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Abstract

Astrocytes represent a major class of glial cells responsible for maintaining the
microenvironment of the central nervous system. They are thought to play an
important role in the development of many diseases, such as stroke,
neurodegenerative disease and pain. It is apparent that astrocytes become
reactive during the onset of these diseases to form foci of reactive gliosis;
however, the mechanisms of reactive gliosis are poorly characterised. This thesis
therefore aims to investigate the mechanisms underlying reactive gliosis

astrocytes in different CNS regions and during development in vitro.

To investigate the mechanisms of gliosis, we compared the responses of primary
cultures of spinal cord astrocytes and cortical astrocytes as a model. We then,
compared the response of cortical astrocytes at two developmental stages, before
and after birth (E18 and P2, respectively), as a second model to further elucidate
the mechanisms of gliosis relative to astrocyte phenotype during development. To
induce gliosis, astrocytes were treated with pharmacological stimuli (forskolin,
LPS, TNFa, noradrenaline, histamine and substance P). The reactive astrogliosis
was quantified by calculating the percentage of stellate cells, quantifying the
sensitivity of cells to the P2Y14 receptor agonist UDP-glucose, as this receptor is
up-regulated in reactive astrocytes, and measuring the distribution of p-STAT3

between cytoplasm and nucleus.

It was found that neonatal cortical astrocytes demonstrated time-dependent
stellation in response to forskolin and noradrenaline. In contrast, primary cultures
of other astrocytes exhibited a less reliable and more heterogeneous response to
the stimuli, suggesting there are significant differences in the sensitivity of
astrocytes to these stimuli or their ability to undergo stellation, depending on the
site and age. Further investigation showed that cAMP levels were higher in
neonatal cortical cultures compared to the neonatal spinal and embryonic cortical

cultures. In addition, the intensity of p-STAT3 (considered a master regulator of
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reactive gliosis) was different in the different region and during development, both

of which were consistent with the changing of astrocyte morphology.

To investigate the role of STAT3 in stellation, it was found that inhibition of p-
STAT3 can prevent astrocytes from undergoing stellation in the presence of
forskolin or noradrenaline and decrease the tonic level of STAT3, suggesting the
involvement of p-STAT3 in stellation. IL-6 STAT3 activator cannot induce
stellation; the inhibitors significantly block stellation in the presence of a cAMP
analog, and forskolin or noradrenaline are unable to activate STAT3, implying a
cooperative effect of STAT3 and cAMP to cause stellation. None of the stimuli
induced STAT3 translocation to the nucleus, thus the transcription role of STAT3
was not enabled. This indicates that cytoplasmic STAT3 induces stellation through

a non-genomic role.

Together, these data provide evidence of age- and region-related differences in
astrocytes stellation, which are correlated with cAMP and STAT3 expression and
their activities. These findings help elucidate the mechanisms of stellation and may
explain the actions of STAT3 on morphology that are independent of its nuclear

transcriptional activity.
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Chapter 1 General introduction



1.1  Astrocyte overview

Astrocytes among of the largest glial cell populations in the central nervous system
(CNS), where they represent 30% of the cells (Liddelow and Barres, 2017). They
are a heterogeneous group of non-neuronal cells that play a crucial function in
several aspects of CNS development and function. They can modulate synaptic
transmission and plasticity (Paixao and Klein, 2010), control potassium buffering
(Chiang, Sessle and Dostrovsky, 2012) and play a role in regulating metabolic

partitioning (Chiang, Sessle and Dostrovsky, 2012; Kimelberg, 2010).

1.1.1 Astrocyte heterogeneity
Several lines of evidence show that astrocytes are a heterogeneous cell type within
and between brain regions. They are diverse in their morphology, gene expression
profile, physiological properties, electrophysiological properties, function and
response to injury and disease (Matyash and Kettenmann, 2010; Zhang and

Barres, 2010).

Morphologically, Emsley and Macklis (2006) found many types of astrocyte by
using GFAP and S100B immunostaining including Bergmann glia, ependymal glia,
fibrous astrocytes, marginal glia, perivascular glia, protoplasmic astrocytes,
tanycytes and velate glia within many brain regions. Another study found that
striatal and hippocampal astrocytes have the same somatic volumes and number
of primary branches, but the branching of striatal astrocytes was significantly more
extensive than hippocampal astrocytes (Chai et al., 2017). Glial fibrillary acidic
protein (GFAP), an intermediate filament protein that forms part of the astrocyte
cytoskeleton, is the standard marker used to identify astrocytes (Oberheim,
Goldman, and Nedergaard, 2012). GFAP levels differ between brain regions (Taft,
Vertes and Perry, 2005); hippocampal astrocytes express readily detectable GFAP,
whereas thalamus astrocytes express less. GFAP expression also differs in many
layers of cerebral cortex astrocytes (Khakh and Sofroniew, 2015); GFAP

expression is high in white matter astrocytes (fibrous astrocytes) and low in grey



matter astrocytes (protoplasmic astrocytes) (Cahoy et al., 2008). Additionally, it
has been found that many astrocytes do not express GFAP but could be identified
by other astrocytes markers such as S1008 (Gongalves, Concli Leite and Nardin,
2008) and AldhlL1 (Sofroniew and Vinters, 2010) which are also used for
recognising astrocyte morphology. Conversely, GFAP can be expressed by other
cells in the CNS which are not astrocytes (Oberheim, Goldman, and Nedergaard,
2012), such as radial glial cells, the main alternative cell type in the CNS
responsible for generating neurons and glia (Malatesta, Appolloni and Calzolari,
2008). Therefore, GFAP expression for the purpose of identifying mature
astrocytes is still not sufficient for defining cell type. Furthermore, it has been
found that GFAP is an essential marker of reactive astrogliosis and glial scar
formation (Sofroniew and Vinters, 2010). Thus, reactive astrocytes lead to an

increase in the presence of GFAP-labelled cells (Pekny and Pekna, 2004).

In addition to morphological differences, heterogeneity in astrocyte gene
expression profiles has led to diversity in their functions. Compared with cortex
and cerebellum populations, spinal cord astrocytes highly expressed Hesl1 gene,
which is the main target of Notch signalling, and can affect neuronal
reprogramming activity (Hu et al., 2019). Molofsky et al. (2014) discovered that
astrocyte in the spinal cord could express the sema3a gene, which is required for
proper motor neuron and sensory neuron circuit organisation. Moreover, many
studies recognised several genes that are differentially expressed by astrocytes in
vivo and in vitro. These genes include: surface glycoproteins (Barbin et al., 1988),
which suggests differences in astrocyte-neuron interactions or astrocyte—astrocyte
interactions (Zhang and Barres, 2010); neuropeptides (Klein and Fricker, 1992)
which lead to differences in peptidergic signalling activity (Zhang and Barres,
2010); sodium channels (Black, Sontheimer and Waxman, 1993); potassium
channels (Hibino et al., 2004; Tang, Taniguchi and Kofuji, 2009); glutamate

receptors (Cai, Schools and Kimelberg, 2000); NMDA receptors (Karavanova et



al., 2007); and glutamate transporters (Regan et al., 2007), which suggests
variation in ion homeostasis and neurotransmitter recycling. For example, the
glutamate transporter GLT1 is mainly expressed in the hippocampus, cortex and
striatum in both protoplasmic and fibrous astrocytes, while GLAST is primarily
expressed in the cerebellum and cortical astrocytes (Lehre et al., 1995; Tanaka et
al., 2016). Also, GLT1 expression is higher in brain astrocyte than in spinal cord
astrocytes (Regan et al., 2007). It was found that glutamate uptake in a group of
astrocytes from the hypothalamus is absent (Israel et al., 2003). With respect to
glutamate receptors, NMDA receptor can be expressed in cortical and spinal cord
astrocyte but not in hippocampal astrocytes (Matyash and Kettenmann, 2010).
Moreover, regarding the purinergic receptor, it has been established that only a
subpopulation of astrocytes in the rat hippocampus co-express P2Yi, P2Y2 or P2Y4
(Zhu and Kimelberg, 2004). While cortical astrocytes express functional P2X
receptors (Lalo et al., 2008), hippocampal astrocytes do not express any (Jabs et
al., 2007). Buosi et al. (2017) demonstrated that cerebellar astrocytes have a
higher synaptogenic effect than other brain regions. These differences may be due
to distinct gene expression profiles and different expression levels of known

synaptogenic factors (Bosworth and Allen, 2017).

Furthermore, astrocytes have different membrane currents activity. Connexin-43
is expressed by grey but not white matter astrocytes (Haas et al., 2006; Nagy et
al., 1999). The astrocytes can also express high levels of potassium channel Kir4.1
in the hippocampus and cerebellum (Seifert et al., 2009), low levels in white
matter astrocytes, and at variable levels in grey matter astrocytes
(Poopalasundaram et al., 2000). While expression is region-specific in the spinal
cord, Kird.1 channel expression is generally expressed higher in the ventral horn
than the dorsal horn (Olsen, Campbell and Sontheimer, 2007; Matyash and

Kettenmann, 2010).



In the case of intercellular calcium signalling, a difference was found between grey
and white matter astrocytes (Matyash and Kettenmann, 2010). As a result of
diverse mechanisms, seven types of Ca?* signals can exist in astrocytes and occur
in distinct CNS locations (Khakh and Sofroniew, 2015). Cortical layer 1 astrocytes
show distinct features of spontaneous Ca?* activity compared to layer 2/3
astrocytes (Takata and Hirase, 2008). Also, Ca?* activity in cerebellar Bergman
glia exhibits patterns which differ from those of neocortical protoplasmic
astrocytes (Nimmerjahn, Mukamel and Schnitzer, 2010), and Ca?* signal
frequency is shown to be higher in the hippocampus than the striatum (Chai et
al., 2017). In cortical astrocytes, calcium can be released in response to glutamate
and norepinephrine (Bekar, He and Nedergaard, 2008), while hippocampal
astrocytes exhibit responses to ATP, GABA, glutamate, acetylcholine,
prostaglandins and endocannabinoids to increase calcium signalling (Araque et

al., 2002; Porter and McCarthy, 1996).

Overall, astrocytes are highly heterogeneous in their phenotype, which is reflected
in their morphology and gene expression and can affect cell identity and function.
There is still uncertainty in the definition of what an astrocyte is; it is unclear
whether there is one class of cells or many classes because astrocytes have
different functions and many roles. Thus, the origin of this heterogeneity is

important to investigate.

1.1.2 Astrogliogenesis
Studying the formation of astrocytes during development could reveal the main
source of astrocyte heterogeneity. In this section, we will review the source and
steps of astrogliogenesis as well as the factors that are controlling these steps and
regulating the diversity of astrocytes in their morphology and function during

development.

