-380.
Butt, A.M., Colquhoun, K., and Berry, M. (1994a). Confocal imaging of glial cells in the intact
rat optic nerve. Glia 10, 315-322.
Butt, A.M., Colquhoun, K., Tutton, M., and Berry, M. (1994b). Three-dimensional
morphology of astrocytes and oligodendrocytes in the intact mouse optic nerve. J
Neurocytol 23, 469-485.
Butt, A.M., and Dinsdale, J. (2005). Fibroblast growth factor 2 induces loss of adult
oligodendrocytes and myelin in vivo. Exp Neurol 192, 125-133.

218

Butt, A.M., Duncan, A., and Berry, M. (1994c). Astrocyte associations with nodes of Ranvier:
ultrastructural analysis of HRP-filled astrocytes in the mouse optic nerve. J Neurocytol 23,
486-499.
Butt, A.M., Duncan, A., Hornby, M.F., Kirvell, S.L., Hunter, A., Levine, J.M., and Berry, M.
(1999). Cells expressing the NG2 antigen contact nodes of Ranvier in adult CNS white
matter. Glia 26, 84-91.
Butt, A.M., Hornby, M.F., Ibrahim, M., Kirvell, S., Graham, A., and Berry, M. (1997a). PDGFalpha receptor and myelin basic protein mRNAs are not coexpressed by oligodendrocytes in
vivo: a double in situ hybridization study in the anterior medullary velum of the neonatal
rat. Molecular and cellular neurosciences 8, 311-322.
Butt, A.M., Ibrahim, M., and Berry, M. (1997b). The relationship between developing
oligodendrocyte units and maturing axons during myelinogenesis in the anterior medullary
velum of neonatal rats. J Neurocytol 26, 327-338.
Butt, A.M., Ibrahim, M., Ruge, F.M., and Berry, M. (1995). Biochemical subtypes of
oligodendrocyte in the anterior medullary velum of the rat as revealed by the monoclonal
antibody Rip. Glia 14, 185-197.
Butt, A.M., and Kirvell, S. (1996). Glial cells in transected optic nerves of immature rats. II.
An immunohistochemical study. J Neurocytol 25, 381-392.
Butt, A.M., and Ransom, B.R. (1989). Visualization of oligodendrocytes and astrocytes in the
intact rat optic nerve by intracellular injection of lucifer yellow and horseradish peroxidase.
Glia 2, 470-475.
Butt, A.M., and Ransom, B.R. (1993). Morphology of astrocytes and oligodendrocytes
during development in the intact rat optic nerve. J Comp Neurol 338, 141-158.
Butt, A.M., Tutton, M.G., Kirvell, S.L., Amor, S., and Jenkins, H.G. (1996). Morphology of
oligodendrocytes during demyelination in optic nerves of mice infected with Semliki Forest
virus. Neuropathol Appl Neurobiol 22, 540-547.
Cade, J.F. (1949). Lithium salts in the treatment of psychotic excitement. The Medical
journal of Australia 2, 349-352.
Cahoy, J.D., Emery, B., Kaushal, A., Foo, L.C., Zamanian, J.L., Christopherson, K.S., Xing, Y.,
Lubischer, J.L., Krieg, P.A., Krupenko, S.A., et al. (2008). A transcriptome database for
astrocytes, neurons, and oligodendrocytes: a new resource for understanding brain
development and function. The Journal of neuroscience : the official journal of the Society
for Neuroscience 28, 264-278.
Cai, Y., Wu, P., Ozen, M., Yu, Y., Wang, J., Ittmann, M., and Liu, M. (2006). Gene expression
profiling and analysis of signaling pathways involved in priming and differentiation of
human neural stem cells. Neuroscience 138, 133-148.
Calleja, C., Messaddeq, N., Chapellier, B., Yang, H., Krezel, W., Li, M., Metzger, D., Mascrez,
B., Ohta, K., Kagechika, H., et al. (2006). Genetic and pharmacological evidence that a
retinoic acid cannot be the RXR-activating ligand in mouse epidermis keratinocytes. Genes
Dev 20, 1525-1538.

219

Calver, A.R., Hall, A.C., Yu, W.P., Walsh, F.S., Heath, J.K., Betsholtz, C., and Richardson, W.D.
(1998). Oligodendrocyte population dynamics and the role of PDGF in vivo. Neuron 20, 869882.
Campbell, K., and Gotz, M. (2002). Radial glia: multi-purpose cells for vertebrate brain
development. Trends Neurosci 25, 235-238.
Campbell, L., Saville, C.R., Murray, P.J., Cruickshank, S.M., and Hardman, M.J. (2013). Local
arginase 1 activity is required for cutaneous wound healing. The Journal of investigative
dermatology 133, 2461-2470.
Cappello, S., Attardo, A., Wu, X., Iwasato, T., Itohara, S., Wilsch-Brauninger, M., Eilken,
H.M., Rieger, M.A., Schroeder, T.T., Huttner, W.B., et al. (2006). The Rho-GTPase cdc42
regulates neural progenitor fate at the apical surface. Nature neuroscience 9, 1099-1107.
Carson, M.J., Behringer, R.R., Brinster, R.L., and McMorris, F.A. (1993). Insulin-like growth
factor I increases brain growth and central nervous system myelination in transgenic mice.
Neuron 10, 729-740.
Casalino, L., Bakiri, L., Talotta, F., Weitzman, J.B., Fusco, A., Yaniv, M., and Verde, P. (2007).
Fra-1 promotes growth and survival in RAS-transformed thyroid cells by controlling cyclin A
transcription. The EMBO journal 26, 1878-1890.
Cawthorn, W.P., Bree, A.J., Yao, Y., Du, B., Hemati, N., Martinez-Santibanez, G., and
MacDougald, O.A. Wnt6, Wnt10a and Wnt10b inhibit adipogenesis and stimulate
osteoblastogenesis through a beta-catenin-dependent mechanism. Bone 50, 477-489.
Cerro, J.A., Grewal, A., Wood, T.L., and Pintar, J.E. (1993). Tissue-specific expression of the
insulin-like growth factor binding protein (IGFBP) mRNAs in mouse and rat development.
Regulatory peptides 48, 189-198.
Chacon-Heszele, M.F., Ren, D., Reynolds, A.B., Chi, F., and Chen, P. (2012). Regulation of
cochlear convergent extension by the vertebrate planar cell polarity pathway is dependent
on p120-catenin. Development (Cambridge, England) 139, 968-978.
Chai, R.C., Jiang, J.H., Kwan Wong, A.Y., Jiang, F., Gao, K., Vatcher, G., and Hoi Yu, A.C.
(2013). AQP5 is differentially regulated in astrocytes during metabolic and traumatic
injuries. Glia 61, 1748-1765.
Chandran, S., Kato, H., Gerreli, D., Compston, A., Svendsen, C.N., and Allen, N.D. (2003).
FGF-dependent generation of oligodendrocytes by a hedgehog-independent pathway.
Development (Cambridge, England) 130, 6599-6609.
Chen, G., Zeng, W.Z., Yuan, P.X., Huang, L.D., Jiang, Y.M., Zhao, Z.H., and Manji, H.K. (1999).
The mood-stabilizing agents lithium and valproate robustly increase the levels of the
neuroprotective protein bcl-2 in the CNS. J Neurochem 72, 879-882.
Chen, X.S., Zhang, Y.H., Cai, Q.Y., and Yao, Z.X. (2012a). ID2: A negative transcription factor
regulating oligodendroglia differentiation. Journal of neuroscience research 90, 925-932.
Chen, Y., Guan, Y., Zhang, Z., Liu, H., Wang, S., Yu, L., Wu, X., and Wang, X. (2012b). Wnt
signaling pathway is involved in the pathogenesis of amyotrophic lateral sclerosis in adult
transgenic mice. Neurol Res 34, 390-399.

220

Cheung, K.K., Mok, S.C., Rezaie, P., and Chan, W.Y. (2008). Dynamic expression of Dab2 in
the mouse embryonic central nervous system. BMC Dev Biol 8, 76.
Chew, L.J., Shen, W., Ming, X., Senatorov, V.V., Jr., Chen, H.L., Cheng, Y., Hong, E., Knoblach,
S., and Gallo, V. (2011). SRY-box containing gene 17 regulates the Wnt/beta-catenin
signaling pathway in oligodendrocyte progenitor cells. The Journal of neuroscience : the
official journal of the Society for Neuroscience 31, 13921-13935.
Chia, W.J., Dawe, G.S., and Ong, W.Y. (2011). Expression and localization of the ironsiderophore binding protein lipocalin 2 in the normal rat brain and after kainate-induced
excitotoxicity. Neurochemistry international 59, 591-599.
Chiu, C.T., Wang, Z., Hunsberger, J.G., and Chuang, D.M. (2013). Therapeutic potential of
mood stabilizers lithium and valproic acid: beyond bipolar disorder. Pharmacol Rev 65, 105142.
Chung, J.H., Ostrowski, M.C., Romigh, T., Minaguchi, T., Waite, K.A., and Eng, C. (2006). The
ERK1/2 pathway modulates nuclear PTEN-mediated cell cycle arrest by cyclin D1
transcriptional regulation. Human molecular genetics 15, 2553-2559.
Ciani, L., and Salinas, P.C. (2005). WNTs in the vertebrate nervous system: from patterning
to neuronal connectivity. Nat Rev Neurosci 6, 351-362.
Cohen, P., and Frame, S. (2001). The renaissance of GSK3. Nat Rev Mol Cell Biol 2, 769-776.
Cohen, P., and Goedert, M. (2004). GSK3 inhibitors: development and therapeutic
potential. Nat Rev Drug Discov 3, 479-487.
Coyle-Rink, J., Del Valle, L., Sweet, T., Khalili, K., and Amini, S. (2002). Developmental
expression of Wnt signaling factors in mouse brain. Cancer Biol Ther 1, 640-645.
Creutz, C.E., Tomsig, J.L., Snyder, S.L., Gautier, M.C., Skouri, F., Beisson, J., and Cohen, J.
(1998). The copines, a novel class of C2 domain-containing, calcium-dependent,
phospholipid-binding proteins conserved from Paramecium to humans. The Journal of
biological chemistry 273, 1393-1402.
Dallner, C., Woods, A.G., Deller, T., Kirsch, M., and Hofmann, H.D. (2002). CNTF and CNTF
receptor alpha are constitutively expressed by astrocytes in the mouse brain. Glia 37, 374378.
Das, A., Li, Q., Laws, M.J., Kaya, H., Bagchi, M.K., and Bagchi, I.C. (2012). Estrogen-induced
expression of Fos-related antigen 1 (FRA-1) regulates uterine stromal differentiation and
remodeling. The Journal of biological chemistry 287, 19622-19630.
Das, A.V., Mallya, K.B., Zhao, X., Ahmad, F., Bhattacharya, S., Thoreson, W.B., Hegde, G.V.,
and Ahmad, I. (2006). Neural stem cell properties of Muller glia in the mammalian retina:
regulation by Notch and Wnt signaling. Developmental biology 299, 283-302.
David, M.D., Canti, C., and Herreros, J. (2010). Wnt-3a and Wnt-3 differently stimulate
proliferation and neurogenesis of spinal neural precursors and promote neurite outgrowth
by canonical signaling. Journal of neuroscience research 88, 3011-3023.

221

De Sarno, P., Axtell, R.C., Raman, C., Roth, K.A., Alessi, D.R., and Jope, R.S. (2008). Lithium
prevents and ameliorates experimental autoimmune encephalomyelitis. Journal of
immunology (Baltimore, Md : 1950) 181, 338-345.
Detera-Wadleigh, S.D. (2001). Lithium-related genetics of bipolar disorder. Ann Med 33,
272-285.
Diehl, J.A., Cheng, M., Roussel, M.F., and Sherr, C.J. (1998). Glycogen synthase kinase-3beta
regulates cyclin D1 proteolysis and subcellular localization. Genes Dev 12, 3499-3511.
Dill, J., Wang, H., Zhou, F., and Li, S. (2008). Inactivation of glycogen synthase kinase 3
promotes axonal growth and recovery in the CNS. The Journal of neuroscience : the official
journal of the Society for Neuroscience 28, 8914-8928.
Dimaculangan, D.D., Chawla, A., Boak, A., Kagan, H.M., and Lazar, M.A. (1994). Retinoic acid
prevents downregulation of ras recision gene/lysyl oxidase early in adipocyte
differentiation. Differentiation; research in biological diversity 58, 47-52.
Doble, B.W., Patel, S., Wood, G.A., Kockeritz, L.K., and Woodgett, J.R. (2007). Functional
redundancy of GSK-3alpha and GSK-3beta in Wnt/beta-catenin signaling shown by using an
allelic series of embryonic stem cell lines. Developmental cell 12, 957-971.
Doble, B.W., and Woodgett, J.R. (2003). GSK-3: tricks of the trade for a multi-tasking kinase.
Journal of cell science 116, 1175-1186.
Doetsch, F., Caille, I., Lim, D.A., Garcia-Verdugo, J.M., and Alvarez-Buylla, A. (1999).
Subventricular zone astrocytes are neural stem cells in the adult mammalian brain. Cell 97,
703-716.
Du, Y., and Yip, H.K. (2011). The expression and roles of inhibitor of DNA binding helix-loophelix proteins in the developing and adult mouse retina. Neuroscience 175, 367-379.
Duncan, A.W., Rattis, F.M., DiMascio, L.N., Congdon, K.L., Pazianos, G., Zhao, C., Yoon, K.,
Cook, J.M., Willert, K., Gaiano, N., et al. (2005). Integration of Notch and Wnt signaling in
hematopoietic stem cell maintenance. Nature immunology 6, 314-322.
Dziembowska, M., Tham, T.N., Lau, P., Vitry, S., Lazarini, F., and Dubois-Dalcq, M. (2005). A
role for CXCR4 signaling in survival and migration of neural and oligodendrocyte precursors.
Glia 50, 258-269.
Eddleston, M., and Mucke, L. (1993). Molecular profile of reactive astrocytes--implications
for their role in neurologic disease. Neuroscience 54, 15-36.
Einat, H., Yuan, P., Gould, T.D., Li, J., Du, J., Zhang, L., Manji, H.K., and Chen, G. (2003). The
role of the extracellular signal-regulated kinase signaling pathway in mood modulation. The
Journal of neuroscience : the official journal of the Society for Neuroscience 23, 7311-7316.
Erter, C.E., Wilm, T.P., Basler, N., Wright, C.V., and Solnica-Krezel, L. (2001). Wnt8 is
required in lateral mesendodermal precursors for neural posteriorization in vivo.
Development (Cambridge, England) 128, 3571-3583.
Escartin, C., Brouillet, E., Gubellini, P., Trioulier, Y., Jacquard, C., Smadja, C., Knott, G.W.,
Kerkerian-Le Goff, L., Deglon, N., Hantraye, P., et al. (2006). Ciliary neurotrophic factor