There are four distinct sources of astrocytes in CNS: radial glia in the ventricular

zone, intermediate progenitors in the subventricular zone, NG2* glial progenitor



cells and local proliferation of differentiated astrocytes (Ge et al., 2012; Sloan and
Barres, 2015; Sohn et al., 2015). During neurogenesis, neuroepithelial cells that
generate from the neural tube transform into radial glial cells and produce neurons
in the early stage. Following the cessation of neurogenesis during mid-gestation,
radial glia become gliogenic and form astrocytes (Holst et al., 2019; Molofsky et
al., 2012; Martini et al., 2013; Rowitch and Kriegstein, 2010); however, the direct
involvement of radial cells in the formation of astrocytes is small because the
population of astrocytes in the adult is much larger than the population of radial
cells (Ge and Jia, 2016). Another study found that each radial cell generates
intermediate progenitor cells and many astrocyte cells (Magavi et al., 2012). Both
radial cells and intermediate progenitor cells start to disappear in the late
embryonic stages, and few continue after postnatal week 2, at which point they
play a role in migrating neurons and astrocytes to their final location in the CNS
(Tabata, 2015). After birth, local proliferation is the main source of astrocytes.
There are two peaks of proliferation: the first is at P3-7, and the second is at P16
(Ge and Jia, 2016). The proliferation of spinal cord astrocytes is earlier than brain

astrocytes (Molofsky and Deneen, 2015) (Figure 1.1).
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Figure 1.1 Developmental origins of astrocytes are shown from left to right. Black
arrows indicate differentiation from one cell type to another. The neuroepithelial cell gives
rise to a neurogenic radial cell that generates different neuronal subtypes starting from E12
to E16. At later stages of embryogenesis (E16), the neurogenic radial cell starts to become
gliogenic and produces astrocytes and oligodendrocyte precursor cells (OPC), which yield
oligodendrocytes. Also, radial cells can generate an intermediate progenitor cell that
produces astrocytes. NG2* glial progenitor cells can create a protoplasmic astrocyte. After
birth, the astrocytes begin to differentiate and proliferate.

The current understanding of astrogenesis is completed by explaining the factors
that affect the transfer from neurons to astrocytes formation. The switch from
neurogenesis to gliogenesis is controlled by a combination of their intrinsic factors
(e.g., transcription factors and epigenetic factors) and cell-extrinsic factors from
the microenvironment around neural stem cells (e.g. cytokines and growth
factors). Sonic hedgehog (Shh), neurotrophic cytokine cardiotrophin-1, leukemia
inhibitory factor (LIF), a member of the interleukin-6 family (IL-6) and bone
morphogenetic proteins (BMPs) are extrinsic morphogenic signals that integrate
and bind with neuroepithelial cell populations and activate cell-intrinsic
transcription factor expression (Rowitch and Kriegstein, 2010; Sun, Martinowich
and Ge, 2003; Holst et al., 2019; Sloan and Barres, 2015; Fukuda et al., 2007;

Yang, Higashimori and Morel, 2013). Aradjo et al. (2014) found that activation of



the Shh pathway increased proliferation and generation of astroglial cells but not
neurons. LIF and ciliary neurotrophic factor (CNTF) can stimulate astrogliogenesis
through activation of JAK-STAT signalling (Cao et al., 2010; He et al., 2005; Kim
et al., 2010) and act to promote GFAP and S100B genes during the astrocyte
differentiation process (Molofsky et al., 2012). In addition, BMP can activate Smad
transcription factors, which synergistically stimulate the transcription of glial-
specific genes (Vallejo, 2009; Tiwari et al., 2018). However, BMPs have a dual role
which can promote neurogenesis in the early stage and astrogenesis during the
late period of development, depending on the levels of specific growth factors
(Rowitch and Kriegstein, 2010). Moreover, the Notch signalling pathway is another
factor that regulates neurogenesis in the beginning, then generates astrocytes in
the astrogliogenic phase. Notch is able to activate astrogliogenesis through HES
proteins, which inhibit neurogenic bHLH factors, and also through activation of the
JAK-STAT pathway (Deneen et al., 2006; Rowitch and Kriegstein, 2010). Several
other transcription factors can control the initiation of gliogenesis and the
differentiation of astrocytes in a later stage, such as Sox9, which is an HMG box
transcription factor, and NFIA transcription factors that bind CAATT boxes
(Molofsky et al., 2012; Chaboub and Deneen, 2012; Molofsky and Deneen, 2015).
It was found that Notch1l signalling is directly up-regulated by the transcription
factor Sox9 (Martini et al., 2013) and NFIA (Tiwari et al., 2018). Benito-Mufioz,
Matute and Cavaliere (2016) demonstrated that activation of the Al receptor by

adenosine inhibits adult neurogenesis and promotes astrogliogenesis.

The heterogeneity of astrocytes may relate to the diversity of glial progenitor cells,
as mentioned earlier in this section and Figure 1.1. Moreover, it was discovered
that spinal cord astrocytes but not cortical could be derived from oligo progenitors,
which vyield specific astrocyte subpopulations in the spinal cord (Oberheim,
Goldman and Nedergaard, 2012). In addition, the extrinsic signals of Shh and

BMPs lead to the segmentation of the neuroepithelium into different progenitor



domains (denoted p0, pl p2, p3 and pMN) (Bayraktar et al., 2015; Rowitch and
Kriegstein, 2010). Each domain produces specific progenitor that generate
different astrocyte types. Three astrocyte subtypes have been discovered: VA1,
VA2 and VA3, each of which expresses different transcription factors and gene
expression that may be implicated in astrocyte diversity (Ben Haim and Rowitch,
2016; Chaboub and Deneen, 2012; Rowitch and Kriegstein, 2010) (Figure 1.2).
Taken together, the diversity of spinal cord and brain astrocytes is due to distinct
subtypes by a homeodomain transcription factor code, diversity of glial progenitors

and extrinsic factors that modulate differentiation.

Neural tube

Figure 1.2 A cross-sectional view of the neural tube. The neural tube is the origin of
the neuroepithelial cell that differentiates into neurons or glial cells, i.e., oligodendrocytes
and astrocytes. The neural tube is divided into different segmentations that generate
progenitor domains (denoted p0, pl p2, p3 and pMN). Three astrocyte subtypes have been
recognised according to their domains of origin: VA1l astrocytes (derived from p1l), VA2
astrocytes (derived from p2) and VA3 astrocytes (derived from p3).

1.1.3 Physiological function of mature astrocyte
Mature astrocytes are essential for maintaining the extracellular microenvironment
of the CNS. Firstly, they control extracellular ion homeostasis by uptake of K* in
the extracellular space through potassium channels (Chiang, Sessle and
Dostrovsky, 2012). Secondly, the astrocytes clear CO2 produced by neurons in the
brain because they contain carbonic anhydrase enzyme, which synthesises
carbonic acid from CO2 and water then reversibly degrades carbonic acid into H*
and HCO3™ (Benarroch, 2005). Thirdly, they control H* to maintain pH in addition

to Na*/H* and CI/HCOs~ exchanges. Fourthly, astrocytes provide energy for



neurons by converting glucose to lactate during glycolysis, as described by the
astrocyte-neuronal lactate shuttle hypothesis (ANLSH); this process is controlled
by cotransport of H* with lactate on neuron and astrocyte membranes (Kimelberg,
2010). Fifthly, 99% of CNS capillaries are covered by end-feet astrocytes
(Verkhratsky et al., 2014), which modulate blood-brain barrier (BBB) permeability

(Benarroch, 2005).

Other significant functions of astrocytes include the control of neuronal activity by
uptake of neurotransmitters. Glutamate released during synaptic transmission
must be cleared to terminate the transient signal. Glial transporters such as
GLAST/EAAT1 and GLT1/EAAT2 take up glutamate, maintaining extracellular
concentrations at a low level. This prevents excessive activation of neurons, which
can lead to excitotoxicity (Paixdao and Klein, 2010). One-third of this glutamate
enters the tricarboxylic acid cycle (Krebs cycle) to form new glutamate, and the
remaining two-thirds is converted into glutamine that is released into the synaptic
space then taken up by neurons and used as a glutamate precursor (Chiang,
Sessle and Dostrovsky, 2012). In addition, astrocytes participate in GABA uptake
using transporters such as GAT3. GAT3 utilises an active process involving the
influx of one positive charge via take up of GABA and 2Na* ions in exchange for
1Cl~ ion per GABA transport cycle (Scimemi, 2019). Dopamine uptake occurs in
astrocytes as well via the dopamine transporter (DAT), norepinephrine transporter
(NET), organic cation transporter (OCT) and plasma membrane monoamine
transporter (PMAT) (Jennings and Rusakov, 2016). Following uptake, the
dopamine is metabolised by catechol-O-methyl transferase (COMT) and
monoamine oxidase (MAO) (Petrelli et al., 2018). Breakdown of dopamine by MAO
produces H20: that increases Ca?* release from intracellular stores via activation
of phospholipase C (PLC), which causes the release of inositol (1,4,5)

trisphosphate (IP3) (Jennings and Rusakov, 2016).
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Another consequence of the close association of astrocytes with sites of
neurotransmitter release is that they form an essential part of the tripartite
synapse (Figure 1.3). They could work bi-directionally by exchanging information
between the pre- and postsynaptic cells to regulate synaptic activity, which has
also been linked to blood vessel diameter (Paixao and Klein, 2010). Astrocytes can
express several receptors in their membrane. A receptor found on neurons has
almost certainly been found on astrocytes, too. These receptors include NMDA,
AMPA, metabotropic glutamatergic, GABA, neurotrophic tyrosine kinase,
neurokinin-1, purinergic (ion channels P2X receptors and metabotropic receptors
P2Y), adrenergic, muscarinic, histamine, adenosine, serotonin, dopamine, opioid,
cytokine, chemokines receptors and aquaporin channels (Chiang, Sessle and
Dostrovsky, 2012; Dorf et al., 2000; Fields, 2009; Hertz et al., 2010; Xu et al.,
2018; Miyazaki and Asanuma, 2016; Jennings and Rusakov, 2016; Nam et al.,
2018). Activation of metabotropic receptors can trigger the release of Ca?* from
internal stores on the endoplasmic reticulum (ER), which is the main functional
signalling of astrocytes allowing them to detect neurotransmitters and release
gliotransmitters such as glutamate, ATP and D-serine (Nedergaard, Rodriguez and
Verkhratsky, 2010; Hansen and Malcangio, 2013; Hertz and Zielke, 2004; Coco et
al., 2003; Mothet et al., 2005). Following activation of these receptors,
phospholipase C (PLC) enzyme hydrolyses phosphatidylinositol bisphosphate
(PIP2) into the intracellular second messenger IP3, which binds to the IPs receptor
located in the ER and results in the release of calcium from the ER store. In
addition, it appears that other signalling pathways could increase Ca?* level in
astrocytes by stimulation of Ca%*permeant ionotropic receptors or Na*/Ca?*

exchangers (Volterra, Liaudet and Savtchouk, 2014).