222

activates astrocytes, redistributes their glutamate transporters GLAST and GLT-1 to raft
microdomains, and improves glutamate handling in vivo. The Journal of neuroscience : the
official journal of the Society for Neuroscience 26, 5978-5989.
Etienne-Manneville, S., and Hall, A. (2003). Cdc42 regulates GSK-3beta and adenomatous
polyposis coli to control cell polarity. Nature 421, 753-756.
Fancy, S.P., Baranzini, S.E., Zhao, C., Yuk, D.I., Irvine, K.A., Kaing, S., Sanai, N., Franklin, R.J.,
and Rowitch, D.H. (2009). Dysregulation of the Wnt pathway inhibits timely myelination
and remyelination in the mammalian CNS. Genes Dev 23, 1571-1585.
Fancy, S.P., Harrington, E.P., Baranzini, S.E., Silbereis, J.C., Shiow, L.R., Yuen, T.J., Huang,
E.J., Lomvardas, S., and Rowitch, D.H. (2014). Parallel states of pathological Wnt signaling in
neonatal brain injury and colon cancer. Nature neuroscience.
Fancy, S.P., Harrington, E.P., Yuen, T.J., Silbereis, J.C., Zhao, C., Baranzini, S.E., Bruce, C.C.,
Otero, J.J., Huang, E.J., Nusse, R., et al. (2011). Axin2 as regulatory and therapeutic target in
newborn brain injury and remyelination. Nature neuroscience 14, 1009-1016.
Fear, M.W., Kelsell, D.P., Spurr, N.K., and Barnes, M.R. (2000). Wnt-16a, a novel Wnt-16
isoform, which shows differential expression in adult human tissues. Biochem Biophys Res
Commun 278, 814-820.
Feigenson, K., Reid, M., See, J., Crenshaw, E.B., 3rd, and Grinspan, J.B. (2009). Wnt signaling
is sufficient to perturb oligodendrocyte maturation. Molecular and cellular neurosciences
42, 255-265.
Feigenson, K., Reid, M., See, J., Crenshaw, I.E., and Grinspan, J.B. (2011). Canonical Wnt
signalling requires the BMP pathway to inhibit oligodendrocyte maturation. ASN Neuro 3,
e00061.
Feng, Y., Yu, H.M., Shang, D.S., Fang, W.G., He, Z.Y., and Chen, Y.H. (2014). The Involvement
of CXCL11 in Bone Marrow-Derived Mesenchymal Stem Cell Migration Through Human
Brain Microvascular Endothelial Cells. Neurochem Res.
Ffrench-Constant, C., and Raff, M.C. (1986). Proliferating bipotential glial progenitor cells in
adult rat optic nerve. Nature 319, 499-502.
Fingar, D.C., and Blenis, J. (2004). Target of rapamycin (TOR): an integrator of nutrient and
growth factor signals and coordinator of cell growth and cell cycle progression. Oncogene
23, 3151-3171.
Finnemann, S.C., and Nandrot, E.F. (2006). MerTK activation during RPE phagocytosis in
vivo requires alphaVbeta5 integrin. Advances in experimental medicine and biology 572,
499-503.
Finzsch, M., Stolt, C.C., Lommes, P., and Wegner, M. (2008). Sox9 and Sox10 influence
survival and migration of oligodendrocyte precursors in the spinal cord by regulating PDGF
receptor alpha expression. Development (Cambridge, England) 135, 637-646.
Flores, A.I., Narayanan, S.P., Morse, E.N., Shick, H.E., Yin, X., Kidd, G., Avila, R.L., Kirschner,
D.A., and Macklin, W.B. (2008). Constitutively active Akt induces enhanced myelination in

223

the CNS. The Journal of neuroscience : the official journal of the Society for Neuroscience
28, 7174-7183.
Fogelgren, B., Polgar, N., Szauter, K.M., Ujfaludi, Z., Laczko, R., Fong, K.S., and Csiszar, K.
(2005). Cellular fibronectin binds to lysyl oxidase with high affinity and is critical for its
proteolytic activation. The Journal of biological chemistry 280, 24690-24697.
Foo, L.C., Allen, N.J., Bushong, E.A., Ventura, P.B., Chung, W.S., Zhou, L., Cahoy, J.D.,
Daneman, R., Zong, H., Ellisman, M.H., et al. (2011). Development of a method for the
purification and culture of rodent astrocytes. Neuron 71, 799-811.
Fornai, F., Longone, P., Ferrucci, M., Lenzi, P., Isidoro, C., Ruggieri, S., and Paparelli, A.
(2008). Autophagy and amyotrophic lateral sclerosis: The multiple roles of lithium.
Autophagy 4, 527-530.
Frederick, T.J., Min, J., Altieri, S.C., Mitchell, N.E., and Wood, T.L. (2007). Synergistic
induction of cyclin D1 in oligodendrocyte progenitor cells by IGF-I and FGF-2 requires
differential stimulation of multiple signaling pathways. Glia 55, 1011-1022.
Frost, E.E., Nielsen, J.A., Le, T.Q., and Armstrong, R.C. (2003). PDGF and FGF2 regulate
oligodendrocyte progenitor responses to demyelination. J Neurobiol 54, 457-472.
Frost, E.E., Zhou, Z., Krasnesky, K., and Armstrong, R.C. (2009). Initiation of oligodendrocyte
progenitor cell migration by a PDGF-A activated extracellular regulated kinase (ERK)
signaling pathway. Neurochem Res 34, 169-181.
Fukami, K., Ichinohe, M., Hirata, M., and Nakamura, Y. (2008). Physiological functions of
phospholipase C delta-type. Advances in enzyme regulation 48, 261-273.
Fukami, K., Takenaka, K., Nagano, K., and Takenawa, T. (2000). Growth factor-induced
promoter activation of murine phospholipase C delta4 gene. European journal of
biochemistry / FEBS 267, 28-36.
Funamoto, S., Meili, R., Lee, S., Parry, L., and Firtel, R.A. (2002). Spatial and temporal
regulation of 3-phosphoinositides by PI 3-kinase and PTEN mediates chemotaxis. Cell 109,
611-623.
Gadea, A., and Lopez-Colome, A.M. (2001). Glial transporters for glutamate, glycine and
GABA I. Glutamate transporters. Journal of neuroscience research 63, 453-460.
Gahwiler, B.H., Capogna, M., Debanne, D., McKinney, R.A., and Thompson, S.M. (1997).
Organotypic slice cultures: a technique has come of age. Trends Neurosci 20, 471-477.
Gao, Y., Deng, K., Hou, J., Bryson, J.B., Barco, A., Nikulina, E., Spencer, T., Mellado, W.,
Kandel, E.R., and Filbin, M.T. (2004). Activated CREB is sufficient to overcome inhibitors in
myelin and promote spinal axon regeneration in vivo. Neuron 44, 609-621.
Garwood, J., Garcion, E., Dobbertin, A., Heck, N., Calco, V., ffrench-Constant, C., and
Faissner, A. (2004). The extracellular matrix glycoprotein Tenascin-C is expressed by
oligodendrocyte precursor cells and required for the regulation of maturation rate, survival
and responsiveness to platelet-derived growth factor. Eur J Neurosci 20, 2524-2540.

224

Ge, G., Seo, N.S., Liang, X., Hopkins, D.R., Hook, M., and Greenspan, D.S. (2004). Bone
morphogenetic protein-1/tolloid-related metalloproteinases process osteoglycin and
enhance its ability to regulate collagen fibrillogenesis. The Journal of biological chemistry
279, 41626-41633.
Ghiani, C., and Gallo, V. (2001). Inhibition of cyclin E-cyclin-dependent kinase 2 complex
formation and activity is associated with cell cycle arrest and withdrawal in
oligodendrocyte progenitor cells. The Journal of neuroscience : the official journal of the
Society for Neuroscience 21, 1274-1282.
Giampuzzi, M., Oleggini, R., and Di Donato, A. (2003). Altered adhesion features and signal
transduction in NRK-49F cells transformed by down-regulation of lysyl oxidase. Biochimica
et biophysica acta 1647, 239-244.
Goldenberg, M.M. (2012). Multiple Sclerosis Review. P T 37, 175-184.
Goldman, S. (2003). Glia as neural progenitor cells. Trends Neurosci 26, 590-596.
Goldstein, B.I., Kemp, D.E., Soczynska, J.K., and McIntyre, R.S. (2009). Inflammation and the
phenomenology, pathophysiology, comorbidity, and treatment of bipolar disorder: a
systematic review of the literature. J Clin Psychiatry 70, 1078-1090.
Gonzalez-Fernandez, C., Fernandez-Martos, C.M., Shields, S.D., Arenas, E., and Javier
Rodriguez, F. (2013). Wnts are expressed in the spinal cord of adult mice and are
differentially induced after injury. J Neurotrauma 31, 565-581.
Gottle, P., Kremer, D., Jander, S., Odemis, V., Engele, J., Hartung, H.P., and Kury, P. (2010).
Activation of CXCR7 receptor promotes oligodendroglial cell maturation. Annals of
neurology 68, 915-924.
Grimes, C.A., and Jope, R.S. (2001a). CREB DNA binding activity is inhibited by glycogen
synthase kinase-3 beta and facilitated by lithium. J Neurochem 78, 1219-1232.
Grimes, C.A., and Jope, R.S. (2001b). The multifaceted roles of glycogen synthase kinase
3beta in cellular signaling. Prog Neurobiol 65, 391-426.
Guardiola-Diaz, H.M., Ishii, A., and Bansal, R. (2012). Erk1/2 MAPK and mTOR signaling
sequentially regulates progression through distinct stages of oligodendrocyte
differentiation. Glia 60, 476-486.
Gubert, F., Zaverucha-do-Valle, C., Pimentel-Coelho, P.M., Mendez-Otero, R., and Santiago,
M.F. (2009). Radial glia-like cells persist in the adult rat brain. Brain Res 1258, 43-52.
Gurfein, B.T., Zhang, Y., Lopez, C.B., Argaw, A.T., Zameer, A., Moran, T.M., and John, G.R.
(2009). IL-11 regulates autoimmune demyelination. Journal of immunology (Baltimore, Md
: 1950) 183, 4229-4240.
Hafler, D.A., Compston, A., Sawcer, S., Lander, E.S., Daly, M.J., De Jager, P.L., de Bakker, P.I.,
Gabriel, S.B., Mirel, D.B., Ivinson, A.J., et al. (2007). Risk alleles for multiple sclerosis
identified by a genomewide study. The New England journal of medicine 357, 851-862.
Hajnal, A., Klemenz, R., and Schafer, R. (1993). Up-regulation of lysyl oxidase in
spontaneous revertants of H-ras-transformed rat fibroblasts. Cancer Res 53, 4670-4675.

225

Hallcher, L.M., and Sherman, W.R. (1980). The effects of lithium ion and other agents on
the activity of myo-inositol-1-phosphatase from bovine brain. The Journal of biological
chemistry 255, 10896-10901.
Hamilton, N., Vayro, S., Kirchhoff, F., Verkhratsky, A., Robbins, J., Gorecki, D.C., and Butt,
A.M. (2008). Mechanisms of ATP- and glutamate-mediated calcium signaling in white
matter astrocytes. Glia 56, 734-749.
Hanisch, U.K., and Kettenmann, H. (2007). Microglia: active sensor and versatile effector
cells in the normal and pathologic brain. Nature neuroscience 10, 1387-1394.
Harrington, E.P., Zhao, C., Fancy, S.P., Kaing, S., Franklin, R.J., and Rowitch, D.H. (2010).
Oligodendrocyte PTEN is required for myelin and axonal integrity, not remyelination.
Annals of neurology 68, 703-716.
Hart, I.K., Richardson, W.D., and Raff, M.C. (1992). PDGF increases the expression of Fos
and Jun in newly formed oligodendrocytes that have become resistant to the mitogenic
effect of PDGF. Glia 6, 310-313.
Hartfuss, E., Galli, R., Heins, N., and Gotz, M. (2001). Characterization of CNS precursor
subtypes and radial glia. Developmental biology 229, 15-30.
Heasman, J., Crawford, A., Goldstone, K., Garner-Hamrick, P., Gumbiner, B., McCrea, P.,
Kintner, C., Noro, C.Y., and Wylie, C. (1994). Overexpression of cadherins and
underexpression of beta-catenin inhibit dorsal mesoderm induction in early Xenopus
embryos. Cell 79, 791-803.
Herring, B.P., Kriegel, A.M., and Hoggatt, A.M. (2001). Identification of Barx2b, a serum
response factor-associated homeodomain protein. The Journal of biological chemistry 276,
14482-14489.
Herrmann, J.E., Imura, T., Song, B., Qi, J., Ao, Y., Nguyen, T.K., Korsak, R.A., Takeda, K.,
Akira, S., and Sofroniew, M.V. (2008). STAT3 is a critical regulator of astrogliosis and scar
formation after spinal cord injury. The Journal of neuroscience : the official journal of the
Society for Neuroscience 28, 7231-7243.
Hertz, L., and Dienel, G.A. (2005). Lactate transport and transporters: general principles and
functional roles in brain cells. Journal of neuroscience research 79, 11-18.
Hinks, G.L., and Franklin, R.J. (1999). Distinctive patterns of PDGF-A, FGF-2, IGF-I, and TGFbeta1 gene expression during remyelination of experimentally-induced spinal cord
demyelination. Molecular and cellular neurosciences 14, 153-168.
Hirrlinger, P.G., Scheller, A., Braun, C., Quintela-Schneider, M., Fuss, B., Hirrlinger, J., and
Kirchhoff, F. (2005). Expression of reef coral fluorescent proteins in the central nervous
system of transgenic mice. Mol Cell Neurosci 30, 291-303.
Howe, L.R., Watanabe, O., Leonard, J., and Brown, A.M. (2003). Twist is up-regulated in
response to Wnt1 and inhibits mouse mammary cell differentiation. Cancer Res 63, 19061913.