Furthermore, astrocytes can create astroglial networks by cell-to-cell coupling via
gap junctions (Orthmann-Murphy, Abrams and Scherer, 2008) such as Connexin-

43 (Cx43) (Thompson and Macvicar, 2008; Kang et al., 2008). In summary,
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astrocytes are multifunctional cells in CNS that play many roles in controlling
neuronal signalling and provide the physiological conditions necessary for the

survival of neurons
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Figure 1.3 The tripartite synapse. Neurotransmitters (glutamate) are released from the
presynaptic neuron (1), which activate metabotropic glutamate receptors (mGluRs) on
astrocytes (2), causing a release of Ca2* ions in the astrocyte from the ER (3). Ca%* ions
trigger the release of gliotransmitters from astrocytes, such as glutamate, ATP and D-serine
(4). These gliotransmitters return to act on both presynaptic and postsynaptic neurons.
Glutamate released from astrocytes can bind postsynaptically on NMDARs or
presynaptically on mGIluRs or NMDARs, and the release of D-serine acts on the glycine-
binding site of NMDARs. Astrocytic ATP release can act on purinergic P2X and P2Y receptors
(5). The excess glutamate can be taken up by the astrocyte again (6).
1.1.4 Role of astrocytes at different developmental stages

Several lines of evidence demonstrate that astrocyte properties are changeable
during development due to alteration of their gene expression. Adult astrocytes
induce higher Notch1 expression levels compared with postnatal astrocytes in the
cortex, cerebellum and spinal cord (Hu et al., 2019). Cahoy et al. (2008) created
a transcriptome database of gene expression in astrocytes from ages P1 to P30.
They discovered that early astrocytes express Sox2, Bmprla, Bmprlb, Bmpr2,

BMP, Shh, and Notch1/2/3, which are essential for astrocyte development.
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Moreover, by P17, the development gene profile of astrocytes is complete, and
they are demonstrating mature gene expression. Forty-seven gene profiles were
conducted by Rusnakova et al. (2013) from age P10 to P50. They concluded that
astrocyte populations can be divided into three subpopulations according to their
gene expression. They included immature glia from P10, which were characterised
by high transcriptional activity of all studied genes, from P20, which were marked

by low gene transcript levels, and mature astrocytes mainly from P30 and P50.

Moreover, Clarke et al. (2018) illustrated the expression profile of astrocytes
isolated from different brain regions (hippocampus, striatum and cortex) of
postnatal day 7 (P7), young adult (P32), mature (10 weeks), middle-age (9.5
months) and aged (2 years) mice. They found that the gene expression of cortical
astrocytes was nearly the same during development, while hippocampal and
striatal astrocytes have a distinct gene expression pattern. By ageing,
hippocampal and striatal astrocytes become more reactive than cortical astrocytes
by up-regulating a more significant number of reactive genes, including C3 and
C4B, the cytokine pathway (Cxcl/10), antigen presentation (H2-D1 and H2-K1) and
peptidase inhibitor (Serpina3n) pathways. They also found that the genes
responsible for mitochondrial function and antioxidant protection are down-
regulated in aged astrocytes, while the genes encoding the formation and
maturation of synapses are unaffected. Orre et al. (2014) indicated that astrocytes
isolated from the old mouse cerebral cortex presented increased inflammatory

genes compared to young astrocytes.

Similarly, Boisvert et al. (2018) identified gene expression profiles in visual cortex,
motor cortex, hypothalamus and cerebellum astrocytes from 4 month- and 2 year-
old mice. They demonstrated that all brain regions up-regulated seven genes of
reactive astrocytes. In addition, a significant decrease in synapse-inducing genes
(Thbs4 and Thbs1) in the ageing hypothalamus and cerebellum was identified,

which leads to both synapse impairment by reduction of the synapse formation
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and damage to neurons. These results suggest that ageing induces reactivity in
astrocytes and may decrease the normal function of astrocytes. Furthermore, the
expression of VEGF and FGF-2 and their receptors is reduced in aged astrocytes,
which impairs their neuroprotective activity in the CNS (Bernal and Peterson,
2011). It was found that expression of glial glutamate transporter-1 (GLT1) and
glutamine synthetase, which is the central enzyme for the glutamine-
glutamate/GABA shuttle, are reduced during ageing (Cao et al., 2019; Rodriguez-
Arellano et al., 2016), and GFAP expression and hypertrophy of astrocytes are
increased (Rodriguez-Arellano et al., 2016). Taft, Vertes and Perry (2005)
examined the distribution of GFAP* astrocytes in regions of the cortex, cerebellum
and brainstem of adult and rat pup brains. They discovered a significant difference

in GFAP levels across the areas, but similar levels during development.

However, during early postnatal development, secretion of molecules like
thrombospondins and glypicans in the cortex plays an essential role in building
excitatory synapses (Molofsky and Deneen, 2015). Many important astrocyte
genes are up-regulated within three to four weeks after birth, such as glutamate
transporter GLT1, connexion-43 and 30 and potassium channel Kir4.1 (Yang,
Higashimori and Morel, 2013). Gautron, De Smedt-Peyrusse and Layé (2006)
established that signal transducer and activator of transcription 3 (STAT3) levels
increased with age (P3, P10 and P21). It was also found that each brain region
contained unique molecular patterns after studying the gene expression profiles
of astrocytes from various developmental stages and regions (Bachoo et al.,,
2004). For example, BMP6 is increased in cortex astrocytes with age, and
cerebellum astrocytes undergo pro-inflammatory changes with age, with up-
regulation of caspase-1 and -12 and the chemokine Cxc/5 genes (Boisvert et al.,
2018). Taken together, these results clarify that astrocyte genotype and

phenotype can change with development, further contributing to heterogeneity.
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1.2 Reactive gliosis

In several CNS insults, including stroke, trauma, growth of a tumour,
neurodegenerative disease and pain, the astrocyte can become ‘reactive’. This
process of astrocyte activation is usually called reactive gliosis or reactive
astrogliosis (Pekny and Nilsson, 2005). These reactive astrocytes are
characterised by a change in cell morphology, up-regulation or down-regulation of

many genes and molecules that change normal astrocyte functions.
1.2.1 Features of reactive gliosis

1.2.1.1 Morphology change

Overexpression of GFAP, hypertrophy of cellular processes of astrocytes,
proliferation and formation of the glial scar are the evident features of reactive
gliosis in vivo and in vitro (Pekny and Nilsson, 2005; Matias, Morgado and Gomes,
2019; Neal and Richardson, 2018). The extent of cell hypertrophy and the
induction of stellateing morphology are variable according to the type of disease,
its severity, and the location of the astrocyte relative to a site of injury (Anderson,
Ao and Sofroniew, 2014; Sun and Jakobs, 2012). Wilhelmsson et al. (2006)
examined the morphology of protoplasmic cortical astrocytes in response to an
electrical-induced lesion that causes injury. They found that the astrocyte
morphology changed, with an increase in the number of primary processes
characterised by a bushier appearance. However, another study examined
protoplasmic cortical astrocyte morphology following ischemia and found that the
processes of reactive astrocytes became shorter and thicker (Sullivan et al.,
2010). Sun et al. (2010) discovered that following an optic nerve injury, reactive
fibrous astrocytes showed a reduction in the number of processes and thickening
of branching. Changes in astrocyte morphology could slow recovery after injury.
Sofroniew (2009) suggests that in mild to moderate situations, reactive

astrogliosis has the potential for resolution, while in severe conditions, reactive
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astrocytes form a scar; the morphological changes are lasting for a longer time

(>2 months).

To understand the mechanism underlying changes to astrocyte morphology, it is
important to consider the cytoskeletal organisation of astrocytes in culture and in
vivo. Firstly, microtubules form a dense network in mature astrocytes (Potokar et
al., 2007). Secondly, the connected, scaffold-like complex in astrocytes is made
of different intermediate filament proteins. Astrocyte progenitors express vimentin
and nestin, whereas maturing astrocytes express GFAP and vimentin (Pekny and
Pekna, 2004). Thirdly, the actin cytoskeleton is responsible for inducing stellate
morphologies of astrocytes (Schiweck, Eickholt and Murk, 2018). Fourthly, myosin
and the ezrin/radixin/moesin (ERM) proteins have a role in controlling astrocyte

morphology (Burgos et al., 2007).

In the case of reactive gliosis, microtubules begin to reorient and connect with
intermediate filament proteins to increase and elongate the processes of
astrocytes (Schiweck, Eickholt and Murk, 2018). Up-regulation of intermediate
proteins can occur in reactive astrocytes, which play a role in maintaining cell
polarity, directing movement and control of nuclear positioning and interacting
with other filament systems of the cytoskeleton (Schiweck, Eickholt and Murk,
2018). It was found that GFAP/Vim knockdown mice show a reduction of reactive
gliosis, impaired formation of the glial scar and develop the characteristic of
thickening cellular processes (Hol and Pekny, 2015). These results suggest that
intermediate filament up-regulation is an important component of reactive

astrogliosis.

The actin cytoskeleton is found around the cell body in reactive astrocytes and
plays a role in the extension of the processes and induction of hypertrophy of
astrocytes (Schiweck, Eickholt and Murk, 2018). The interaction of actin fibres

with myosin-II causes the polygonal shape of astrocytes (John et al., 2004), while
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the stellate form of astrocytes is characterised by a lack of actin stress fibres in
response to the activation of Arp2/3 dependent actin protein (Murk et al., 2013).
It was also found that increased K* uptake by astrocytes leads to membrane
depolarisation, morphologic changes and cell hypertrophy (Vallejo et al., 2010).
This change in astrocytes morphology can be due to changes in the expression of
many genes involved in cell morphology, which is controlled by the activation of
STAT3 as a transcription factor (Burda and Sofroniew, 2014). Moreover, activation
of many signalling pathways such as cAMP, RhoA (Schiweck, Eickholt and Murk,
2018) and fibroblast growth factor (FGF) signalling (Kang et al., 2014) can induce

morphological changes in astrocytes, which will be discussed later in this review.

1.2.1.2 Change in the gene expression profile
In response to CNS diseases in vivo or as a result of inflammatory treatment in
vitro, reactive astrocytes express a range of genes that do not occur in normal
astrocytes. Zamanian et al. (2012) used Affymetrix GeneChip arrays to identify
the gene expression profile of reactive astrocytes after using two mouse injury
models, ischemic stroke and neuroinflammation by lipopolysaccharide (LPS). They
found that in response to both injuries, the reactive astrocytes expressed two key
genes: Lcn2, a secreted lipophilic protein that is induced after infection and limits
bacterial growth, and Serpina3n, a secreted peptidase inhibitor whose expression
is induced by inflammation and nerve injury. These two genes were up-regulated
on stellate morphology reactive astrocytes and could not be detected in normal
astrocytes. In addition, in the case of stroke, the astrocytes up-regulated genes
with a beneficial or protective function, whereas LPS treatment induced genes with
a harmful role. Zamanian and his group divided gene expression into five groups.
Group 1 contained 37 genes that were responsible for proliferation, including late-
phase cyclins b1 and b2 (Ccnbl and Ccnb2), Cdk1l, Top2a and the proliferation
marker Ki67. Group 2 contained 44 genes, including the classic reactive gliosis

marker vimentin galectins Lgals3 and Lgals1 and osteopontin (Spp1). Group 3 was
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the largest and contained 135 genes, including Lcn2, Serpina3n, tweak receptor
(Tnfrsfl2a), Sipr3 and all Ptx3. Group 4 contained 22 genes, such as chemokines
CXCL1, CXCL2, and CXCL1 as well as reactive gliosis marker GFAP. Group 5
contained 65 genes, including Bdnf, the oncostatin M receptor (Osmr) and
transcription factor tumour suppressor k/f6. Similarly, up-regulation of Serpina3n,
Cxcl10 and C4B in reactive astrocytes in the hippocampus, striatum and cortex
was detected following the LPS injection in mice (Clarke et al., 2018). In addition,
Pang, Cai and Rhodes (2001) classified the up-regulation of genes expressed after
LPS treatment into transcription factors (STAT3, NFkB and cAMP response
element-binding protein), cytokines and chemokines, growth factors and
metabolic enzyme-related proteins. Treatment of primary mouse astrocytes with
tumour necrosis factor-alpha (TNFa) up-regulated NFkB pathway-related genes,
such as cc/l2 and /Icn2 (Birck et al., 2016). Injection of adult mice with LPS
increased the mRNA expression of IL-18, IL-6 and TNFa in astrocytes. It also
caused a decrease in the mRNA expression of TGFj3, but no change was noticed in
IL-10 (Norden et al., 2016). IL-1p activated human fetal astrocytes in culture and
led to up-regulation of cytokines and chemokines gene expression (John et al.,

2005).

Using cDNA arrays, 268 genes were detected in human adult astrocytes stimulated
with TNFa, IL-1B and IFNd. TNFa increased expression of several genes, including
those encoding the chemokines CCL2, CCL5 and CXCL8, growth factors including
BMP2A, BMP3, neuromodulin (GAP43), BDNF and G-CSF, and receptors such as
the CRF receptor, the calcitonin receptor (CTR) and TKT. The response to IL-1(
involved the same range of genes, but the level of expression was lower compared
with TNFa, while IFN® had no effects on the expression of any of the 268 genes
(Meeuwsen et al., 2003). Combination treatment of cortical astrocytes with TGFA1,
LPS and IFNO significantly induced reactive gliosis, which is characterised by the

up-regulated expression of chemokines and growth factors. Also, several genes
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for G-protein-coupled receptors (GPCRs) involved in calcium signalling were
significantly down-regulated, such as Cxcr4, Adra2a, Ednra, P2y1l, Gnaol and
Gng7, or up-regulated, such as P2y14, P2y6, Ccri2 and Gnb4 (Hamby et al., 2012).
Inducing a spinal cord injury in mice produced Cdh2, Sox9, Xylti, Chstll,
Csgalnactl, Acan, Pcan and Slit2 genes, which play a role in scar-forming in

astrocytes (Okada et al., 2018).

1.2.1.3 Molecular regulators of astrogliosis
Reactive astrogliosis can be regulated by extracellular signals or via the intrinsic
signalling pathway of astrocytes (Table 1.1 and Figure 1.4) (Colombo and Farina,
2016; Sofroniew and Vinters, 2010; Rossi, 2015; Sofroniew, 2015; Kang and
Hébert, 2011). Each of these molecular signals plays a role in reactive gliosis, as
summarised in Table 1.2 (Colombo and Farina, 2016; Sofroniew, 2017; Sofroniew,

2009).

One of the intrinsic signalling pathways involved in reactive gliosis is the MAPKs
cascade. It is branched into three different types: ERK, p38 and c-JNK (Gosselin
et al., 2010). Some studies have found that the p38 pathway is activated in
microglia (Chang et al., 2010), and the c-JNK is stimulated in astrocytes and
activated by cytokines such as TNFa and increased the expression of the
chemokine of CCL2 by astrocytes (Tian et al., 2017; Zhuang et al., 2006). This
evidence established that blocking these pathways in both microglia and
astrocytes prevents the induction of IL-1B, TNFa and IL-6 (Wang et al., 2009;

Zhuang et al., 2006; Wen et al., 2009).

NFkB and SOCS3 are pro-inflammatory transcription factors that regulate the
release of CCL2 and CXCL10 from astrocytes (Sofroniew, 2017; Colombo and
Farina, 2016). NFkB can modulate anti-apoptotic proteins, cell adhesion
molecules, glial fibrillary acidic protein, inducible nitric oxide synthase and

neurotrophic factors (Colombo and Farina, 2016). In addition, vasoactive
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endothelial growth factor (VEGF) can be released from astrocytes in response to
IL-1B and increase blood-brain barrier permeability and promote leukocyte
extravasation (Sofroniew, 2017). Inflammatory gene induction of IL-17 in
astrocytes is mediated by the Actl signalling pathway (Sofroniew, 2017; Colombo
and Farina, 2016). Increased release of ATP leads to activation of P2Y and P2X
receptors, which activate mitogen-activated protein kinase (MAPK), extracellular
signal-regulated kinases (ERKs) and Ca?* signalling pathways, promoting

inflammation (Franke and Illes, 2014).

Furthermore, up-regulation of the expression of toll-like receptors (TLR2 and
TLR4) in reactive astrocytes is controversial. It was found that reactive astrocytes
can activate MAPKs and NFkB signalling pathways through the activation of toll-
like receptors which are responsible for inducing the release of pro-inflammatory
chemokines and cytokines, including IL-1B, TNFa, IL-6 and nitric oxide (NO)
synthase (Fellner et al., 2013; Gorina et al., 2011; Lukin et al., 2017; Nakano et
al., 2015; Sofroniew, 2017; Sofroniew, 2009; Vallejo et al., 2010). However, other
studies have demonstrated that microglia, but not astrocytes, express TLR4

(Holm, Draeby and Owens, 2012; Facci et al., 2014).

In contrast to these pro-inflammatory signals, TGFB and A20 are intracellular
molecules released from astrocytes that support the resolution of inflammation by
inhibiting NFkB signalling (Sofroniew, 2017; Colombo and Farina, 2016). Similarly,
the STAT3 signalling pathway controls the anti-inflammatory function of astrocytes
by mediating scar formation and preventing the spread of leukocytes and microbial
pathogens after CNS injury (Sofroniew, 2017; Colombo and Farina, 2016).
However, translocation of p-STAT3 from the cytoplasm to the nucleus starts the
transcription of many genes involved in the release of pro- or anti-inflammatory
cytokines and chemokines (Sofroniew, 2009; Sofroniew, 2017; Hol and Pekny,

2015).
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Shh and Olig2 regulate the proliferation of reactive astrocytes, and deletion of
Olig2 in astrocytes diminishes their proliferation (Buffo, Rolando and Ceruti, 2010;
Kang and Hébert, 2011). Mutants in BMP1 specifically in astrocytes after spinal
injury are associated with decreased hypertrophy of the astrocytes and lower
levels of GFAP compared to controls (Kang and Hébert, 2011). In addition, the
elevation of inhibitory factor chondroitin sulfate proteoglycans (CSPGs) could be
an indicator of reactive gliosis, which plays a role in limiting the regrowth of injured
axons (East, Golding and Phillips, 2009; Beckerman et al., 2015; Kerstetter and
Miller, 2012). Increasing excitatory neurotransmitter in the synapse can occur due
to the reduction of glutamate uptake and down-regulation of the glutamate
transporter (GLAST and GLT1), leading to increased neuron excitability (Milligan
and Watkins, 2009; Vallejo et al., 2010). Additionally, many gliotransmitters such
as prostaglandins, GDNF, ATP, nitric oxide, D-serine and glutamate could be
increased in the extracellular space and increase the expression of many receptors
on glial cells which enhance Ca?* signalling pathways in astrocytes and neuron
excitability (Milligan and Watkins, 2009; Old, Clark and Malcangio, 2015; Vallejo
et al., 2010). This range of signalling pathways linked to the dramatic phenotypic

changes of reactive gliosis further contribute to astrocyte heterogeneity.
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Table 1.1 Molecular regulators of reactive gliosis

Type

Source

Extracellular molecular signals

Example

Damage-associated
molecular patterns (DAMPs)

Cell damage

ATP, nitric oxide

Neurotransmitters

Neurons

Glutamate, noradrenaline

Hormones

Neurodegeneration

B-amyloid (AB)

Cytokines and growth
factors

Other glial cells and
immune cells

IL-1B, TNFa, INF3, IL-6,
CNTF, LIF, TGFB, IL-10,
epidermal growth factor
(EGF), FGF2, Shh

Pathogen associated Microbes LPS
molecular patterns (PAMPSs)
Hypoxia and metabolic Ischemia Oxygen deprivation, glucose

stress

deprivation

Astrocyte-produced molecules

Intracellular signalling
pathways

Cytokines

Chemokines

Growth factors

Extracellular matrix

Intermediate filaments

Transmitters

Small molecules

Astrocytes

STAT3, JAK2, NFkB, SOC3,
MAPK, Olig2, cAMP, Ca?*,
Nuclear receptor related
1(Nurrl), c-Jun N-terminal
kinases (JNK), PKA, PKC,
ERK, Actl, A20

IL-1B, IL-6, IL-11, IL-15, IL-
17, TNFa, TGFB, INF3, IL-6,
IL-10, IL-11, IL-19, IL-27

CCL2, CCL5, CCL7, CCLS,
CCL12, CXCL1, CXCL9,
CXCL10, CXCL12, CXCL16

Brain-derived neurotrophic
factor (BDNF), Nerve growth
factor (NGF), glial cell line-
derived neurotrophic factor
(GDNF), BMP1, VEGF, CNTF

chondroitin sulfate
proteoglycans (CSPG)