226

Hu, Y.A., Gu, X., Liu, J., Yang, Y., Yan, Y., and Zhao, C. (2008). Expression pattern of Wnt
inhibitor factor 1(Wif1) during the development in mouse CNS. Gene expression patterns :
GEP 8, 515-522.
Hua, F., Wang, J., Ishrat, T., Wei, W., Atif, F., Sayeed, I., and Stein, D.G. (2011). Genomic
profile of Toll-like receptor pathways in traumatically brain-injured mice: effect of
exogenous progesterone. J Neuroinflammation 8, 42.
Huang, C., and Qin, D. (2010). Role of Lef1 in sustaining self-renewal in mouse embryonic
stem cells. Journal of genetics and genomics = Yi chuan xue bao 37, 441-449.
Huang, X., Wu, D.Y., Chen, G., Manji, H., and Chen, D.F. (2003). Support of retinal ganglion
cell survival and axon regeneration by lithium through a Bcl-2-dependent mechanism.
Invest Ophthalmol Vis Sci 44, 347-354.
Hubbell, E., Liu, W.M., and Mei, R. (2002). Robust estimators for expression analysis.
Bioinformatics 18, 1585-1592.
Huber, A.H., and Weis, W.I. (2001). The structure of the beta-catenin/E-cadherin complex
and the molecular basis of diverse ligand recognition by beta-catenin. Cell 105, 391-402.
Hudgins, S.N., and Levison, S.W. (1998). Ciliary neurotrophic factor stimulates astroglial
hypertrophy in vivo and in vitro. Exp Neurol 150, 171-182.
Hughes, K., Nikolakaki, E., Plyte, S.E., Totty, N.F., and Woodgett, J.R. (1993). Modulation of
the glycogen synthase kinase-3 family by tyrosine phosphorylation. The EMBO journal 12,
803-808.
Imaizumi, K., Benito, A., Kiryu-Seo, S., Gonzalez, V., Inohara, N., Lieberman, A.P., Kiyama,
H., and Nunez, G. (2004). Critical role for DP5/Harakiri, a Bcl-2 homology domain 3-only Bcl2 family member, in axotomy-induced neuronal cell death. The Journal of neuroscience :
the official journal of the Society for Neuroscience 24, 3721-3725.
Imaizumi, K., Tsuda, M., Imai, Y., Wanaka, A., Takagi, T., and Tohyama, M. (1997).
Molecular cloning of a novel polypeptide, DP5, induced during programmed neuronal
death. The Journal of biological chemistry 272, 18842-18848.
Israsena, N., Hu, M., Fu, W., Kan, L., and Kessler, J.A. (2004). The presence of FGF2 signaling
determines whether beta-catenin exerts effects on proliferation or neuronal differentiation
of neural stem cells. Developmental biology 268, 220-231.
Jafferany, M. (2008). Lithium and Psoriasis: What Primary Care and Family Physicians
Should Know. Prim Care Companion J Clin Psychiatry 10, 435-439.
Jamora, C., DasGupta, R., Kocieniewski, P., and Fuchs, E. (2003). Links between signal
transduction, transcription and adhesion in epithelial bud development. Nature 422, 317322.
Jana, M., Mondal, S., Gonzalez, F.J., and Pahan, K. (2012). Gemfibrozil, a lipid-lowering
drug, increases myelin genes in human oligodendrocytes via peroxisome proliferatoractivated receptor-beta. The Journal of biological chemistry 287, 34134-34148.

227

Jang, E., Kim, J.H., Lee, S., Seo, J.W., Jin, M., Lee, M.G., Jang, I.S., Lee, W.H., and Suk, K.
(2013). Phenotypic polarization of activated astrocytes: the critical role of lipocalin-2 in the
classical inflammatory activation of astrocytes. Journal of immunology (Baltimore, Md :
1950) 191, 5204-5219.
Jang, S.Y., Shin, Y.K., Lee, H.Y., Park, J.Y., Suh, D.J., Kim, J.K., Bae, Y.S., and Park, H.T. (2012).
Local production of serum amyloid a is implicated in the induction of macrophage
chemoattractants in Schwann cells during wallerian degeneration of peripheral nerves. Glia
60, 1619-1628.
Jansen, M.K., and Csiszar, K. (2007). Intracellular localization of the matrix enzyme lysyl
oxidase in polarized epithelial cells. Matrix biology : journal of the International Society for
Matrix Biology 26, 136-139.
Jarlestedt, K., Rousset, C.I., Faiz, M., Wilhelmsson, U., Stahlberg, A., Sourkova, H., Pekna,
M., Mallard, C., Hagberg, H., and Pekny, M. (2010). Attenuation of reactive gliosis does not
affect infarct volume in neonatal hypoxic-ischemic brain injury in mice. PloS one 5, e10397.
Jeon, S., Jha, M.K., Ock, J., Seo, J., Jin, M., Cho, H., Lee, W.H., and Suk, K. (2013). Role of
lipocalin-2-chemokine axis in the development of neuropathic pain following peripheral
nerve injury. The Journal of biological chemistry 288, 24116-24127.
Jernas, M., Malmestrom, C., Axelsson, M., Olsson, C., Nookaew, I., Wadenvik, H.,
Zetterberg, H., Blennow, K., Lycke, J., Rudemo, M., et al. (2013). MS risk genes are
transcriptionally regulated in CSF leukocytes at relapse. Multiple sclerosis (Houndmills,
Basingstoke, England) 19, 403-410.
Jiang, Z., Zhang, Y., Chen, X., Lam, P.Y., Yang, H., Xu, Q., and Yu, A.C. (2002). Activation of
Erk1/2 and Akt in astrocytes under ischemia. Biochem Biophys Res Commun 294, 726-733.
Jin, Y.H., Kim, H., Ki, H., Yang, I., Yang, N., Lee, K.Y., Kim, N., Park, H.S., and Kim, K. (2009a).
Beta-catenin modulates the level and transcriptional activity of Notch1/NICD through its
direct interaction. Biochimica et biophysica acta 1793, 290-299.
Jin, Z., Luo, R., and Piao, X. (2009b). GPR56 and its related diseases. Prog Mol Biol Transl Sci
89, 1-13.
Jope, R.S. (2003). Lithium and GSK-3: one inhibitor, two inhibitory actions, multiple
outcomes. Trends Pharmacol Sci 24, 441-443.
Jope, R.S., Yuskaitis, C.J., and Beurel, E. (2007). Glycogen synthase kinase-3 (GSK3):
inflammation, diseases, and therapeutics. Neurochem Res 32, 577-595.
Jossin, Y., and Goffinet, A.M. (2007). Reelin signals through phosphatidylinositol 3-kinase
and Akt to control cortical development and through mTor to regulate dendritic growth.
Molecular and cellular biology 27, 7113-7124.
Kagan, H.M., and Li, W. (2003). Lysyl oxidase: properties, specificity, and biological roles
inside and outside of the cell. J Cell Biochem 88, 660-672.
Kaidanovich-Beilin, O., Milman, A., Weizman, A., Pick, C.G., and Eldar-Finkelman, H. (2004).
Rapid antidepressive-like activity of specific glycogen synthase kinase-3 inhibitor and its
effect on beta-catenin in mouse hippocampus. Biol Psychiatry 55, 781-784.

228

Kalani, M.Y., Cheshier, S.H., Cord, B.J., Bababeygy, S.R., Vogel, H., Weissman, I.L., Palmer,
T.D., and Nusse, R. (2008). Wnt-mediated self-renewal of neural stem/progenitor cells.
Proceedings of the National Academy of Sciences of the United States of America 105,
16970-16975.
Kanazawa, K., Imaizumi, K., Mori, T., Honma, Y., Tojo, M., Tanno, Y., Yokoya, S., Niwa, S.,
Tohyama, M., Takagi, T., et al. (1998). Expression pattern of a novel death-promoting gene,
DP5, in the developing murine nervous system. Brain research Molecular brain research 54,
316-320.
Kang, S.H., Fukaya, M., Yang, J.K., Rothstein, J.D., and Bergles, D.E. (2010). NG2+ CNS glial
progenitors remain committed to the oligodendrocyte lineage in postnatal life and
following neurodegeneration. Neuron 68, 668-681.
Kasai, M., Satoh, K., and Akiyama, T. (2005). Wnt signaling regulates the sequential onset of
neurogenesis and gliogenesis via induction of BMPs. Genes Cells 10, 777-783.
Kasper, M. (1992). Cytokeratins in intracranial and intraspinal tissues. Adv Anat Embryol
Cell Biol 126, 1-82.
Kawano, N., Yagishita, S., Oka, H., Utsuki, S., Kobayashi, I., Suzuki, S., Tachibana, S., and
Fujii, K. (2001). Spinal tanycytic ependymomas. Acta Neuropathol 101, 43-48.
Keeble, T.R., Halford, M.M., Seaman, C., Kee, N., Macheda, M., Anderson, R.B., Stacker,
S.A., and Cooper, H.M. (2006). The Wnt receptor Ryk is required for Wnt5a-mediated axon
guidance on the contralateral side of the corpus callosum. The Journal of neuroscience : the
official journal of the Society for Neuroscience 26, 5840-5848.
Keenan, T.D., Clark, S.J., Unwin, R.D., Ridge, L.A., Day, A.J., and Bishop, P.N. (2012).
Mapping the differential distribution of proteoglycan core proteins in the adult human
retina, choroid, and sclera. Invest Ophthalmol Vis Sci 53, 7528-7538.
Kelly, G.M., Lai, C.J., and Moon, R.T. (1993). Expression of wnt10a in the central nervous
system of developing zebrafish. Developmental biology 158, 113-121.
Kessaris, N., Jamen, F., Rubin, L.L., and Richardson, W.D. (2004). Cooperation between
sonic hedgehog and fibroblast growth factor/MAPK signalling pathways in neocortical
precursors. Development (Cambridge, England) 131, 1289-1298.
Kettenmann, H. (1999). Physiology of glial cells. Adv Neurol 79, 565-571.
Kigerl, K.A., Gensel, J.C., Ankeny, D.P., Alexander, J.K., Donnelly, D.J., and Popovich, P.G.
(2009). Identification of two distinct macrophage subsets with divergent effects causing
either neurotoxicity or regeneration in the injured mouse spinal cord. The Journal of
neuroscience : the official journal of the Society for Neuroscience 29, 13435-13444.
Kim, J.B., Greber, B., Arauzo-Bravo, M.J., Meyer, J., Park, K.I., Zaehres, H., and Scholer, H.R.
(2009a). Direct reprogramming of human neural stem cells by OCT4. Nature 461, 649-643.
Kim, J.B., Sebastiano, V., Wu, G., Arauzo-Bravo, M.J., Sasse, P., Gentile, L., Ko, K., Ruau, D.,
Ehrich, M., van den Boom, D., et al. (2009b). Oct4-induced pluripotency in adult neural
stem cells. Cell 136, 411-419.

229

Kim, J.B., Zaehres, H., Wu, G., Gentile, L., Ko, K., Sebastiano, V., Arauzo-Bravo, M.J., Ruau,
D., Han, D.W., Zenke, M., et al. (2008). Pluripotent stem cells induced from adult neural
stem cells by reprogramming with two factors. Nature 454, 646-650.
Kim, S.U., and de Vellis, J. (2005). Microglia in health and disease. Journal of neuroscience
research 81, 302-313.
Kim, W.Y., Wang, X., Wu, Y., Doble, B.W., Patel, S., Woodgett, J.R., and Snider, W.D.
(2009c). GSK-3 is a master regulator of neural progenitor homeostasis. Nature
neuroscience 12, 1390-1397.
Kimelberg, H.K. (2004). The problem of astrocyte identity. Neurochemistry international 45,
191-202.
Kirikoshi, H., Inoue, S., Sekihara, H., and Katoh, M. (2001). Expression of WNT10A in human
cancer. Int J Oncol 19, 997-1001.
Kitajima, Y. (2013). Regulation and impairments of dynamic desmosome and
corneodesmosome remodeling. Eur J Dermatol.
Klein, P.S., and Melton, D.A. (1996). A molecular mechanism for the effect of lithium on
development. Proc Natl Acad Sci U S A 93, 8455-8459.
Klemann, C.J., and Roubos, E.W. (2011). The gray area between synapse structure and
function-Gray's synapse types I and II revisited. Synapse 65, 1222-1230.
Kockeritz, L., Doble, B., Patel, S., and Woodgett, J.R. (2006). Glycogen synthase kinase-3--an
overview of an over-achieving protein kinase. Curr Drug Targets 7, 1377-1388.
Kokovay, E., Wang, Y., Kusek, G., Wurster, R., Lederman, P., Lowry, N., Shen, Q., and
Temple, S. (2012). VCAM1 is essential to maintain the structure of the SVZ niche and acts as
an environmental sensor to regulate SVZ lineage progression. Cell Stem Cell 11, 220-230.
Komitova, M., Serwanski, D.R., Lu, Q.R., and Nishiyama, A. (2011). NG2 cells are not a major
source of reactive astrocytes after neocortical stab wound injury. Glia 59, 800-809.
Kondo, T., and Raff, M. (2000). Oligodendrocyte precursor cells reprogrammed to become
multipotential CNS stem cells. Science 289, 1754-1757.
Koyama, Y., Kotani, M., Sawamura, T., Kuribayashi, M., Konishi, R., and Michinaga, S.
(2013). Different actions of endothelin-1 on chemokine production in rat cultured
astrocytes: reduction of CX3CL1/fractalkine and an increase in CCL2/MCP-1 and
CXCL1/CINC-1. J Neuroinflammation 10, 51.
Kragh, C.L., Lund, L.B., Febbraro, F., Hansen, H.D., Gai, W.P., El-Agnaf, O., RichterLandsberg, C., and Jensen, P.H. (2009). Alpha-synuclein aggregation and Ser-129
phosphorylation-dependent cell death in oligodendroglial cells. The Journal of biological
chemistry 284, 10211-10222.
Krawetz, R., and Kelly, G.M. (2008). Wnt6 induces the specification and epithelialization of
F9 embryonal carcinoma cells to primitive endoderm. Cellular signalling 20, 506-517.