GFAP, vimentin, nestin
Intermediate filaments

Glutamate, D-serine

nitric oxide , prostaglandin E,
ATP
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Table 1.2 Role of different molecules in reactive gliosis

Signalling pathways and Function

molecules

STAT3, NFkB, cAMP, Rho-kinase Structural modulation

STAT3, BMP1, NFkB Astrocyte hypertrophy and scar
formation

Olig2, INK/c-Jun, Shh, STAT3 Astrocyte proliferation

CSPG, TGFB, SOX9 Scar related axon growth inhibitors

NFkB, MAPKs, SOCS3, CCL2, CCL5, Pro-inflammatory
CCL7, CCL8, CCL12, CXCL1, CXCL9,
CXCL10, CXCL12, CXCL16, IL-1B, IL-
6, IL-11, IL-15, IL-17, TNFa, VEGF,
Actl

STAT3, TGFB, INF9, IL-6, IL-10, IL- Anti-inflammatory
11, IL-19, IL-27, A20, BDNF, Nurrl
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Figure 1.4 Schematic diagram showing the interaction of an astrocyte with
microglia and neurons under pathological conditions. Increased release of
neurotransmitters from neurons, the presence of nitric oxide, B-amyloid and oxygen
deprivation as well as release of cytokines from active microglia cause astrocyte reactivity,
leading to down-regulation of the glutamate transporter, and up-regulation of cytokines
receptors in astrocytes that activate MAPKs, NFkB and STAT3 signalling pathways. MAPKs
and NFkB have detrimental roles, while STAT3 plays a protective role in reactive astrocytes.
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1.2.2 Heterogeneity of reactive astrocytes
Reactive gliosis also varies with age and brain region. Astrocytes respond
differently according to several sites and during development. After a stroke, TGF
signalling is increased with age in 5- and 18-month-old mice brains (Doyle et al.,
2010). Furthermore, astrocytes treated with LPS to induce reactive gliosis have a
greater increase in the level of GFAP, IL-1B and TNFa with age compared with
young rats (Lynch et al., 2010). Following nerve injury, microglia and astrocytes
play a role in the maintenance of neuropathic pain. It was found that they have a
weak response in young animals compared with adults, which could explain the
absence of neuropathic allodynia in young animals (Vega-Avelaira, Moss and
Fitzgerald, 2007). Yoon et al. (2017) demonstrated that after focal demyelinating
injury, the level of GFAP, IL-6 and STAT3 is higher in the spinal cord compared to

brain astrocytes and is increased during development.

Following brain injury, distinct changes to reactive gliosis morphology have been
detected in vivo in other brain regions (Hill, Barbarese and Mclntosh, 1996).
Morga, Faber and Heuschling (1999) investigated the level of IL-6 and TNFa
production in response to LPS in primary rat astrocytes from five different brain
regions (cortex, hippocampus, striatum, septum and brainstem). They established
that the septum, striatum and brainstem have much higher levels of IL-6
production than the cortex and hippocampus, while TNFa production in the septum

and striatum is higher than the cortex, hippocampus and brainstem.

Moreover, the role of reactive astrogliosis in many diseases differs and is a subject
of debate. Many studies have found that reactive astrocytes are harmful because
they can inhibit axon regeneration after CNS injury, which worsens spinal cord
injuries by activation of NFkB (Brambilla et al., 2009), leading to the release of
pro-inflammatory cytokines and chemokines (Luo et al., 2016). Also, in many
neurodegenerative diseases, astrocytes can impair their physiological function

(Verkhratsky et al., 2014). Conversely, a considerable amount of research has
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identified that the formation of a glial scar from a reactive astrocyte has the ability
to remove pathogens and repair the nervous tissue in several diseases such as
spinal cord injury, CNS trauma, ischemia and experimental autoimmune diseases
of the CNS (Faulkner et al., 2004; Voskuhl et al., 2009; Sofroniew, 2017; Huang

et al., 2019).

Reactive astrocytes have recently been classified into the A1 and A2 subtype
(Liddelow et al., 2017). Al reactive astrocytes are proposed to be induced by
activated microglia releasing IL-1a, TNFa and Clqg cytokines and triggering
neuroinflammation, leading to activation of the NFkB signalling pathway to secrete
neurotoxins that cause the rapid death of neurons. Al astrocytes are characterised
with an increase in the up-regulation of C3, CFB and MX1S genes. They lose many
normal functions, such as the promotion of neuronal survival and outgrowth as
well as the induction of fewer and weaker synapses compared with healthy
astrocytes. In contrast, A2 reactive astrocytes are induced by ischaemia. They
demonstrate a neuroprotective role and tissue reparative effects induced by the
secretion of several neurotrophic factors via STAT3-mediation. The A2 astrocyte-
related gene S100A10 is essential for cell proliferation, membrane repair, and
inhibition of cell apoptosis. Moreover, A2 astrocytes promote the expression of
anti-inflammatory cytokine TGFB, which participates in synaptogenesis and plays
a neuroprotective role (Liddelow et al., 2017; Liddelow and Barres, 2017; Li et al.,
2019). In addition, Sofroniew (2009) proposed that reactive astrocytes could be
classified according to mild-moderate or severe astrogliosis. Mild-moderate cells
have a resolving role that returns to healthy cells phenotype; however, severe

reactive astrocytes cause a glial scar in response to inflammatory stimuli.

By considering these results, it becomes apparent that astrocytes have dual
beneficial and harmful roles which depend on the nature of the injury or disease.
In addition, microglia can modulate active astrocytes during injury and disease

(Matias, Morgado and Gomes, 2019).
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1.3 Astrocyte stellation signalling pathway
The previous section outlined the complex neuroinflammatory signalling
environment of reactive gliosis. What is less well understood is how this

environment causes changes to astrocyte morphology during reactive gliosis.

Astrocytes display a branching cell shape in vivo. In the case of reactive astrocytes
under pathological conditions, they are characterised by longer branching,
thickening of processes and somatic hypertrophy cell shape (Pekny and Nilsson,
2005; Matias, Morgado and Gomes, 2019; Neal and Richardson, 2018); however,
culturing astrocytes in standard serum-containing medium leads to cells exhibiting

a flat, polygonal cell morphology (Ramakers and Moolenaar, 1998).

Activation of many signalling pathways such as cAMP, p-STAT3 or inhibition of
RhoA can induce a more stellate shape of astrocytes resembling their morphology
in vivo (Masaki et al., 2000; Ramakers and Moolenaar, 1998; Fedoroff et al., 1984;
Tiryaki et al., 2015; Fahrig and Sommermeyer, 1993; Sands et al., 2006; Renault-
Mihara et al., 2017; Renault-Mihara and Okano, 2018; Perez et al., 2005;
Washburn and Neary, 2006) (Figure 1.5). Stellation is characterised by shrinking
of the cytoplasm and formation of thin processes by loss of actin stress fibres
(Ramakers and Moolenaar, 1998). Morphology changes of astrocytes by formation
of the processes seems to modify the signals and the interaction between the
astrocyte and neuron in vivo (Zeug et al., 2018). Therefore, stellation of astrocytes

may play significant roles in CNS physiology and pathology.

27



Forskolin «

/m\

v

Adenylyl cyclase

v

ATP - cAMP

PIP2 >  PIP3 PkA Ei-"AC

. PTEN ' ] [
pyaan Akt ~ JAK ERK1/2 Rap 1 -

- Racl. - ~ | Y Rac ~ p-STAT3

PKCe '/ ’ x Translocation

Ezrin /_\

nucieus '

Figure 1.5 Schematic diagram showing the proposed signalling pathways
stimulated with forskolin that controls the stellation of astrocyte morphology.

1.3.1 cAMP-induced stellation
Stimulation of adenylyl cyclase with p-adrenergic stimulators, adenosine,
neuromodulators (serotonin, dopamine and histamine), forskolin and
neuropeptides such as vasoactive intestinal peptide (VIP) and pituitary adenylyl
cyclase-activating polypeptide (PACAP) (Zhou, Ikegaya and Koyama, 2019) can
convert ATP to cAMP in many neural cells (Sadana and Dessauer, 2009). This cAMP
plays a role in synaptic plasticity, learning, memory, sensitisation of nociceptors
and neurodegeneration (Tanabe, Kozawa and lida, 2016). In pain, it was found
that increasing the level of cAMP in neurons leads to hyperalgesia (Hucho and
Levine, 2007), while the absence of cAMP reduces the pain response (Sadana and
Dessauer, 2009). Also, the cAMP pathway can maintain the pain through activation
of PKA, the GDP/GTP exchange factor Epac and Ca?* signalling pathway as well

(Hucho and Levine, 2007; Zhou, Ikegaya and Koyama, 2019).

Treatment of astrocytes in vitro with cAMP-increasing stimuli can change the

astrocyte morphology to a stellate cell shape (Abe and Misawa, 2003; Daginakatte
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et al., 2008; Fang et al., 2012; Vardjan, Kreft and Zorec, 2014) by the
reorganisation of the cytoskeleton with decrease the phosphorylation in light chain
of myosin (MLC) and actin-depolymerising factor leading to loss the actin stress
fibres (Won and Oh, 2000; Baorto, Mellado and Shelanski, 1992). In addition,
cAMP activates the PKA signalling pathway, leading to the increased expression of
the monpolar spindle-one-binder (Mob) family of zinc-binding proteins, which
controlls cellular processes (Fang et al., 2012). Also, stellation seems to depend
on the actin-binding protein profilin 1 (PFN1), which is regulated by PKA
phosphorylation (Schweinhuber et al., 2015; Zeug et al., 2018). It was found that
inhibiting the Arp2/3 complex causes rapid expansion of astrocyte cell bodies and

reduces branching of processes (Murk et al., 2013).