230

Kriegstein, A., and Alvarez-Buylla, A. (2009). The glial nature of embryonic and adult neural
stem cells. Annual review of neuroscience 32, 149-184.
Kuhl, N.M., Hoekstra, D., De Vries, H., and De Keyser, J. (2003). Insulin-like growth factorbinding protein 6 inhibits survival and differentiation of rat oligodendrocyte precursor cells.
Glia 44, 91-101.
Kulski, J.K., Kenworthy, W., Bellgard, M., Taplin, R., Okamoto, K., Oka, A., Mabuchi, T.,
Ozawa, A., Tamiya, G., and Inoko, H. (2005). Gene expression profiling of Japanese psoriatic
skin reveals an increased activity in molecular stress and immune response signals. Journal
of molecular medicine (Berlin, Germany) 83, 964-975.
Kuninger, D., Kuzmickas, R., Peng, B., Pintar, J.E., and Rotwein, P. (2004). Gene discovery by
microarray: identification of novel genes induced during growth factor-mediated muscle
cell survival and differentiation. Genomics 84, 876-889.
Kuo, C.T., Mirzadeh, Z., Soriano-Navarro, M., Rasin, M., Wang, D., Shen, J., Sestan, N.,
Garcia-Verdugo, J., Alvarez-Buylla, A., Jan, L.Y., et al. (2006). Postnatal deletion of
Numb/Numblike reveals repair and remodeling capacity in the subventricular neurogenic
niche. Cell 127, 1253-1264.
Kuramoto, K., Okamura, T., Yamaguchi, T., Nakamura, T.Y., Wakabayashi, S., Morinaga, H.,
Nomura, M., Yanase, T., Otsu, K., Usuda, N., et al. (2012). Perilipin 5, a lipid droplet-binding
protein, protects heart from oxidative burden by sequestering fatty acid from excessive
oxidation. The Journal of biological chemistry 287, 23852-23863.
Kurley, S.J., Bierie, B., Carnahan, R.H., Lobdell, N.A., Davis, M.A., Hofmann, I., Moses, H.L.,
Muller, W.J., and Reynolds, A.B. (2012). p120-catenin is essential for terminal end bud
function and mammary morphogenesis. Development (Cambridge, England) 139, 17541764.
Kurpakus Wheater, M., Kernacki, K.A., and Hazlett, L.D. (1999). Corneal cell proteins and
ocular surface pathology. Biotechnic & histochemistry : official publication of the Biological
Stain Commission 74, 146-159.
L'Episcopo, F., Serapide, M.F., Tirolo, C., Testa, N., Caniglia, S., Morale, M.C., Pluchino, S.,
and Marchetti, B. (2011). A Wnt1 regulated Frizzled-1/beta-Catenin signaling pathway as a
candidate regulatory circuit controlling mesencephalic dopaminergic neuron-astrocyte
crosstalk: Therapeutical relevance for neuron survival and neuroprotection. Mol
Neurodegener 6, 49.
Lafon-Cazal, M., Adjali, O., Galeotti, N., Poncet, J., Jouin, P., Homburger, V., Bockaert, J.,
and Marin, P. (2003). Proteomic analysis of astrocytic secretion in the mouse. Comparison
with the cerebrospinal fluid proteome. The Journal of biological chemistry 278, 2443824448.
Langseth, A.J., Munji, R.N., Choe, Y., Huynh, T., Pozniak, C.D., and Pleasure, S.J. (2010).
Wnts influence the timing and efficiency of oligodendrocyte precursor cell generation in
the telencephalon. J Neurosci 30, 13367-13372.
Larsen, P.H., DaSilva, A.G., Conant, K., and Yong, V.W. (2006). Myelin formation during
development of the CNS is delayed in matrix metalloproteinase-9 and -12 null mice. The
Journal of neuroscience : the official journal of the Society for Neuroscience 26, 2207-2214.

231

Laureys, G., Gerlo, S., Spooren, A., Demol, F., De Keyser, J., and Aerts, J.L. (2014). beta2adrenergic agonists modulate TNF-alpha induced astrocytic inflammatory gene expression
and brain inflammatory cell populations. J Neuroinflammation 11, 21.
Leclerc, E.A., Huchenq, A., Mattiuzzo, N.R., Metzger, D., Chambon, P., Ghyselinck, N.B.,
Serre, G., Jonca, N., and Guerrin, M. (2009). Corneodesmosin gene ablation induces lethal
skin-barrier disruption and hair-follicle degeneration related to desmosome dysfunction.
Journal of cell science 122, 2699-2709.
Lee, K.K., Leung, A.K., Tang, M.K., Cai, D.Q., Schneider, C., Brancolini, C., and Chow, P.H.
(2001). Functions of the growth arrest specific 1 gene in the development of the mouse
embryo. Developmental biology 234, 188-203.
Lee, X., Yang, Z., Shao, Z., Rosenberg, S.S., Levesque, M., Pepinsky, R.B., Qiu, M., Miller,
R.H., Chan, J.R., and Mi, S. (2007). NGF regulates the expression of axonal LINGO-1 to
inhibit oligodendrocyte differentiation and myelination. The Journal of neuroscience : the
official journal of the Society for Neuroscience 27, 220-225.
Leem, Y.E., Choi, H.K., Jung, S.Y., Kim, B.J., Lee, K.Y., Yoon, K., Qin, J., Kang, J.S., and Kim, S.T.
(2011). Esco2 promotes neuronal differentiation by repressing Notch signaling. Cellular
signalling 23, 1876-1884.
Leng, Y., Liang, M.H., Ren, M., Marinova, Z., Leeds, P., and Chuang, D.M. (2008). Synergistic
neuroprotective effects of lithium and valproic acid or other histone deacetylase inhibitors
in neurons: roles of glycogen synthase kinase-3 inhibition. J Neurosci 28, 2576-2588.
Lenox, R.H., and Wang, L. (2003). Molecular basis of lithium action: integration of lithiumresponsive signaling and gene expression networks. Mol Psychiatry 8, 135-144.
Leoni, G., Rattray, M., and Butt, A.M. (2009). NG2 cells differentiate into astrocytes in
cerebellar slices. Molecular and cellular neurosciences 42, 208-218.
Li, C., Sasaki, Y., Takei, K., Yamamoto, H., Shouji, M., Sugiyama, Y., Kawakami, T., Nakamura,
F., Yagi, T., Ohshima, T., et al. (2004). Correlation between semaphorin3A-induced
facilitation of axonal transport and local activation of a translation initiation factor
eukaryotic translation initiation factor 4E. The Journal of neuroscience : the official journal
of the Society for Neuroscience 24, 6161-6170.
Li, S., Jin, Z., Koirala, S., Bu, L., Xu, L., Hynes, R.O., Walsh, C.A., Corfas, G., and Piao, X.
(2008). GPR56 regulates pial basement membrane integrity and cortical lamination. The
Journal of neuroscience : the official journal of the Society for Neuroscience 28, 5817-5826.
Li, X., Guan, Y., Chen, Y., Zhang, C., Shi, C., Zhou, F., Yu, L., Juan, J., and Wang, X. (2013).
Expression of Wnt5a and its receptor Fzd2 is changed in the spinal cord of adult
amyotrophic lateral sclerosis transgenic mice. Int J Clin Exp Pathol 6, 1245-1260.
Li, Y.H., Ghavampur, S., Bondallaz, P., Will, L., Grenningloh, G., and Puschel, A.W. (2009).
Rnd1 regulates axon extension by enhancing the microtubule destabilizing activity of
SCG10. The Journal of biological chemistry 284, 363-371.
Liang, M.H., Wendland, J.R., and Chuang, D.M. (2008). Lithium inhibits Smad3/4
transactivation via increased CREB activity induced by enhanced PKA and AKT signaling.
Molecular and cellular neurosciences 37, 440-453.

232

Licht, R.W. (2012). Lithium: still a major option in the management of bipolar disorder. CNS
Neurosci Ther 18, 219-226.
Lie, D.C., Colamarino, S.A., Song, H.J., Desire, L., Mira, H., Consiglio, A., Lein, E.S.,
Jessberger, S., Lansford, H., Dearie, A.R., et al. (2005). Wnt signalling regulates adult
hippocampal neurogenesis. Nature 437, 1370-1375.
Lin, P.Y., Fosmire, S.P., Park, S.H., Park, J.Y., Baksh, S., Modiano, J.F., and Weiss, R.H. (2007).
Attenuation of PTEN increases p21 stability and cytosolic localization in kidney cancer cells:
a potential mechanism of apoptosis resistance. Mol Cancer 6, 16.
Lin, S., Liu, M., Mozgova, O.I., Yu, W., and Baas, P.W. (2012). Mitotic motors coregulate
microtubule patterns in axons and dendrites. The Journal of neuroscience : the official
journal of the Society for Neuroscience 32, 14033-14049.
Lindsay, R.M. (1988). Nerve growth factors (NGF, BDNF) enhance axonal regeneration but
are not required for survival of adult sensory neurons. The Journal of neuroscience : the
official journal of the Society for Neuroscience 8, 2394-2405.
Lindsley, R.C., Gill, J.G., Kyba, M., Murphy, T.L., and Murphy, K.M. (2006). Canonical Wnt
signaling is required for development of embryonic stem cell-derived mesoderm.
Development (Cambridge, England) 133, 3787-3796.
Liu, B., and Neufeld, A.H. (2007). Activation of epidermal growth factor receptors in
astrocytes: from development to neural injury. Journal of neuroscience research 85, 35233529.
Liu, C., Lin, C., Whitaker, D.T., Bakeri, H., Bulgakov, O.V., Liu, P., Lei, J., Dong, L., Li, T., and
Swaroop, A. (2013). Prickle1 is expressed in distinct cell populations of the central nervous
system and contributes to neuronal morphogenesis. Human molecular genetics 22, 22342246.
Liu, J., Wu, X., Mitchell, B., Kintner, C., Ding, S., and Schultz, P.G. (2005). A small-molecule
agonist of the Wnt signaling pathway. Angew Chem Int Ed Engl 44, 1987-1990.
Liu, S., Liu, Y., Hao, W., Wolf, L., Kiliaan, A.J., Penke, B., Rube, C.E., Walter, J., Heneka, M.T.,
Hartmann, T., et al. (2012). TLR2 is a primary receptor for Alzheimer's amyloid beta peptide
to trigger neuroinflammatory activation. Journal of immunology (Baltimore, Md : 1950)
188, 1098-1107.
Liu, W., Liu, Y., Qin, X.J., Schmidt, S., Hauser, M.A., and Allingham, R.R. (2010a). AQP1 and
SLC4A10 as candidate genes for primary open-angle glaucoma. Molecular vision 16, 93-97.
Liu, Y., Xu, K., Chen, L.M., Sun, X., Parker, M.D., Kelly, M.L., LaManna, J.C., and Boron, W.F.
(2010b). Distribution of NBCn2 (SLC4A10) splice variants in mouse brain. Neuroscience 169,
951-964.
Lopez-Casas, P.P., Lopez-Fernandez, L.A., Krimer, D.B., and del Mazo, J. (2002). Ran GTPase
expression during early development of the mouse embryo. Mechanisms of development
113, 103-106.

233

Lopez-Casas, P.P., Lopez-Fernandez, L.A., Parraga, M., Krimer, D.B., and del Mazo, J. (2003).
Developmental regulation of expression of Ran/M1 and Ran/M2 isoforms of Ran-GTPase in
mouse testis. The International journal of developmental biology 47, 307-310.
Lu, Q.R., Yuk, D., Alberta, J.A., Zhu, Z., Pawlitzky, I., Chan, J., McMahon, A.P., Stiles, C.D.,
and Rowitch, D.H. (2000). Sonic hedgehog--regulated oligodendrocyte lineage genes
encoding bHLH proteins in the mammalian central nervous system. Neuron 25, 317-329.
Lu, W., Maheshwari, A., Misiuta, I., Fox, S.E., Chen, N., Zigova, T., Christensen, R.D., and
Calhoun, D.A. (2005). Neutrophil-specific chemokines are produced by astrocytic cells but
not by neuronal cells. Brain Res Dev Brain Res 155, 127-134.
Lucas, F.R., and Salinas, P.C. (1997). WNT-7a induces axonal remodeling and increases
synapsin I levels in cerebellar neurons. Developmental biology 192, 31-44.
Lucero, H.A., Maki, J.M., and Kagan, H.M. (2011). Activation of cellular chemotactic
responses to chemokines coupled with oxidation of plasma membrane proteins by lysyl
oxidase. Journal of neural transmission (Vienna, Austria : 1996) 118, 1091-1099.
Lucero, H.A., Ravid, K., Grimsby, J.L., Rich, C.B., DiCamillo, S.J., Maki, J.M., Myllyharju, J.,
and Kagan, H.M. (2008). Lysyl oxidase oxidizes cell membrane proteins and enhances the
chemotactic response of vascular smooth muscle cells. The Journal of biological chemistry
283, 24103-24117.
Lyuksyutova, A.I., Lu, C.C., Milanesio, N., King, L.A., Guo, N., Wang, Y., Nathans, J., TessierLavigne, M., and Zou, Y. (2003). Anterior-posterior guidance of commissural axons by Wntfrizzled signaling. Science 302, 1984-1988.
Magri, L., Gacias, M., Wu, M., Swiss, V.A., Janssen, W.G., and Casaccia, P. (2014). c-Mycdependent transcriptional regulation of cell cycle and nucleosomal histones during
oligodendrocyte differentiation. Neuroscience.
Makani, S., Chen, H.Y., Esquenazi, S., Shah, G.N., Waheed, A., Sly, W.S., and Chesler, M.
(2012). NMDA receptor-dependent afterdepolarizations are curtailed by carbonic
anhydrase 14: regulation of a short-term postsynaptic potentiation. The Journal of
neuroscience : the official journal of the Society for Neuroscience 32, 16754-16762.
Maki, J.M., Rasanen, J., Tikkanen, H., Sormunen, R., Makikallio, K., Kivirikko, K.I., and
Soininen, R. (2002). Inactivation of the lysyl oxidase gene Lox leads to aortic aneurysms,
cardiovascular dysfunction, and perinatal death in mice. Circulation 106, 2503-2509.
Malaterre, J., Ramsay, R.G., and Mantamadiotis, T. (2007). Wnt-Frizzled signalling and the
many paths to neural development and adult brain homeostasis. Frontiers in bioscience : a
journal and virtual library 12, 492-506.
Malatesta, P., Hack, M.A., Hartfuss, E., Kettenmann, H., Klinkert, W., Kirchhoff, F., and Gotz,
M. (2003). Neuronal or glial progeny: regional differences in radial glia fate. Neuron 37,
751-764.
Malatesta, P., Hartfuss, E., and Gotz, M. (2000). Isolation of radial glial cells by fluorescentactivated cell sorting reveals a neuronal lineage. Development (Cambridge, England) 127,
5253-5263.

234

Malhi, G.S., Tanious, M., Das, P., Coulston, C.M., and Berk, M. (2013). Potential mechanisms
of action of lithium in bipolar disorder. Current understanding. CNS drugs 27, 135-153.
Mann, B., Gelos, M., Siedow, A., Hanski, M.L., Gratchev, A., Ilyas, M., Bodmer, W.F., Moyer,
M.P., Riecken, E.O., Buhr, H.J., et al. (1999). Target genes of beta-catenin-T cellfactor/lymphoid-enhancer-factor signaling in human colorectal carcinomas. Proceedings of
the National Academy of Sciences of the United States of America 96, 1603-1608.
Marchetti, B., and Pluchino, S. (2013). Wnt your brain be inflamed? Yes, it Wnt! Trends Mol
Med 19, 144-156.
Marin-Husstege, M., Muggironi, M., Liu, A., and Casaccia-Bonnefil, P. (2002). Histone
deacetylase activity is necessary for oligodendrocyte lineage progression. The Journal of
neuroscience : the official journal of the Society for Neuroscience 22, 10333-10345.
Marpegan, L., Swanstrom, A.E., Chung, K., Simon, T., Haydon, P.G., Khan, S.K., Liu, A.C.,
Herzog, E.D., and Beaule, C. (2011). Circadian regulation of ATP release in astrocytes. The
Journal of neuroscience : the official journal of the Society for Neuroscience 31, 8342-8350.
Marshall, C.A., Novitch, B.G., and Goldman, J.E. (2005). Olig2 directs astrocyte and
oligodendrocyte formation in postnatal subventricular zone cells. The Journal of
neuroscience : the official journal of the Society for Neuroscience 25, 7289-7298.
Matute, C., and Cavaliere, F. (2011). Neuroglial interactions mediated by purinergic
signalling in the pathophysiology of CNS disorders. Semin Cell Dev Biol 22, 252-259.
Matute, C., Domercq, M., and Sanchez-Gomez, M.V. (2006). Glutamate-mediated glial
injury: mechanisms and clinical importance. Glia 53, 212-224.
McClintock, T.S., Glasser, C.E., Bose, S.C., and Bergman, D.A. (2008). Tissue expression
patterns identify mouse cilia genes. Physiological genomics 32, 198-206.
McDermott, K.W., Barry, D.S., and McMahon, S.S. (2005). Role of radial glia in cytogenesis,
patterning and boundary formation in the developing spinal cord. J Anat 207, 241-250.
McKimmie, C.S., and Graham, G.J. (2010). Astrocytes modulate the chemokine network in a
pathogen-specific manner. Biochem Biophys Res Commun 394, 1006-1011.
McWhirter, J.R., Neuteboom, S.T., Wancewicz, E.V., Monia, B.P., Downing, J.R., and Murre,
C. (1999). Oncogenic homeodomain transcription factor E2A-Pbx1 activates a novel WNT
gene in pre-B acute lymphoblastoid leukemia. Proceedings of the National Academy of
Sciences of the United States of America 96, 11464-11469.
Meech, R., Edelman, D.B., Jones, F.S., and Makarenkova, H.P. (2005). The homeobox
transcription factor Barx2 regulates chondrogenesis during limb development.
Development (Cambridge, England) 132, 2135-2146.
Meech, R., Gonzalez, K.N., Barro, M., Gromova, A., Zhuang, L., Hulin, J.A., and
Makarenkova, H.P. (2012). Barx2 is expressed in satellite cells and is required for normal
muscle growth and regeneration. Stem Cells 30, 253-265.

235

Meijer, L., Skaltsounis, A.L., Magiatis, P., Polychronopoulos, P., Knockaert, M., Leost, M.,
Ryan, X.P., Vonica, C.A., Brivanlou, A., Dajani, R., et al. (2003). GSK-3-selective inhibitors
derived from Tyrian purple indirubins. In Chem Biol (England), pp. 1255-1266.
Mewar, R., and McMorris, F.A. (1997). Expression of insulin-like growth factor-binding
protein messenger RNAs in developing rat oligodendrocytes and astrocytes. Journal of
neuroscience research 50, 721-728.
Miller, M.F., Cohen, E.D., Baggs, J.E., Lu, M.M., Hogenesch, J.B., and Morrisey, E.E. (2012).
Wnt ligands signal in a cooperative manner to promote foregut organogenesis. Proceedings
of the National Academy of Sciences of the United States of America 109, 15348-15353.
Min, J., Singh, S., Fitzgerald-Bocarsly, P., and Wood, T.L. (2012). Insulin-like growth factor I
regulates G2/M progression through mammalian target of rapamycin signaling in
oligodendrocyte progenitors. Glia 60, 1684-1695.
Mitew, S., Hay, C.M., Peckham, H., Xiao, J., Koenning, M., and Emery, B. (2013).
Mechanisms regulating the development of oligodendrocytes and central nervous system
myelin. Neuroscience.
Miyashita, T., Koda, M., Kitajo, K., Yamazaki, M., Takahashi, K., Kikuchi, A., and Yamashita,
T. (2009). Wnt-Ryk signaling mediates axon growth inhibition and limits functional recovery
after spinal cord injury. J Neurotrauma 26, 955-964.
Moll, N.M., Hong, E., Fauveau, M., Naruse, M., Kerninon, C., Tepavcevic, V., Klopstein, A.,
Seilhean, D., Chew, L.J., Gallo, V., et al. (2013). SOX17 is expressed in regenerating
oligodendrocytes in experimental models of demyelination and in multiple sclerosis. Glia
61, 1659-1672.
Moreno-Bravo, J.A., Martinez-Lopez, J.E., and Puelles, E. (2012). Mesencephalic neuronal
populations: new insights on the ventral differentiation programs. Histol Histopathol 27,
1529-1538.
Morse, E., Selim, E., and Cunard, R. (2009). PPARalpha ligands cause lymphocyte depletion
and cell cycle block and this is associated with augmented TRB3 and reduced Cyclin B1
expression. Molecular immunology 46, 3454-3461.
Mudhar, H.S., Pollock, R.A., Wang, C., Stiles, C.D., and Richardson, W.D. (1993). PDGF and
its receptors in the developing rodent retina and optic nerve. Development (Cambridge,
England) 118, 539-552.
Muller, A., Hauk, T.G., Leibinger, M., Marienfeld, R., and Fischer, D. (2009). Exogenous CNTF
stimulates axon regeneration of retinal ganglion cells partially via endogenous CNTF.
Molecular and cellular neurosciences 41, 233-246.
Munoz-Montano, J.R., Moreno, F.J., Avila, J., and Diaz-Nido, J. (1997). Lithium inhibits
Alzheimer's disease-like tau protein phosphorylation in neurons. FEBS Lett 411, 183-188.
Muroyama, Y., Kondoh, H., and Takada, S. (2004). Wnt proteins promote neuronal
differentiation in neural stem cell culture. Biochem Biophys Res Commun 313, 915-921.
Nahman, S., Belmaker, R.H., and Azab, A.N. (2012). Effects of lithium on lipopolysaccharideinduced inflammation in rat primary glia cells. Innate immunity 18, 447-458.

236

Nandrot, E.F., Anand, M., Almeida, D., Atabai, K., Sheppard, D., and Finnemann, S.C. (2007).
Essential role for MFG-E8 as ligand for alphavbeta5 integrin in diurnal retinal phagocytosis.
Proceedings of the National Academy of Sciences of the United States of America 104,
12005-12010.
Narayanan, S.P., Flores, A.I., Wang, F., and Macklin, W.B. (2009). Akt signals through the
mammalian target of rapamycin pathway to regulate CNS myelination. The Journal of
neuroscience : the official journal of the Society for Neuroscience 29, 6860-6870.
Nash, B., Thomson, C.E., Linington, C., Arthur, A.T., McClure, J.D., McBride, M.W., and
Barnett, S.C. (2011). Functional duality of astrocytes in myelination. The Journal of
neuroscience : the official journal of the Society for Neuroscience 31, 13028-13038.
Nedelec, S., Foucher, I., Brunet, I., Bouillot, C., Prochiantz, A., and Trembleau, A. (2004).
Emx2 homeodomain transcription factor interacts with eukaryotic translation initiation
factor 4E (eIF4E) in the axons of olfactory sensory neurons. Proceedings of the National
Academy of Sciences of the United States of America 101, 10815-10820.
Neria, F., del Carmen Serrano-Perez, M., Velasco, P., Urso, K., Tranque, P., and Cano, E.
(2013). NFATc3 promotes Ca(2+) -dependent MMP3 expression in astroglial cells. Glia 61,
1052-1066.
Nishiyama, A., Lin, X.H., Giese, N., Heldin, C.H., and Stallcup, W.B. (1996a). Co-localization
of NG2 proteoglycan and PDGF alpha-receptor on O2A progenitor cells in the developing
rat brain. Journal of neuroscience research 43, 299-314.
Nishiyama, A., Lin, X.H., Giese, N., Heldin, C.H., and Stallcup, W.B. (1996b). Interaction
between NG2 proteoglycan and PDGF alpha-receptor on O2A progenitor cells is required
for optimal response to PDGF. Journal of neuroscience research 43, 315-330.
Niu, W., Zang, T., Zou, Y., Fang, S., Smith, D.K., Bachoo, R., and Zhang, C.L. (2013). In vivo
reprogramming of astrocytes to neuroblasts in the adult brain. Nat Cell Biol 15, 1164-1175.
Noble, M., Barnett, S.C., Bogler, O., Land, H., Wolswijk, G., and Wren, D. (1990). Control of
division and differentiation in oligodendrocyte-type-2 astrocyte progenitor cells. Ciba
Foundation symposium 150, 227-243; discussion 244-229.
Nobuta, H., Ghiani, C.A., Paez, P.M., Spreuer, V., Dong, H., Korsak, R.A., Manukyan, A., Li, J.,
Vinters, H.V., Huang, E.J., et al. (2012). STAT3-mediated astrogliosis protects myelin
development in neonatal brain injury. Annals of neurology 72, 750-765.
Nolte, C., Matyash, M., Pivneva, T., Schipke, C.G., Ohlemeyer, C., Hanisch, U.K., Kirchhoff,
F., and Kettenmann, H. (2001). GFAP promoter-controlled EGFP-expressing transgenic
mice: a tool to visualize astrocytes and astrogliosis in living brain tissue. Glia 33, 72-86.
Nunes, P.V., Forlenza, O.V., and Gattaz, W.F. (2007). Lithium and risk for Alzheimer's
disease in elderly patients with bipolar disorder. The British journal of psychiatry : the
journal of mental science 190, 359-360.
Nusse, R. (2008). Wnt signaling and stem cell control. Cell Res 18, 523-527.
Nygren, M.K., Dosen-Dahl, G., Stubberud, H., Walchli, S., Munthe, E., and Rian, E. (2009).
beta-catenin is involved in N-cadherin-dependent adhesion, but not in canonical Wnt

237

signaling in E2A-PBX1-positive B acute lymphoblastic leukemia cells. Experimental
hematology 37, 225-233.
O'Brien, W.T., Harper, A.D., Jove, F., Woodgett, J.R., Maretto, S., Piccolo, S., and Klein, P.S.
(2004). Glycogen synthase kinase-3beta haploinsufficiency mimics the behavioral and
molecular effects of lithium. The Journal of neuroscience : the official journal of the Society
for Neuroscience 24, 6791-6798.
Oberheim, N.A., Goldman, S.A., and Nedergaard, M. (2012). Heterogeneity of astrocytic
form and function. Methods in molecular biology (Clifton, NJ) 814, 23-45.
Ohta, K., Ito, A., Kuriyama, S., Lupo, G., Kosaka, M., Ohnuma, S., Nakagawa, S., and Tanaka,
H. (2011). Tsukushi functions as a Wnt signaling inhibitor by competing with Wnt2b for
binding to transmembrane protein Frizzled4. Proceedings of the National Academy of
Sciences of the United States of America 108, 14962-14967.
Oji, V., Eckl, K.M., Aufenvenne, K., Natebus, M., Tarinski, T., Ackermann, K., Seller, N.,
Metze, D., Nurnberg, G., Folster-Holst, R., et al. (2010). Loss of corneodesmosin leads to
severe skin barrier defect, pruritus, and atopy: unraveling the peeling skin disease.
American journal of human genetics 87, 274-281.
Okamoto, H., Voleti, B., Banasr, M., Sarhan, M., Duric, V., Girgenti, M.J., Dileone, R.J.,
Newton, S.S., and Duman, R.S. (2010). Wnt2 expression and signaling is increased by
different classes of antidepressant treatments. Biol Psychiatry 68, 521-527.
Okuda, H., Miyata, S., Mori, Y., and Tohyama, M. (2007). Mouse Prickle1 and Prickle2 are
expressed in postmitotic neurons and promote neurite outgrowth. FEBS Lett 581, 47544760.
Olivon, V.C., Fraga-Silva, R.A., Segers, D., Demougeot, C., de Oliveira, A.M., Savergnini, S.S.,
Berthelot, A., de Crom, R., Krams, R., Stergiopulos, N., et al. (2013). Arginase inhibition
prevents the low shear stress-induced development of vulnerable atherosclerotic plaques
in ApoE-/- mice. Atherosclerosis 227, 236-243.
Olsen, M.L., and Sontheimer, H. (2008). Functional implications for Kir4.1 channels in glial
biology: from K+ buffering to cell differentiation. J Neurochem 107, 589-601.
Omari, K.M., John, G., Lango, R., and Raine, C.S. (2006). Role for CXCR2 and CXCL1 on glia in
multiple sclerosis. Glia 53, 24-31.
Omari, K.M., Lutz, S.E., Santambrogio, L., Lira, S.A., and Raine, C.S. (2009). Neuroprotection
and remyelination after autoimmune demyelination in mice that inducibly overexpress
CXCL1. The American journal of pathology 174, 164-176.
Orellana, J.A., von Bernhardi, R., Giaume, C., and Saez, J.C. (2012). Glial hemichannels and
their involvement in aging and neurodegenerative diseases. Rev Neurosci 23, 163-177.
Orsulic, S., and Peifer, M. (1996). An in vivo structure-function study of armadillo, the betacatenin homologue, reveals both separate and overlapping regions of the protein required
for cell adhesion and for wingless signaling. The Journal of cell biology 134, 1283-1300.
Ortega, F., Gascon, S., Masserdotti, G., Deshpande, A., Simon, C., Fischer, J., Dimou, L.,
Chichung Lie, D., Schroeder, T., and Berninger, B. (2013). Oligodendrogliogenic and