Cyclic AMP has diverse roles in reactive astrocytes. Daginakatte et al. (2008)
tested gene expression in two different models of reactive gliosis by treating the
astrocyte with dibutyryl cAMP (dbcAMP) as the first model and exposure to
combined IL-1B/IFN® as a second model. They demonstrated that both models
shared 44 differentially expressed genes related to a stellate astrocyte morphology
as well as increased levels of GFAP expression and the release of pro-inflammatory
mediators. However, Paco et al. (2016) discovered that treating neonatal cortical
astrocytes with a cAMP analog up-regulates genes which are responsible for
homeostatic control, metabolic and structural support to neurons and antioxidant
defence while down-regulating the genes associated with astrocyte activation,
such as cytoskeletal rearrangement, triggering of immunological reactions and
production of scar components. Wandosell, Bovolenta and Nieto-Sampedro (1993)
claimed that the cultured astrocytes treated with a cAMP analog had a different
biochemical function than reactive astrocytes in vivo because it did not express
epidermal growth factor receptor (EGFR), microtubular associate protein 2 and B

amyloid precursor protein.
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Moreover, it was discovered that cAMP can play an anti-inflammatory role by
suppressing NFkB activation (Gavrilyuk et al., 2002) and inducing the expression
of A20 (Tumor necrosis factor alpha-induced protein 3), which is rapidly induced
by the tumor necrosis factor and has been shown to inhibit NFkB activation
(Laureys et al., 2014), leading to lowered IL-6 secretion, up-regulated IL-10
expression (Christiansen et al., 2011; Paco et al., 2016) and decreased levels of
CCL5 (Gavrilyuk et al., 2002). Nevertheless, cAMP in combination with TNFa can

increase the expression of IL-6 (McNamee et al., 2010).

Collectively, cAMP induces astrocyte stellation by controlling many mechanisms
and seems to have the anti-inflammatory roles sometimes associated with reactive

astrocytes.

1.3.2 Role of RhoA and ROCK in stellation
Astrocytes express monomeric small G proteins that can be divided into groups
according to their structure: the Rho, Ras, Rab, Arf, Ran and RGK families. The
Rho family, including RhoA, Racl and Cdc42, plays an important role in regulating
a variety of cellular functions such as gene transcription and controlling the shape
of astrocytes by adjusting the actin cytoskeleton (Zeug et al., 2018). Activation of
RhoA can induce the release of inflammatory mediators from astrocytes, such as
COX2, IL-6 and VEGF (Dusaban et al., 2017). Studies demonstrate that inhibiting
the RhoA-ROCK signalling pathway induces astrocyte stellation (Abe and Misawa,
2003; Zeug et al., 2018; Racchetti, D’Alessandro and Meldolesi, 2012; Ramakers
and Moolenaar, 1998). Similarly, it was found that overexpression of Racl causes
stellation by inhibiting RhoA (Zeug et al., 2018). Racchetti, D'Alessandro and
Meldolesi (2012) discovered that knockdown or inhibited Racl with blockers led to

a reduction or elimination of the stellation process.

Others kinase families can link to RhoA and affect astrocyte morphology. Burgos
et al. (2007) found that protein kinase C (PKC), especially PKCg, can inhibit RhoA

activity, leading to stellation. Perez et al. (2005) also discovered that stellation of
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the astrocyte treated with forskolin (a cAMP-raising agent) was significantly
blocked in astrocytes with an active mutant of RhoA. This blocking occurred in a
PKA-independent manner because a PKA blocker cannot inhibit stellation in the
presence of forskolin. The PI3K blocker inducing stellation was blocked in an active
mutant of RhoA astrocytes. These results suggest that forskolin causing stellation
is due to the inhibition of PI3K that is linked to RhoA (Perez et al., 2005). In
addition, AMP-activated protein kinase (AMPK) can induce stellation in astrocytes,
which is prevented in activated RhoA-transfected astrocytes (Favero and Mandell,

2007). This suggests the involvement of RhoA in astrocyte morphological changes.

1.3.3 p-STAT3 and reactive gliosis
STAT3 is a transcription factor that regulates the transcription of many genes in
response to extracellular signals. These signals lead to phosphorylation of STAT3
to the active forms, including tyrosine and serine p-STAT3 (Figure 1.6), followed
by translocation to the nucleus to start gene transcription (Coulombe et al., 2003;
Dimri, Sukanya and De, 2017; Debidda et al., 2005; Huang et al., 2015; Lin et
al., 2014; New and Wong, 2007; Renault-Mihara and Okano, 2018; You et al.,

2015; Yu et al., 2014; Hazan-halevy, Harris and Chen, 2010).

STAT3 plays a key role in astrocyte proliferation. It regulates proliferation of the
neuronal precursor cells during development (Kim et al., 2010) and in reactive
astrocytes following ATP treatment (Washburn and Neary, 2006) and after
neuropathic pain (Tsuda et al., 2011). It was found that the number of newly
formed astrocytes within the glial scar are decreased in STAT3 knockdown mice
(Wanner et al., 2013). In addition, STAT3 induces GFAP expression (Hol and
Pekny, 2015). The level of GFAP was significantly decreased after inhibiting STAT3
with a genetic mutant or pharmacological drugs following injury (Ben Haim et al.,
2015b; Herrmann et al., 2008; Wanner et al., 2013; Sriram et al., 2004; Nobuta

et al., 2012).
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STAT3 regulates the release of many inflammatory cytokines and chemokines
(CCL20, CX3CL1, CXCL5 and CXCL10) in vivo and in vitro after LPS stimulation
(Liu et al., 2013; O’Callaghan et al., 2014). Decreasing the release of these
inflammatory mediators by up-regulation of SOCS3 expression, a specific inhibitor
of the JAK-STAT3 pathway, led to decreased microglial activation (Ben Haim et
al., 2015b). However, STAT3 demonstrates anti-inflammatory roles as well by the
increased expression of CSPGs (Anderson et al., 2016), which aid in injured axon
regeneration and release anti-inflammatory cytokines in many diseases (Colombo
and Farina, 2016). Genetic inhibition of STAT3 can limit migration of reactive
astrocytes, increase the spread of inflammatory cells and cause neural disruption

and demyelination, which worsens the spinal cord injury (Okada et al., 2006).

STAT3 in reactive astrocytes controls the expression of thrombospondin-1 (TSP1),
which plays a role in the recovery of excitatory synapses onto axotomised motor
neurons in vivo, and high levels of TSP1 have beneficial roles in neuronal survival
and plasticity during astrogliosis in vitro (Tyzack et al., 2014). These results

suggest that STAT3 has both a protective and harmful role.

Furthermore, STAT3 can modulate the morphology of reactive astrocytes. Several
lines of evidence suggest that the formation of a glial scar and change the
astrocytes morphology by striking cytoplasm and formation of processes are
regulated by STAT3 after spinal cord injury in vivo (Kang and Hébert, 2011;
Herrmann et al., 2008; Wanner et al., 2013; Sloan and Barres, 2015; Nobuta et
al., 2012). It was found that GAP43 expression is mediated by STAT3 in cultured
astrocytes, leading to an increase in the number and length of astrocyte processes

(Hung et al., 2016).

Overall, these studies indicate that STAT3 is a ‘master regulator’ in reactive
astrocytes by controlling the release of pro- and anti-inflammatory mediators,
regulating the expression of GFAP and proliferation, as well as modulating the

morphology changes of reactive astrocytes in vivo.
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Growth factor
receptor

Cytokine receptor

Figure 1.6 Schematic diagram showing the extracellular signals that activate
STAT3 signalling pathways. Activation of Janus kinases (JAKs) with cytokines, hormones
or growth receptors and GPCRs (Gas and Gaq) can phosphonate STAT3 to Tyr705-phospho-
STAT3, which translocates into the nucleus to activate target genes. Moreover, tyrosine
kinase and cytoplasmic kinases like Src kinase are involved in tyrosine p-STAT3 activation.
STAT3 can also be phosphorylated at serine 727 (S727) by extracellular signal-regulated
kinases (ERK) and c-Jun N-terminal kinase (JNK), which can also trigger translocation from
cytoplasm to the nucleus and mitochondria.
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1.4 Aim and objective
The main aim of this project is to investigate the mechanisms of reactive gliosis
astrocytes in vitro. The strategy employed in this research depends on four specific

objectives:

Firstly, an optimised protocol for pure astrocyte cell cultures from the spinal cord.
Secondly, developing a quantitative assay for reactive astrogliosis based on
morphological analysis. Thirdly, discovering the difference in the reactive
astrocytes according to their regions in the CNS and during development. Finally,

exploring the role of p-STAT3 in the morphological changes of reactive astrocyte.
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Chapter 2 Materials and methods
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2.1 Animals

Postnatal day P2 and embryonic E18 Wistar rats (Charles River, UK) were used.
All animals were housed in the Biological Services Unit (BSU) at the University of
Nottingham. Rats and pups were kept under standard housing environments (12
h/12 h dark-light cycle) and supplied with food and water throughout. Experiments
were conducted according to the guidelines defined in the code of practice for
humane killing under Schedule 1 of the UK Home Office Animals (Scientific
Procedures) Act 1986. All animals were killed by cervical dislocation, and post-
mortem tissue was isolated immediately. Experiments were performed according
to policies on the care and use of laboratory animals of the British Home Office
and were approved by The University of Nottingham Animal Welfare and Ethical

Review Body.

2.2 Pharmacology

Forskolin, lipopolysaccharides (LPS), noradrenaline (NA), IL-6, glutamate, ATP,
Akti-1/2 trifluoroacetate salt hydrate (Akt inhibitor 1/2) and Uridine diphosphate
glucose (UDP-glucose) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Dibutyryl-cAMP sodium salt, substance P, histamine, KT5720 (PKA inhibitor),
Y27632 di-hydrochloride (RhoA inhibitor), LY294002 hydrochloride (PI3K
inhibitor), prazosin, propranolol and stattic (STAT3 inhibitor) were obtained from
Tocris Bioscience (Abingdon, UK). Tumor necrosis factor-alpha (TNFa) was
acquired from R&D Systems (Minneapolis, USA). WP1066 (JAK inhibitor) was
bought from Selleckchem (USA). All drugs were prepared as stock solutions in
PBS, except forskolin, which was made in DMSO. IL-6 was reconstituted in 10mM
HCI, and 100uM of ascorbic acid was added to noradrenaline stock to prevent
oxidation. All stock solutions were aliquoted and stored at -20°C. All compounds

were diluted in an imaging buffer or culture media depending on an experiment.
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2.3 Antibodies

The primary and secondary antibodies used are listed in Table 2.1

Table 2.1 Overview of the primary and secondary antibodies used.

Antibody

Source

Dilution

Immunocytochemistry

Western
blot

Primary antibodies

(MA5-15738)

Rabbit anti-Iba-1 Wako 1:500
(019-19741)
Rabbit anti-glial fibrillary | Abcam 1:1000
acidic protein (GFAP) (ab7260)
Mouse anti-glial fibrillary | Thermo Fisher | 1:100
acidic protein (GFAP) (MS-1376-P1)
Rabbit Anti-STAT3 Abcam 1:250 1:250
(phospho S727) antibody | (ab86430)
Rabbit Anti-STAT3 Abcam 1:500 1:1000
(phospho Y705) antibody | (ab76315)
Mouse anti-total Stat3 Santa Cruz 1:500
Biotechnology
(sc-8019)
Mouse anti-GAPDH Thermo Fisher 1:1000

Secondary antibodies

Donkey anti-Rabbit IgG Thermo Fisher | 1:250
(H+L) Secondary (A21206)

Antibody, Alexa Fluor®

488 conjugate

Donkey anti-Mouse IgG Thermo Fisher | 1:250
(H+L) Secondary (A21202)

Antibody, Alexa Fluor®

488 conjugate

Donkey anti-Mouse IgG Thermo Fisher | 1:250

(H+L) Secondary (A10037)

Antibody, Alexa Fluor®

568 conjugate

IRDye® 680LT Donkey Li-cor (925- 1:5000
anti-Mouse IgG (H + L) 68022)

IRDye® 800CW Goat Li-cor (925- 1:5000
anti-Rabbit IgG (H + L) 32211)
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2.4 Primary astrocyte isolation and culturing

Primary astrocyte cultures were obtained from rats of different ages. Neonatal rat
P2 days old or E18 rat embryos were used. Under sterile conditions, the spinal
cords and cortices were dissected with a dissection microscope. The meninges
were removed from the brain and spinal cord. Afterwards, they were pooled in an
ice-cold glial medium containing: Dulbecco's Modified Eagle Medium (DMEM)
(Sigma Aldrich, USA), 10% fetal bovine serum (FBS) (Gibco, USA), 0.5% penicillin
and streptomycin and 50ug/ml L-proline. Whole spinal cords and cortices were
then transferred to two separate 15 ml conical centrifuge tubes with a pipette and
incubated for 40 minutes with 15ug/ml papain (Worthington, USA) dissolved in 5
ml of glial medium. Following this process, 0.5 ml of DNase solution (20 mg/ml)
(AppliChem Panreac, Barcelona, Spain) was added, and the tissue was triturated

with 1-mm bore Pasteur pipette 20 times to dissociate the cells.

After this first stage of trituration, the tissue was centrifuged for 6 minutes at 212
g. The supernatant was discarded, and the pellet was re-suspended with 2 ml of
glial medium and 0.5 ml of DNase, then triturated 20 times with 1-mm bore
Pasteur pipette. The tube was spun again at 182 g for 3 minutes. At this point, the
supernatant was collected in a new universal tube, and 10 ml of medium was
added to the pellet then triturated with 4-mm bore Pasteur pipette for 20 cycles
and spun again, as previously described. This step was repeated once more, and
the supernatant was collected. At the end of these steps, the collected supernatant
was centrifuged for 6 min at 212 g. The pooled supernatant was removed, and the
pellet was re-suspended in 5 ml of glial medium. The final suspension was then

passed through a 100-pm cut-off cell strainer.

Cells were counted on a haemocytometer and dispensed into T-75 flasks with a
density of 1x10° cell/ml each. Each flask was filled with 20 ml of the glial medium
and placed in a humidified incubator at 37 °C with 5% CO2 for 24 hours.

Afterwards, the flask was shaken overnight at 300 rpm on an orbital shaker
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(Starlab, UK) to remove contaminating cells (Kerstetter and Miller, 2012). Several
washes were performed with the medium, then the flasks were filled with 20 ml
of the glial medium and returned to the incubator for two weeks. The medium was
changed every three days thereafter to allow cells to grow until they achieved

confluence.

2.5 Subculture and treatment of primary astrocyte

After two weeks, the cells in the flask were washed with PBS, then incubated in 2
ml of 0.05% trypsin-0.02% EDTA solution (Sigma Aldrich, USA) for 5 minutes.
Following this, the detachment of the cells was checked every 5 minutes, and
astrocyte detachment was enforced by hitting the flask against the palm of a hand
(2-3 times). After astrocytes were detached from the culture flask, the trypsin was
deactivated by adding 8 ml of the medium. The cell suspensions were collected in
a universal tube and centrifuged at 212 g for 6 minutes. The supernatant was

removed, and the pellet was re-suspended with 5 ml of the glial medium.

The neonatal and embryonic astrocyte cells were plated in a 6-well plate containing
22-mm diameter coverslips (for immunocytochemistry and epifluorescence live-
cell Ca%* imaging) at a density of 2.5x10* cell/ml. Cells were also plated in a 96-
well plate and 24-well plate at a density of 5,000 cells/ml and 1.25 x10% cell/ml,
respectively, and used for immunocytochemistry. For the Western blot and hit
hunter cAMP assay, the cells were sub-cultured directly in a 6-well plate without
coverslips at a density of 3x10> cell/ml. All plates were coated with 100ul-300pl
poly-L-lysine (0.1mg/ml). The cells were used for experiments after 48 hours of

plating.

The astrocytes were treated with glutamate (100uM) (Xi et al., 2011), ATP
(100pM) (Yang et al., 2016) and UPD-glucose (100uM) (Hamby et al., 2012) to
produce the Ca?* response. To induce reactive gliosis, the astrocytes were treated

with forskolin (10uM) (Barres, Chun, and Corey, 1989), LPS (1pg/ml) (Lin et al.,

39



2008), TNFa (200ng/ml) (Lee et al., 2017), noradrenaline (10uM) (Gavin Norris
and Benveniste, 1993; Junker et al., 2002), cAMP analog (1mM) (Abe, K and Saito,
1997), histamine (100uM) (Kubo et al., 1991), substance P (100nM) (Miyano et
al., 2010) and IL-6 (100ng/ml) (Marz et al., 1999). Inhibitors like propranolol
(10pM) (Junker et al., 2002), prazosin (10uM) (Muyderman et al., 2001), PKA
inhibitor (100nM) (Schweinhuber et al., 2015; Fang et al., 2012), RhoA inhibitor
(10uM) (Abe and Misawa, 2003), PI3K inhibitor (20uM) (Perez et al., 2005), Akt
inhibitor (10pM) (Hu et al., 2012), stattic (10pM) (Schust et al., 2006; Han et al.,
2014) and WP1066 (5uM) (Masliantsev et al., 2018) were added 1 hour before

adding the reactive astrocyte inducers.

2.6 Epifluorescence live cell Ca2* imaging

Cultured astrocytes on coverslips were transferred to petri dishes and incubated
with 1uM fluo-5F AM (Invitrogen, UK) in 20% pluronic in 3 ml of imaging buffer
for 30 minutes in the dark at room temperature. The standard imaging buffer
contained NaCl (135mM), KCI (3mM), HEPES (10mM), glucose (15mM), MgSO4
(1mM) and CaCl2 (2mM), then NaOH was added to achieve pH 7.4. The astrocytes
were then moved to another petri dish with an imaging buffer alone and stored in
the dark for an additional 30 minutes to allow the remaining fluo-5F AM to de-
esterify. After de-esterification, coverslips with loaded cells were transferred to
pre-greased imaging chambers in imaging buffer. The chamber was mounted on
the stage of a Brunel SP981 inverted fluorescent microscope, and a vacuum line

(Dymax 5 by Charles Austen) was placed at the surface of the bathing solution.

Fluorescence microscopy was performed on the coverslips. Images were captured
using a Zyla 4.2 sCMOS camera (Andor Technology, Belfast, UK) with an Olympus
10X lens. An appropriate imaging setting was established by using a
micromanager software. The usual setting applied was 100 millisecond exposure
time to an LED source (470 nm peak, Cool LED pE2) and 4x4 binning. The images

were acquired at 1 frame/second and 1200 frames (20 minutes). Agonists were
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added at the specified concentrations by manual displacement with an excess of

solution into the chamber after 120 seconds.

2.7 Real-time morphology imaging

Cultured astrocytes on coverslips were transferred to petri dishes and incubated
for 30 minutes in the dark at room temperature with 1M calcein-AM (Invitrogen,
UK) in 20% pluronic in 3 ml of imaging buffer (see section 2.6 above), followed
by 30 minutes in buffer alone for de-esterification. After de-esterification,
coverslips with loaded cells were transferred to pre-greased imaging chambers.
The chamber was mounted on the stage of Nikon-Eclipse Ti-E fluorescent
microscope, and a vacuum line (Dymax 5 by Charles Austen) placed at the surface

of the bathing solution.

Fluorescence microscopy was performed on the coverslips. Images were captured
using a Zyla 4.2 sCMOS camera (Andor Technology, Belfast, UK) with an Olympus
10X lens. An appropriate imaging setting was established by using micromanager
software. The usual setting applied was 500 millisecond exposure time to an LED
source (470 nm peak, Cool LED pE2) and 1x1 binning. The images were acquired
at 1 frame/minute and 120 frames (2 hours). Agonists were added at the specified
concentrations by manual displacement with an excess of solution into the

chamber after 10 minutes.

2.8 Immunocytochemistry

Cells were rinsed with Dulbecco’s phosphate-buffered saline (PBS 0.1M) and then
fixed with 4% paraformaldehyde (pre-warmed at 37 °C) for 10 minutes at room
temperature. They were then washed three times with PBS. To increase the
permeability of the cells, 0.01% Triton X-100 was added to the cells for 10 minutes
and followed by three washes with PBS. The cells were incubated in bovine serum
albumin (BSA) 0.5% for 1 hour at room temperature to block non-specific binding

sites.
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The cells were subsequently incubated at 4 °C overnight with primary antibodies
diluted in 0.5% BSA dissolved in PBS. The cells were then washed with PBS three
times and incubated for 45 minutes at room temperature with specific secondary
antibodies diluted with 0.5% BSA dissolved in PBS. The samples were then rinsed
three times in PBS. For a co-staining experiment, cells were blocked again with
0.5% BSA, then another primary antibody was incubated followed by PBS washes
and specific secondary antibody incubation. All nuclei were stained with blue
fluorescence DAPI (1ug/ml) for 15 minutes, and the cells were rinsed twice in PBS.
Next, the cells were cultured in coverslips, which were mounted on slides with

mounting media.

The antibodies used in immunocytochemistry are summarised in Table 2.1. All
images were taken by the image Xpress ultra-confocal microscope with a Nikon
40X objective (Molecular Devices, Sunnyvale, USA) or a Nikon-Eclipse Ti-E
fluorescent microscope with a Zyla 4.2 sCMOS camera (Andor Technology, Belfast,

UK) and an Olympus 10X objective lens.