238

neurogenic adult subependymal zone neural stem cells constitute distinct lineages and
exhibit differential responsiveness to Wnt signalling. Nat Cell Biol 15, 602-613.
Ouyang, M., Lu, S., Kim, T., Chen, C.E., Seong, J., Leckband, D.E., Wang, F., Reynolds, A.B.,
Schwartz, M.A., and Wang, Y. (2013). N-cadherin regulates spatially polarized signals
through distinct p120ctn and beta-catenin-dependent signalling pathways. Nature
communications 4, 1589.
Padovani-Claudio, D.A., Liu, L., Ransohoff, R.M., and Miller, R.H. (2006). Alterations in the
oligodendrocyte lineage, myelin, and white matter in adult mice lacking the chemokine
receptor CXCR2. Glia 54, 471-483.
Paes de Faria, J., Kessaris, N., Andrew, P., Richardson, W.D., and Li, H. (2014). New Olig1
null mice confirm a non-essential role for Olig1 in oligodendrocyte development. BMC
Neurosci 15, 12.
Pan, P.W., Parkkila, A.K., Autio, S., Hilvo, M., Sormunen, R., Pastorekova, S., Pastorek, J.,
Haapasalo, H., and Parkkila, S. (2012). Brain phenotype of carbonic anhydrase IX-deficient
mice. Transgenic Res 21, 163-176.
Pang, Y., Zheng, B., Fan, L.W., Rhodes, P.G., and Cai, Z. (2007). IGF-1 protects
oligodendrocyte progenitors against TNFalpha-induced damage by activation of PI3K/Akt
and interruption of the mitochondrial apoptotic pathway. Glia 55, 1099-1107.
Papadopoulos, M.C., and Verkman, A.S. (2013). Aquaporin water channels in the nervous
system. Nat Rev Neurosci 14, 265-277.
Park, H.C., and Appel, B. (2003). Delta-Notch signaling regulates oligodendrocyte
specification. Development (Cambridge, England) 130, 3747-3755.
Park, H.C., Boyce, J., Shin, J., and Appel, B. (2005). Oligodendrocyte specification in
zebrafish requires notch-regulated cyclin-dependent kinase inhibitor function. The Journal
of neuroscience : the official journal of the Society for Neuroscience 25, 6836-6844.
Park, J.H., Riew, T.R., Shin, Y.J., Park, J.M., Cho, J.M., and Lee, M.Y. (2014). Induction of
Kruppel-like factor 4 expression in reactive astrocytes following ischemic injury in vitro and
in vivo. Histochem Cell Biol 141, 33-42.
Parras, C.M., Galli, R., Britz, O., Soares, S., Galichet, C., Battiste, J., Johnson, J.E., Nakafuku,
M., Vescovi, A., and Guillemot, F. (2004). Mash1 specifies neurons and oligodendrocytes in
the postnatal brain. The EMBO journal 23, 4495-4505.
Parras, C.M., Hunt, C., Sugimori, M., Nakafuku, M., Rowitch, D., and Guillemot, F. (2007).
The proneural gene Mash1 specifies an early population of telencephalic oligodendrocytes.
The Journal of neuroscience : the official journal of the Society for Neuroscience 27, 42334242.
Pekny, M., and Nilsson, M. (2005). Astrocyte activation and reactive gliosis. Glia 50, 427434.
Petersson, M., Brylka, H., Kraus, A., John, S., Rappl, G., Schettina, P., and Niemann, C.
(2011). TCF/Lef1 activity controls establishment of diverse stem and progenitor cell
compartments in mouse epidermis. The EMBO journal 30, 3004-3018.

239

Phiel, C.J., and Klein, P.S. (2001). Molecular targets of lithium action. Annu Rev Pharmacol
Toxicol 41, 789-813.
Phillips, M.L., Travis, M.J., Fagiolini, A., and Kupfer, D.J. (2008). Medication effects in
neuroimaging studies of bipolar disorder. The American journal of psychiatry 165, 313-320.
Pinto, L., Mader, M.T., Irmler, M., Gentilini, M., Santoni, F., Drechsel, D., Blum, R., Stahl, R.,
Bulfone, A., Malatesta, P., et al. (2008). Prospective isolation of functionally distinct radial
glial subtypes--lineage and transcriptome analysis. Molecular and cellular neurosciences 38,
15-42.
Pipatpiboon, N., Pintana, H., Pratchayasakul, W., Chattipakorn, N., and Chattipakorn, S.C.
(2013). DPP4-inhibitor improves neuronal insulin receptor function, brain mitochondrial
function and cognitive function in rats with insulin resistance induced by high-fat diet
consumption. Eur J Neurosci 37, 839-849.
Pizzi, M., Sarnico, I., Boroni, F., Benarese, M., Dreano, M., Garotta, G., Valerio, A., and
Spano, P. (2004). Prevention of neuron and oligodendrocyte degeneration by interleukin-6
(IL-6) and IL-6 receptor/IL-6 fusion protein in organotypic hippocampal slices. Molecular
and cellular neurosciences 25, 301-311.
Pollak, M.N., Schernhammer, E.S., and Hankinson, S.E. (2004). Insulin-like growth factors
and neoplasia. Nature reviews Cancer 4, 505-518.
Porlan, E., Morante-Redolat, J.M., Marques-Torrejon, M.A., Andreu-Agullo, C., Carneiro, C.,
Gomez-Ibarlucea, E., Soto, A., Vidal, A., Ferron, S.R., and Farinas, I. (2013). Transcriptional
repression of Bmp2 by p21(Waf1/Cip1) links quiescence to neural stem cell maintenance.
Nature neuroscience 16, 1567-1575.
Poy, F., Lepourcelet, M., Shivdasani, R.A., and Eck, M.J. (2001). Structure of a human Tcf4beta-catenin complex. Nature structural biology 8, 1053-1057.
Psachoulia, K., Jamen, F., Young, K.M., and Richardson, W.D. (2009). Cell cycle dynamics of
NG2 cells in the postnatal and ageing brain. Neuron Glia Biol 5, 57-67.
Putzer, P., Breuer, P., Gotz, W., Gross, M., Kubler, B., Scharf, J.G., Schuller, A.G., Hartmann,
H., and Braulke, T. (1998). Mouse insulin-like growth factor binding protein-6: expression,
purification, characterization and histochemical localization. Mol Cell Endocrinol 137, 6978.
Quiroz, J.A., Machado-Vieira, R., Zarate, C.A., Jr., and Manji, H.K. (2010). Novel insights into
lithium's mechanism of action: neurotrophic and neuroprotective effects.
Neuropsychobiology 62, 50-60.
Radu, A., Neubauer, V., Akagi, T., Hanafusa, H., and Georgescu, M.M. (2003). PTEN induces
cell cycle arrest by decreasing the level and nuclear localization of cyclin D1. Molecular and
cellular biology 23, 6139-6149.
Raff, M.C., and Lillien, L.E. (1988). Differentiation of a bipotential glial progenitor cell: what
controls the timing and the choice of developmental pathway? J Cell Sci Suppl 10, 77-83.

240

Raff, M.C., Lillien, L.E., Richardson, W.D., Burne, J.F., and Noble, M.D. (1988). Plateletderived growth factor from astrocytes drives the clock that times oligodendrocyte
development in culture. Nature 333, 562-565.
Raff, M.C., Williams, B.P., and Miller, R.H. (1984). The in vitro differentiation of a bipotential
glial progenitor cell. The EMBO journal 3, 1857-1864.
Raivich, G., Jones, L.L., Werner, A., Bluthmann, H., Doetschmann, T., and Kreutzberg, G.W.
(1999). Molecular signals for glial activation: pro- and anti-inflammatory cytokines in the
injured brain. Acta Neurochir Suppl 73, 21-30.
Rajan, P., Panchision, D.M., Newell, L.F., and McKay, R.D. (2003). BMPs signal alternately
through a SMAD or FRAP-STAT pathway to regulate fate choice in CNS stem cells. The
Journal of cell biology 161, 911-921.
Ransom, B.R., Butt, A.M., and Black, J.A. (1991). Ultrastructural identification of HRPinjected oligodendrocytes in the intact rat optic nerve. Glia 4, 37-45.
Rao, J.S., Lee, H.J., Rapoport, S.I., and Bazinet, R.P. (2008). Mode of action of mood
stabilizers: is the arachidonic acid cascade a common target? Mol Psychiatry 13, 585-596.
Rapoport, S.I., Basselin, M., Kim, H.W., and Rao, J.S. (2009). Bipolar disorder and
mechanisms of action of mood stabilizers. Brain Res Rev 61, 185-209.
Rasin, M.R., Gazula, V.R., Breunig, J.J., Kwan, K.Y., Johnson, M.B., Liu-Chen, S., Li, H.S., Jan,
L.Y., Jan, Y.N., Rakic, P., et al. (2007). Numb and Numbl are required for maintenance of
cadherin-based adhesion and polarity of neural progenitors. Nature neuroscience 10, 819827.
Reaux-Le Goazigo, A., Van Steenwinckel, J., Rostene, W., and Melik Parsadaniantz, S.
(2013). Current status of chemokines in the adult CNS. Prog Neurobiol 104, 67-92.
Rezaeian, A.H., Isokane, T., Nishibori, M., Chiba, M., Hiraiwa, N., Yoshizawa, M., and Yasue,
H. (2009). alphaCGRP and betaCGRP transcript amount in mouse tissues of various
developmental stages and their tissue expression sites. Brain & development 31, 682-693.
Richardson, W.D., Kessaris, N., and Pringle, N. (2006). Oligodendrocyte wars. Nat Rev
Neurosci 7, 11-18.
Richardson, W.D., Young, K.M., Tripathi, R.B., and McKenzie, I. (2011). NG2-glia as
multipotent neural stem cells: fact or fantasy? Neuron 70, 661-673.
Rickle, A., Behbahani, H., Ankarcrona, M., Winblad, B., and Cowburn, R.F. (2006). PTEN, Akt,
and GSK3beta signalling in rat primary cortical neuronal cultures following tumor necrosis
factor-alpha and trans-4-hydroxy-2-nonenal treatments. Journal of neuroscience research
84, 596-605.
Riihonen, R., Supuran, C.T., Parkkila, S., Pastorekova, S., Vaananen, H.K., and LaitalaLeinonen, T. (2007). Membrane-bound carbonic anhydrases in osteoclasts. Bone 40, 10211031.

241

Ringer, C., Weihe, E., and Schutz, B. (2009). Pre-symptomatic alterations in subcellular
betaCGRP distribution in motor neurons precede astrogliosis in ALS mice. Neurobiol Dis 35,
286-295.
Rocha, E., Achaval, M., Santos, P., and Rodnight, R. (1998). Lithium treatment causes gliosis
and modifies the morphology of hippocampal astrocytes in rats. Neuroreport 9, 3971-3974.
Rochat, A., Fernandez, A., Vandromme, M., Moles, J.P., Bouschet, T., Carnac, G., and Lamb,
N.J. (2004). Insulin and wnt1 pathways cooperate to induce reserve cell activation in
differentiation and myotube hypertrophy. Mol Biol Cell 15, 4544-4555.
Roelink, H. (2000). Hippocampus formation: an intriguing collaboration. Curr Biol 10, R279281.
Rujano, M.A., Pina, P., Servitja, J.M., Ahumada, A.M., Picatoste, F., Farres, J., and Sabria, J.
(2004). Retinoic acid-induced differentiation into astrocytes and glutamatergic neurons is
associated with expression of functional and activable phospholipase D. Biochem Biophys
Res Commun 316, 387-392.
Rylski, M., Amborska, R., Zybura, K., Konopacki, F.A., Wilczynski, G.M., and Kaczmarek, L.
(2008a). Yin Yang 1 expression in the adult rodent brain. Neurochem Res 33, 2556-2564.
Rylski, M., Amborska, R., Zybura, K., Mioduszewska, B., Michaluk, P., Jaworski, J., and
Kaczmarek, L. (2008b). Yin Yang 1 is a critical repressor of matrix metalloproteinase-9
expression in brain neurons. The Journal of biological chemistry 283, 35140-35153.
Saini, H.S., Gorse, K.M., Boxer, L.M., and Sato-Bigbee, C. (2004). Neurotrophin-3 and a
CREB-mediated signaling pathway regulate Bcl-2 expression in oligodendrocyte progenitor
cells. J Neurochem 89, 951-961.
Salter, M.G., and Fern, R. (2005). NMDA receptors are expressed in developing
oligodendrocyte processes and mediate injury. Nature 438, 1167-1171.
Samanta, J., and Kessler, J.A. (2004). Interactions between ID and OLIG proteins mediate
the inhibitory effects of BMP4 on oligodendroglial differentiation. Development
(Cambridge, England) 131, 4131-4142.
Sanchez-Morgan, N., Kirsch, K.H., Trackman, P.C., and Sonenshein, G.E. (2011). The lysyl
oxidase propeptide interacts with the receptor-type protein tyrosine phosphatase kappa
and inhibits beta-catenin transcriptional activity in lung cancer cells. Molecular and cellular
biology 31, 3286-3297.
Sandvig, A., Berry, M., Barrett, L.B., Butt, A., and Logan, A. (2004). Myelin-, reactive glia-,
and scar-derived CNS axon growth inhibitors: expression, receptor signaling, and
correlation with axon regeneration. Glia 46, 225-251.
Saneto, R.P., Low, K.G., Melner, M.H., and de Vellis, J. (1988). Insulin/insulin-like growth
factor I and other epigenetic modulators of myelin basic protein expression in isolated
oligodendrocyte progenitor cells. Journal of neuroscience research 21, 210-219.
Saneyoshi, T., Kume, S., Amasaki, Y., and Mikoshiba, K. (2002). The Wnt/calcium pathway
activates NF-AT and promotes ventral cell fate in Xenopus embryos. Nature 417, 295-299.

242

Sato, N., Meijer, L., Skaltsounis, L., Greengard, P., and Brivanlou, A.H. (2004). Maintenance
of pluripotency in human and mouse embryonic stem cells through activation of Wnt
signaling by a pharmacological GSK-3-specific inhibitor. Nat Med 10, 55-63.
Schaale, K., Brandenburg, J., Kispert, A., Leitges, M., Ehlers, S., and Reiling, N. (2013). Wnt6
is expressed in granulomatous lesions of Mycobacterium tuberculosis-infected mice and is
involved in macrophage differentiation and proliferation. Journal of immunology
(Baltimore, Md : 1950) 191, 5182-5195.
Schmidt, C., Stoeckelhuber, M., McKinnell, I., Putz, R., Christ, B., and Patel, K. (2004). Wnt 6
regulates the epithelialisation process of the segmental plate mesoderm leading to somite
formation. Developmental biology 271, 198-209.
Scholes, J. (1991). The design of the optic nerve in fish. Vis Neurosci 7, 129-139.
Scholzen, T., and Gerdes, J. (2000). The Ki-67 protein: from the known and the unknown. J
Cell Physiol 182, 311-322.
Schworer, C.M., Masker, K.K., Wood, G.C., and Carey, D.J. (2003). Microarray analysis of
gene expression in proliferating Schwann cells: synergistic response of a specific subset of
genes to the mitogenic action of heregulin plus forskolin. Journal of neuroscience research
73, 456-464.
Seeburg, D.P., Pak, D., and Sheng, M. (2005). Polo-like kinases in the nervous system.
Oncogene 24, 292-298.
Seidensticker, M.J., and Behrens, J. (2000). Biochemical interactions in the wnt pathway.
Biochimica et biophysica acta 1495, 168-182.
Selmaj, K.W., Farooq, M., Norton, W.T., Raine, C.S., and Brosnan, C.F. (1990). Proliferation
of astrocytes in vitro in response to cytokines. A primary role for tumor necrosis factor.
Journal of immunology (Baltimore, Md : 1950) 144, 129-135.
Shang, Y.C., Chong, Z.Z., Wang, S., and Maiese, K. (2012). Wnt1 inducible signaling pathway
protein 1 (WISP1) targets PRAS40 to govern beta-amyloid apoptotic injury of microglia.
Curr Neurovasc Res 9, 239-249.
Sheldahl, L.C., Slusarski, D.C., Pandur, P., Miller, J.R., Kuhl, M., and Moon, R.T. (2003).
Dishevelled activates Ca2+ flux, PKC, and CamKII in vertebrate embryos. The Journal of cell
biology 161, 769-777.
Shephard, F., Greville-Heygate, O., Marsh, O., Anderson, S., and Chakrabarti, L. (2014). A
mitochondrial location for haemoglobins--dynamic distribution in ageing and Parkinson's
disease. Mitochondrion 14, 64-72.
Shimizu, T., Kagawa, T., Inoue, T., Nonaka, A., Takada, S., Aburatani, H., and Taga, T. (2008).
Stabilized beta-catenin functions through TCF/LEF proteins and the Notch/RBP-Jkappa
complex to promote proliferation and suppress differentiation of neural precursor cells.
Molecular and cellular biology 28, 7427-7441.
Shimizu, T., Kagawa, T., Wada, T., Muroyama, Y., Takada, S., and Ikenaka, K. (2005). Wnt
signaling controls the timing of oligodendrocyte development in the spinal cord.
Developmental biology 282, 397-410.

243

Shimogori, T., VanSant, J., Paik, E., and Grove, E.A. (2004). Members of the Wnt, Fz, and Frp
gene families expressed in postnatal mouse cerebral cortex. J Comp Neurol 473, 496-510.
Shiomi, K., Kanemoto, M., Keino-Masu, K., Yoshida, S., Soma, K., and Masu, M. (2005).
Identification and differential expression of multiple isoforms of mouse Coiled-coil-DIX1
(Ccd1), a positive regulator of Wnt signaling. Brain research Molecular brain research 135,
169-180.
Singer, K., Luo, R., Jeong, S.J., and Piao, X. (2012). GPR56 and the developing cerebral
cortex: cells, matrix, and neuronal migration. Mol Neurobiol 47, 186-196.
Sofroniew, M.V. (2009). Molecular dissection of reactive astrogliosis and glial scar
formation. Trends Neurosci 32, 638-647.
Sohn, J., Natale, J., Chew, L.J., Belachew, S., Cheng, Y., Aguirre, A., Lytle, J., Nait-Oumesmar,
B., Kerninon, C., Kanai-Azuma, M., et al. (2006). Identification of Sox17 as a transcription
factor that regulates oligodendrocyte development. The Journal of neuroscience : the
official journal of the Society for Neuroscience 26, 9722-9735.
Sosunov, A.A., Wu, X., Tsankova, N.M., Guilfoyle, E., McKhann, G.M., 2nd, and Goldman,
J.E. (2014). Phenotypic heterogeneity and plasticity of isocortical and hippocampal
astrocytes in the human brain. The Journal of neuroscience : the official journal of the
Society for Neuroscience 34, 2285-2298.
Staunton, L., Zweyer, M., Swandulla, D., and Ohlendieck, K. (2012). Mass spectrometrybased proteomic analysis of middle-aged vs. aged vastus lateralis reveals increased levels of
carbonic anhydrase isoform 3 in senescent human skeletal muscle. International journal of
molecular medicine 30, 723-733.
Stepniak, E., Radice, G.L., and Vasioukhin, V. (2009). Adhesive and signaling functions of
cadherins and catenins in vertebrate development. Cold Spring Harbor perspectives in
biology 1, a002949.
Stolt, C.C., Schlierf, A., Lommes, P., Hillgartner, S., Werner, T., Kosian, T., Sock, E., Kessaris,
N., Richardson, W.D., Lefebvre, V., et al. (2006). SoxD proteins influence multiple stages of
oligodendrocyte development and modulate SoxE protein function. Dev Cell 11, 697-709.
Stoppini, L., Buchs, P.A., and Muller, D. (1991). A simple method for organotypic cultures of
nervous tissue. J Neurosci Methods 37, 173-182.
Sugimoto, T., Morioka, N., Zhang, F.F., Sato, K., Abe, H., Hisaoka-Nakashima, K., and Nakata,
Y. (2014). Clock gene Per1 regulates the production of CCL2 and interleukin-6 through p38,
JNK1 and NF-kappaB activation in spinal astrocytes. Molecular and cellular neurosciences
59c, 37-46.
Sundqvist, A., Zieba, A., Vasilaki, E., Herrera Hidalgo, C., Soderberg, O., Koinuma, D.,
Miyazono, K., Heldin, C.H., Landegren, U., Ten Dijke, P., et al. (2013). Specific interactions
between Smad proteins and AP-1 components determine TGFbeta-induced breast cancer
cell invasion. Oncogene 32, 3606-3615.
Supuran, C.T. (2011). Carbonic anhydrase inhibitors and activators for novel therapeutic
applications. Future medicinal chemistry 3, 1165-1180.

244

Supuran, C.T., Dipartimento di Chimica, L.d.C.B., University of Florence, Via della Lastruccia
3, Rm 188, Polo Scientifico, 50019â Sesto Fiorentino (Firenze), Italy, Dipartimento di
Chimica, L.d.C.B., University of Florence, Via della Lastruccia 3, Rm 188, Polo Scientifico,
50019â Sesto Fioren no (Firenze), Italy., Scozzafava, A., Dipar mento di Chimica, L.d.C.B.,
University of Florence, Via della Lastruccia 3, Rm 188, Polo Scientifico, 50019â Sesto
Fiorentino (Firenze), Italy, Casini, A., and Dipartimento di Chimica, L.d.C.B., University of
Florence, Via della Lastruccia 3, Rm 188, Polo Scientifico, 50019â Sesto Fiorentino
(Firenze), Italy (2011). Carbonic anhydrase inhibitors. Medicinal Research Reviews 23, 146189.
Svichar, N., Esquenazi, S., Waheed, A., Sly, W.S., and Chesler, M. (2006). Functional
demonstration of surface carbonic anhydrase IV activity on rat astrocytes. Glia 53, 241-247.
Swiss, V.A., Nguyen, T., Dugas, J., Ibrahim, A., Barres, B., Androulakis, I.P., and Casaccia, P.
(2011). Identification of a gene regulatory network necessary for the initiation of
oligodendrocyte differentiation. PloS one 6, e18088.
Szczucinski, A., Kalinowska, A., and Losy, J. (2007). CXCL11 (Interferon-inducible T-cell alpha
chemoattractant) and interleukin-18 in relapsing-remitting multiple sclerosis patients
treated with methylprednisolone. European neurology 58, 228-232.
Szuchet, S., Nielsen, J.A., Lovas, G., Domowicz, M.S., de Velasco, J.M., Maric, D., and
Hudson, L.D. (2011). The genetic signature of perineuronal oligodendrocytes reveals their
unique phenotype. Eur J Neurosci 34, 1906-1922.
Takasaki, C., Yamasaki, M., Uchigashima, M., Konno, K., Yanagawa, Y., and Watanabe, M.
(2010). Cytochemical and cytological properties of perineuronal oligodendrocytes in the
mouse cortex. Eur J Neurosci 32, 1326-1336.
Talbott, J.F., Loy, D.N., Liu, Y., Qiu, M.S., Bunge, M.B., Rao, M.S., and Whittemore, S.R.
(2005). Endogenous Nkx2.2+/Olig2+ oligodendrocyte precursor cells fail to remyelinate the
demyelinated adult rat spinal cord in the absence of astrocytes. Exp Neurol 192, 11-24.
Tanaka, K., Matsumoto, E., Higashimaki, Y., Katagiri, T., Sugimoto, T., Seino, S., and Kaji, H.
(2012). Role of osteoglycin in the linkage between muscle and bone. The Journal of
biological chemistry 287, 11616-11628.
Tang, S.S., Trackman, P.C., and Kagan, H.M. (1983). Reaction of aortic lysyl oxidase with
beta-aminopropionitrile. The Journal of biological chemistry 258, 4331-4338.
Tasheva, E.S., Koester, A., Paulsen, A.Q., Garrett, A.S., Boyle, D.L., Davidson, H.J., Song, M.,
Fox, N., and Conrad, G.W. (2002). Mimecan/osteoglycin-deficient mice have collagen fibril
abnormalities. Molecular vision 8, 407-415.
Teh, M.T., Blaydon, D., Ghali, L.R., Briggs, V., Edmunds, S., Pantazi, E., Barnes, M.R., Leigh,
I.M., Kelsell, D.P., and Philpott, M.P. (2007). Role for WNT16B in human epidermal
keratinocyte proliferation and differentiation. Journal of cell science 120, 330-339.
Tekkok, S.B., Brown, A.M., Westenbroek, R., Pellerin, L., and Ransom, B.R. (2005). Transfer
of glycogen-derived lactate from astrocytes to axons via specific monocarboxylate
transporters supports mouse optic nerve activity. Journal of neuroscience research 81, 644652.

245

Thornton, T.M., Pedraza-Alva, G., Deng, B., Wood, C.D., Aronshtam, A., Clements, J.L.,
Sabio, G., Davis, R.J., Matthews, D.E., Doble, B., et al. (2008). Phosphorylation by p38 MAPK
as an alternative pathway for GSK3beta inactivation. Science 320, 667-670.
Todorich, B., Pasquini, J.M., Garcia, C.I., Paez, P.M., and Connor, J.R. (2009).
Oligodendrocytes and myelination: the role of iron. Glia 57, 467-478.
Toledo, E.M., and Inestrosa, N.C. (2009). Activation of Wnt signaling by lithium and
rosiglitazone reduced spatial memory impairment and neurodegeneration in brains of an
APPswe/PSEN1DeltaE9 mouse model of Alzheimer's disease. Mol Psychiatry 15, 272-285,
228.
Tomsig, J.L., Snyder, S.L., and Creutz, C.E. (2003). Identification of targets for calcium
signaling through the copine family of proteins. Characterization of a coiled-coil copinebinding motif. The Journal of biological chemistry 278, 10048-10054.
Tong, C.K., and Alvarez-Buylla, A. (2014). SnapShot: adult neurogenesis in the V-SVZ.
Neuron 81, 220-220.e221.
Tong, Y., Xu, Y., Scearce-Levie, K., Ptacek, L.J., and Fu, Y.H. (2010). COL25A1 triggers and
promotes Alzheimer's disease-like pathology in vivo. Neurogenetics 11, 41-52.
Topol, L., Jiang, X., Choi, H., Garrett-Beal, L., Carolan, P.J., and Yang, Y. (2003). Wnt-5a
inhibits the canonical Wnt pathway by promoting GSK-3-independent beta-catenin
degradation. The Journal of cell biology 162, 899-908.
Tripathi, R.B., Rivers, L.E., Young, K.M., Jamen, F., and Richardson, W.D. (2010). NG2 glia
generate new oligodendrocytes but few astrocytes in a murine experimental autoimmune
encephalomyelitis model of demyelinating disease. The Journal of neuroscience : the
official journal of the Society for Neuroscience 30, 16383-16390.
Tsau, C., Ito, M., Gromova, A., Hoffman, M.P., Meech, R., and Makarenkova, H.P. (2011).
Barx2 and Fgf10 regulate ocular glands branching morphogenesis by controlling
extracellular matrix remodeling. Development (Cambridge, England) 138, 3307-3317.
Tsukiyama, T., and Yamaguchi, T.P. (2012). Mice lacking Wnt2b are viable and display a
postnatal olfactory bulb phenotype. Neuroscience letters 512, 48-52.
Tucker, P.C., and Sack, G.H., Jr. (2001). Expression of serum amyloid A genes in mouse
brain: unprecedented response to inflammatory mediators. FASEB J 15, 2241-2246.
Tuppo, E.E., and Arias, H.R. (2005). The role of inflammation in Alzheimer's disease. The
international journal of biochemistry & cell biology 37, 289-305.
Ueno, S., Weidinger, G., Osugi, T., Kohn, A.D., Golob, J.L., Pabon, L., Reinecke, H., Moon,
R.T., and Murry, C.E. (2007). Biphasic role for Wnt/beta-catenin signaling in cardiac
specification in zebrafish and embryonic stem cells. Proceedings of the National Academy
of Sciences of the United States of America 104, 9685-9690.
Umehara, H., Kimura, T., Ohtsuka, S., Nakamura, T., Kitajima, K., Ikawa, M., Okabe, M.,
Niwa, H., and Nakano, T. (2007). Efficient derivation of embryonic stem cells by inhibition of
glycogen synthase kinase-3. Stem Cells 25, 2705-2711.

246

Valenta, T., Hausmann, G., and Basler, K. (2012). The many faces and functions of betacatenin. The EMBO journal 31, 2714-2736.
Vallstedt, A., Klos, J.M., and Ericson, J. (2005). Multiple dorsoventral origins of
oligodendrocyte generation in the spinal cord and hindbrain. Neuron 45, 55-67.
van Baarsen, L.G., Vosslamber, S., Tijssen, M., Baggen, J.M., van der Voort, L.F., Killestein, J.,
van der Pouw Kraan, T.C., Polman, C.H., and Verweij, C.L. (2008). Pharmacogenomics of
interferon-beta therapy in multiple sclerosis: baseline IFN signature determines
pharmacological differences between patients. PloS one 3, e1927.
Van Den Bosch, L., and Robberecht, W. (2008). Crosstalk between astrocytes and motor
neurons: what is the message? Exp Neurol 211, 1-6.
Verkhratsky, A., and Butt, A.M. (2013). Glial Physiology and Pathophysiology.
Verkhratsky, B. (2013). Glial Physiology and Pathophysiology.
Verkman, A.S. (2002). Physiological importance of aquaporin water channels. Ann Med 34,
192-200.
Vigh, B., Manzano e Silva, M.J., Frank, C.L., Vincze, C., Czirok, S.J., Szabo, A., Lukats, A., and
Szel, A. (2004). The system of cerebrospinal fluid-contacting neurons. Its supposed role in
the nonsynaptic signal transmission of the brain. Histol Histopathol 19, 607-628.
Vora, P., Pillai, P., Mustapha, J., Kowal, C., Shaffer, S., Bose, R., Namaka, M., and Frost, E.E.
(2012). CXCL1 regulation of oligodendrocyte progenitor cell migration is independent of
calcium signaling. Exp Neurol 236, 259-267.
Wada, A., Yokoo, H., Yanagita, T., and Kobayashi, H. (2005). Lithium: potential therapeutics
against acute brain injuries and chronic neurodegenerative diseases. J Pharmacol Sci 99,
307-321.
Walker, D.G., Link, J., Lue, L.F., Dalsing-Hernandez, J.E., and Boyes, B.E. (2006). Gene
expression changes by amyloid beta peptide-stimulated human postmortem brain
microglia identify activation of multiple inflammatory processes. J Leukoc Biol 79, 596-610.
Walsh, M.M., Yi, H., Friedman, J., Cho, K.I., Tserentsoodol, N., McKinnon, S., Searle, K., Yeh,
A., and Ferreira, P.A. (2009). Gene and protein expression pilot profiling and biomarkers in
an experimental mouse model of hypertensive glaucoma. Exp Biol Med (Maywood) 234,
918-930.
Wang, D., and Gao, L. (2005). Proteomic analysis of neural differentiation of mouse
embryonic stem cells. Proteomics 5, 4414-4426.
Wang, H.X., Gillio-Meina, C., Chen, S., Gong, X.Q., Li, T.Y., Bai, D., and Kidder, G.M. (2013).
The canonical WNT2 pathway and FSH interact to regulate gap junction assembly in mouse
granulosa cells. Biology of reproduction 89, 39.
Wang, J., and Shackleford, G.M. (1996). Murine Wnt10a and Wnt10b: cloning and
expression in developing limbs, face and skin of embryos and in adults. Oncogene 13, 15371544.

247

Wang, S., Sdrulla, A.D., diSibio, G., Bush, G., Nofziger, D., Hicks, C., Weinmaster, G., and
Barres, B.A. (1998). Notch receptor activation inhibits oligodendrocyte differentiation.
Neuron 21, 63-75.
Wang, Z., and Li, L. (2008). Adenovirus-mediated RNA interference against collagen-specific
molecular chaperone 47-KDa heat shock protein suppresses scar formation on mouse
wounds. Cell biology international 32, 484-493.
Warner-Schmidt, J.L., and Duman, R.S. (2008). VEGF as a potential target for therapeutic
intervention in depression. Current opinion in pharmacology 8, 14-19.
Warsh J.J., L. (2004). Role of intracellular calcium signaling in the pathophysiology and
pharmacotherapy of bipolar disorder: current status. 4, 201–213.
Weinger, J.G., Omari, K.M., Marsden, K., Raine, C.S., and Shafit-Zagardo, B. (2009). Upregulation of soluble Axl and Mer receptor tyrosine kinases negatively correlates with Gas6
in established multiple sclerosis lesions. The American journal of pathology 175, 283-293.
White, B.D., Nathe, R.J., Maris, D.O., Nguyen, N.K., Goodson, J.M., Moon, R.T., and Horner,
P.J. (2009). beta-Catenin Signaling Increases in Proliferating NG2+ Progenitors and
Astrocytes During Posttraumatic Gliogenesis in the Adult Brain. Stem Cells.
Wieschaus, E., and Riggleman, R. (1987). Autonomous requirements for the segment
polarity gene armadillo during Drosophila embryogenesis. Cell 49, 177-184.
Wilhelmus, M.M., Bol, J.G., van Duinen, S.G., and Drukarch, B. (2013). Extracellular matrix
modulator lysyl oxidase colocalizes with amyloid-beta pathology in Alzheimer's disease and
hereditary cerebral hemorrhage with amyloidosis--Dutch type. Exp Gerontol 48, 109-114.
Williams, R.S., and Harwood, A.J. (2000). Lithium therapy and signal transduction. Trends
Pharmacol Sci 21, 61-64.
Wilson, G.R., Tan, J.T., Brody, K.M., Taylor, J.M., Delatycki, M.B., and Lockhart, P.J. (2009).
Expression and localization of the Parkin co-regulated gene in mouse CNS suggests a role in
ependymal cilia function. Neuroscience letters 460, 97-101.
Wilson, G.R., Wang, H.X., Egan, G.F., Robinson, P.J., Delatycki, M.B., O'Bryan, M.K., and
Lockhart, P.J. (2010). Deletion of the Parkin co-regulated gene causes defects in ependymal
ciliary motility and hydrocephalus in the quakingviable mutant mouse. Human molecular
genetics 19, 1593-1602.
Winum, J.Y., Vullo, D., Casini, A., Montero, J.L., Scozzafava, A., and Supuran, C.T. (2003).
Carbonic anhydrase inhibitors. Inhibition of cytosolic isozymes I and II and transmembrane,
tumor-associated isozyme IX with sulfamates including EMATE also acting as steroid
sulfatase inhibitors. Journal of medicinal chemistry 46, 2197-2204.
Wodarz, A., and Nusse, R. (1998). Mechanisms of Wnt signaling in development. Annual
review of cell and developmental biology 14, 59-88.
Wolf, A.M., Lyuksyutova, A.I., Fenstermaker, A.G., Shafer, B., Lo, C.G., and Zou, Y. (2008).
Phosphatidylinositol-3-kinase-atypical protein kinase C signaling is required for Wnt
attraction and anterior-posterior axon guidance. The Journal of neuroscience : the official
journal of the Society for Neuroscience 28, 3456-3467.

248

Woodgett, J.R. (1990). Molecular cloning and expression of glycogen synthase kinase3/factor A. The EMBO journal 9, 2431-2438.
Wu, M., Hernandez, M., Shen, S., Sabo, J.K., Kelkar, D., Wang, J., O'Leary, R., Phillips, G.R.,
Cate, H.S., and Casaccia, P. (2012). Differential modulation of the oligodendrocyte
transcriptome by sonic hedgehog and bone morphogenetic protein 4 via opposing effects
on histone acetylation. The Journal of neuroscience : the official journal of the Society for
Neuroscience 32, 6651-6664.
Wyse, A.T., and Netto, C.A. (2011). Behavioral and neurochemical effects of proline. Metab
Brain Dis 26, 159-172.
Xu, B., Chen, C., Chen, H., Zheng, S.G., Bringas, P., Jr., Xu, M., Zhou, X., Chen, D., Umans, L.,
Zwijsen, A., et al. (2011). Smad1 and its target gene Wif1 coordinate BMP and Wnt
signaling activities to regulate fetal lung development. Development (Cambridge, England)
138, 925-935.
Xu, D., Yao, Y., Jiang, X., Lu, L., and Dai, W. (2010). Regulation of PTEN stability and activity
by Plk3. The Journal of biological chemistry 285, 39935-39942.
Xu, J., Qi, X., Gong, J., Yu, M., Zhang, F., Sha, H., and Gao, X. (2012). Fstl1 antagonizes BMP
signaling and regulates ureter development. PloS one 7, e32554.
Yamada, S., Pokutta, S., Drees, F., Weis, W.I., and Nelson, W.J. (2005). Deconstructing the
cadherin-catenin-actin complex. Cell 123, 889-901.
Yamaguchi, T., Matsushita, S., Motojima, K., Hirose, F., and Osumi, T. (2006). MLDP, a novel
PAT family protein localized to lipid droplets and enriched in the heart, is regulated by
peroxisome proliferator-activated receptor alpha. The Journal of biological chemistry 281,
14232-14240.
Yan, Y., Tang, D., Chen, M., Huang, J., Xie, R., Jonason, J.H., Tan, X., Hou, W., Reynolds, D.,
Hsu, W., et al. (2009). Axin2 controls bone remodeling through the beta-catenin-BMP
signaling pathway in adult mice. Journal of cell science 122, 3566-3578.
Yang, L., Lin, C., and Liu, Z.R. (2006). P68 RNA helicase mediates PDGF-induced epithelial
mesenchymal transition by displacing Axin from beta-catenin. Cell 127, 139-155.
Ye, F., Chen, Y., Hoang, T., Montgomery, R.L., Zhao, X.H., Bu, H., Hu, T., Taketo, M.M., van
Es, J.H., Clevers, H., et al. (2009). HDAC1 and HDAC2 regulate oligodendrocyte
differentiation by disrupting the beta-catenin-TCF interaction. Nature neuroscience 12,
829-838.
Young, H.M., Turner, K.N., and Bergner, A.J. (2005). The location and phenotype of
proliferating neural-crest-derived cells in the developing mouse gut. Cell Tissue Res 320, 19.
Young, K.M., Psachoulia, K., Tripathi, R.B., Dunn, S.J., Cossell, L., Attwell, D., Tohyama, K.,
and Richardson, W.D. (2013). Oligodendrocyte dynamics in the healthy adult CNS: evidence
for myelin remodeling. Neuron 77, 873-885.

249

Yumoto, T., Nakadate, K., Nakamura, Y., Sugitani, Y., Sugitani-Yoshida, R., Ueda, S., and
Sakakibara, S. (2013). Radmis, a novel mitotic spindle protein that functions in cell division
of neural progenitors. PloS one 8, e79895.
Yung, S.Y., Gokhan, S., Jurcsak, J., Molero, A.E., Abrajano, J.J., and Mehler, M.F. (2002).
Differential modulation of BMP signaling promotes the elaboration of cerebral cortical
GABAergic neurons or oligodendrocytes from a common sonic hedgehog-responsive
ventral forebrain progenitor species. Proceedings of the National Academy of Sciences of
the United States of America 99, 16273-16278.
Zacharias, A.L., and Gage, P.J. (2010). Canonical Wnt/beta-catenin signaling is required for
maintenance but not activation of Pitx2 expression in neural crest during eye development.
Dev Dyn 239, 3215-3225.
Zamanian, J.L., Xu, L., Foo, L.C., Nouri, N., Zhou, L., Giffard, R.G., and Barres, B.A. (2012).
Genomic analysis of reactive astrogliosis. The Journal of neuroscience : the official journal
of the Society for Neuroscience 32, 6391-6410.
Zanata, S.M., Hovatta, I., Rohm, B., and Puschel, A.W. (2002). Antagonistic effects of Rnd1
and RhoD GTPases regulate receptor activity in Semaphorin 3A-induced cytoskeletal
collapse. The Journal of neuroscience : the official journal of the Society for Neuroscience
22, 471-477.
Zarco, N., Bautista, E., Cuellar, M., Vergara, P., Flores-Rodriguez, P., Aguilar-Roblero, R., and
Segovia, J. (2013). Growth arrest specific 1 (GAS1) is abundantly expressed in the adult
mouse central nervous system. The journal of histochemistry and cytochemistry : official
journal of the Histochemistry Society 61, 731-748.
Zeger, M., Popken, G., Zhang, J., Xuan, S., Lu, Q.R., Schwab, M.H., Nave, K.A., Rowitch, D.,
D'Ercole, A.J., and Ye, P. (2007). Insulin-like growth factor type 1 receptor signaling in the
cells of oligodendrocyte lineage is required for normal in vivo oligodendrocyte
development and myelination. Glia 55, 400-411.
Zhang, J., Goodlett, D.R., Quinn, J.F., Peskind, E., Kaye, J.A., Zhou, Y., Pan, C., Yi, E., Eng, J.,
Wang, Q., et al. (2005). Quantitative proteomics of cerebrospinal fluid from patients with
Alzheimer disease. J Alzheimers Dis 7, 125-133; discussion 173-180.
Zhang, Y., Huang, P., Du, G., Kanaho, Y., Frohman, M.A., and Tsirka, S.E. (2004). Increased
expression of two phospholipase D isoforms during experimentally induced hippocampal
mossy fiber outgrowth. Glia 46, 74-83.
Zheng, J.Q., Kelly, T.K., Chang, B., Ryazantsev, S., Rajasekaran, A.K., Martin, K.C., and Twiss,
J.L. (2001). A functional role for intra-axonal protein synthesis during axonal regeneration
from adult sensory neurons. The Journal of neuroscience : the official journal of the Society
for Neuroscience 21, 9291-9303.
Zhou, F., and You, G. (2007). Molecular insights into the structure-function relationship of
organic anion transporters OATs. Pharm Res 24, 28-36.
Zhou, F.Q., Zhou, J., Dedhar, S., Wu, Y.H., and Snider, W.D. (2004). NGF-induced axon
growth is mediated by localized inactivation of GSK-3beta and functions of the microtubule
plus end binding protein APC. Neuron 42, 897-912.

250

Zhou, Q., and Anderson, D.J. (2002). The bHLH transcription factors OLIG2 and OLIG1
couple neuronal and glial subtype specification. Cell 109, 61-73.
Zhou, X., Spittau, B., and Krieglstein, K. (2012). TGFbeta signalling plays an important role in
IL4-induced alternative activation of microglia. J Neuroinflammation 9, 210.
Zhu, X., Hill, R.A., Dietrich, D., Komitova, M., Suzuki, R., and Nishiyama, A. (2011a). Agedependent fate and lineage restriction of single NG2 cells. Development 138, 745-753.
Zhu, Z., Kremer, P., Tadmori, I., Ren, Y., Sun, D., He, X., and Young, W. (2011b). Lithium
Suppresses Astrogliogenesis by Neural Stem and Progenitor Cells by Inhibiting STAT3
Pathway Independently of Glycogen Synthase Kinase 3 Beta. In PloS one (United States), p.
e23341.

251