2.9 Protein preparation and Western blotting

2.9.1 Protein preparation from astrocytes
After plating the astrocytes and treating them with specific stimuli, the medium
was removed and the cells were washed with PBS. To lyse cells, 200 pl of
Radioimmunoprecipitation assay buffer (RIPA) (Table 2.2) and a 1:100 protease
and phosphatase inhibitor cocktail (Sigma Aldrich, USA) were added (Sarafian et
al., 2010). Cells were scraped out of the plates and collected (3 wells of 6-well
plates per sample) to increase protein concentration. Samples were sonicated by
the Sonics Vibra-Cell sonicator (Sonics & materials inc, USA) twice for 10 seconds
on ice at 40% amplitude. The protein was either immediately used for Western

blotting or stored at -20 °C for later processing.
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2.9.2 Western Blots
Protein concentration was measured by using the Bicinchoninic acid (BCA) protein
assay (Thermo Fischer, UK). Samples were diluted in (1:1) 2X Laemmli buffer
(Table 2.2) then vortexed and boiled for 5 minutes. The samples were spun at
12000 X g for 5 minutes. Next, 20 ug samples were loaded into a 12% acrylamide
gel. To estimate protein size, a pre-stained protein ladder (Bio-Rad Laboratories

Ltd., UK) was loaded along with the samples.

After loading, the protein was separated using PowerPac HC hardware (Bio-Rad
Laboratories, UK) connected with the Mini-Protean Tetra Vertical Electrophoresis
Cell (Bio-Rad Laboratories, UK) and filled with Tris-glycine-SDS (TGS) running
buffer (Table 2.2). The electrophoresis was done at 125V for 1.5 hours. After
running the samples, the protein was transferred to a nitrocellulose membrane in
Mini Trans-Blot Cell filled with chilled Tris-glycine (TG) blotting buffer (Bio-Rad
Laboratories, UK) (Table 2.2) for 2 hours at 80V. The remaining binding sites on
the membrane were blocked during a 1 hour incubation in 5% skimmed milk in
Tris-buffered saline (TBS) with 0.005% Tween. After blocking, the membrane was
incubated with primary antibodies in a blocking buffer overnight on a shaker at 4
°C (Table 2.1). After three washes for 10 minutes, each with TBST (Tris-buffered
saline, 0.005% Tween), the membrane was incubated in secondary antibodies
diluted in blocking buffer (Table 2.1) for 1 hour on the shaker. The nitrocellulose
membrane was washed three times with TBST, then imagined using a Li-cor
Odyssey scanner. Quantification was completed using the Image J software. The
intensity of each band was measured and normalised against the corresponding

GAPDH band and then normalised to the control sample.
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Table 2.2 Buffers used in Western blots

Buffer Concentration
RIPA buffer

NaCl 150mM
Tris-HCI pH 7.6 25mM
NP-40 1%

Na- deoxycholate 1%

SDS 0.1%
NaszVO4 1mM

NaF 10mM
Tris/Cl pH 6.8 100mM
SDS 4%

DTT 0.1M
Glycerol 20%
EDTA 1mM
Bromphenol Blue 0.2mg/ml
Tris, pH 8.6 0.25M
Glycine 1.92M
SDS 1%

Dilute 1 in 10 to give 1X
1X TG blotting buffer

Tris 25mM
Glycine 192mM
Methanol 20%
NaCl 3M
Tris 0.4M
pHto 7.3

Dilute 1 in 10 to give 1X

2.10 Cell lysis and Hit-Hunter cAMP assay

2.10.1 Cell lysis
After astrocytes were grown to confluence in 6-well plates, the cells received a
different treatment to induce a level of cAMP. Following treatments, the bathing
medium was removed by a vacuum, and cells were rapidly washed with PBS. After
washing, cells were lysed by scraping the well in the presence of 100 ul of ice-cold
70% ethanol (Moldrich et al., 2002). Once each well dried, 100 ul of 50mM Tris-
1mM EDTA solution (Moldrich et al., 2002) was added to it. The wells were then
agitated to re-suspend cell contents, which were then transferred to a tube and

stored at -20 °C or used immediately to measure cAMP levels with the Hit-Hunter
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cAMP assay for small molecules (DiscoverX, USA). The protein content was

determined using the BCA protein assay (Thermo Fischer, UK).

2.10.2 Hit-Hunter cAMP assay
cAMP levels were measured using the Hit-Hunter cAMP assay (DiscoverX, Fremont,
CA). For this assay, 96-well half-area plates were used in this assay. To prepare
the standards, serial dilutions in an 11-point series of 3-fold dilutions of the
standard were made. The highest concentration of cAMP standard was obtained

by diluting the cAMP standard stock 2.5X10* M in a 1:9 ratio.

After preparing standards, 10 yL of cAMP assay buffer was added to all wells in
the assay plate. Following the buffer, 7.5 pL was added from each sample and
standard in different wells. Afterwards, 5 pL of cCAMP antibody reagent and 30 pL
of cAMP working detection solution (19-parts of cAMP lysis buffer, 5-parts of
substrate reagent 1, 1-part of substrate reagent 2 and 25-parts of cAMP solution
D) were added to all wells and incubated for 1 hour at room temperature in the
dark for the immunocompetition reaction to occur. Finally, 30 uL of cAMP solution
A was added to all wells of the assay plate and incubated for 3 hours at room

temperature in the dark.

Luminescence signals were detected using the Fluoroskan Ascent™ Microplate
Fluorometer (Thermo Scientific, UK) with a 5,000 millisecond integrated time
between wells. All measurements of CAMP accumulation were performed six times.
The values were calculated by non-linear regression analysis using a fit to the
assay standard curve with the hyperbolic equation (Y = Bmax*X/(Kd + X),) where
X is concentration, Y is fluroskan Luminescence signal and Bmax is the maximum
luminescence signal in the same units as Y. Kd is the equilibrium binding constant
in the same units as X and represents the cAMP concentration needed to achieve
half-maximum luminescence at equilibrium. Finally, the cAMP concentration for

each sample was then normalised to protein concentration.
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2.11 Accell siRNA transfection of STAT3
Cells were plated in 96-well plates with a 5,000 cells/ml density and a medium
supplemented with 2% fetal bovine serum. The cells were incubated at 37 °C with

5% CO2 for 48 hours until confluent.

A 100pM STAT3 siRNA solution (Horizon Discovery, UK) in a RNase-free buffered
solution was prepared as stock. An appropriate volume of RNase-free solution was
added into the siRNA solution (according to manufacturer’s instructions), then it
was pipetted up and down 3-5 times. The solution was placed on an orbital
mixer/shaker for 30 minutes at room temperature and centrifuged to collect the

solution at the bottom of the tube.

The growth medium was removed and replaced with 1uM Accell siRNA in a low-
serum or serum-free medium (100 pl per well) in 96-well plates. The plates were
incubated at 37 °C with 5% CO: for 72 hours and 96 hours. The 10% serum was
added after 48 hours. Following knockdown, the cells were treated with 10uM
forskolin for 3 hours. To assess knockdown and stellation, immunocytochemistry
was conducted by staining the astrocytes with total STAT3 and GFAP antibodies

(Figure 2.1).
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Figure 2.1 Experimental workflow for Accell siRNA-mediated gene knockdown.

2.12 Image analysis

For Ca?* imaging data, Image J software was used with a time-series analyser
plugin to manually select regions of interest (ROIs) centred on the cell nucleus.
Matlab R2015a software with Calcium GUI was applied to analyse mean
fluorescence intensity in each cell. The mean fluorescence intensity within each
ROI was quantified and expressed as the ratio of fluorescence at time t divided by
mean intensity for 0-120 seconds before the addition of the agonist (F/F0). If
mean F/FO exceeded 1.045 fold, the cells were defined as responding to the
stimulus by increased Ca?*. Area under the curve (AUC) was calculated as the
integral of fluorescence intensity during the 18-minute time window after adding

the agonist. The percentage of cells responding was also calculated.
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To determine the purity of the astrocyte culture, the number of positive GFAP and
Ibal positive cells was measured. Image ] software was used to differentiate
between the positive and background fluorescence. GFAP and Ibal staining were
green, and DAPI displayed a magenta colour. A time series analyser plugin was
provided to select the ROIs. Count the positive GFAP and Ibal cells was done
manually. The positive astrocyte cells were defined with green GFAP labelling, and

the microglia were identified with Ibal labelling.

For the stellation assay, astrocytes were treated with pharmacological compounds
(as specified in relevant sections), then labelled with a GFAP antibody. Cells were
defined as stellate if they had clearly distinct fibres radiating from the soma, a
spiky star shape with defined processes, a small soma and the GFAP label was
intense. This contrasts with protoplasmic cells, which have diffuse, web-like
labelling throughout the cell body. Image J and a time series analyser plugin were
used to mark the ROIs. The stellate cells were manually and blindly counted, and

the percentage of cells stellation was measured.

Another way to assess the morphology change of astrocytes was by loading the
cells with calcein-AM for real-time imaging. The cell was analysed with Image J by
manually drawing a line around the cell perimeter in the first and the last frames
of the real-time imaging. Shape measures, such as area and perimeter, were
calculated using the Image J of the same cell before and after treatment. Next,
the circularity was calculated using this equation: (4 * n * area) / (perimeter?),

where n = 3.14.

To quantify translocation of S727 p-STAT3 and Y705 p-STAT3 from the cytoplasm
to the nucleus, Matlab R2016a software with Gliosis analysis GUI was used to
isolate the nuclei from the rest of the image based on the DAPI signal and to
measure the intensity of S727 p-STAT3 and Y705 p-STAT3 in the nuclear

compartment. To measure the total STAT3 intensity in the siRNA experiment,
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Gliosis analysis GUI was used to identify each cell by DAPI and measure the

intensity in the cytoplasm and nucleus.

2.13 Statistical analysis

All experiments (immunocytochemistry, Ca?* imaging, real-time imaging and
intensity measures (S727 p-STAT3 and Y705 p-STAT3) in the nucleus) were
obtained from three independent experiments. Each coverslip or well had greater
than a hundred cells analysed, which gave a mean value that was used for the
statistical analysis. Western blot samples were repeated three times from different
cultures, except for IL-6 with stattic and WP1066, which were done once. Each
sample of the cyclic AMP assay was done from one well. The sample was repeated
six to twelve times and independently stimulated and assayed, but the samples
from each experiment were from one litter of rats cultured together. The Accell
siRNA STAT3 transfection experiment was repeated once in each condition. All
statistical tests were completed with the Graph Pad Prism software. All data are
presented as a mean * standard error of the mean (SEM). The statistical
significance was determined using the t-test (Mann Whitney test, Paired t-test and
Wilcoxon test) and one way ANOVA, where P < 0.05 was considered statistically

significant.
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Chapter 3 Optimising astrocyte culture and characterisation of different
assays of reactive gliosis.
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3.1 Introduction

Astrocytes are a class of glial cells that play many essential functions in the CNS.
They control extracellular ion homeostasis (Chiang, Sessle and Dostrovsky, 2012),
uptake CO: that is produced by neurons (Benarroch, 2005), modulate synaptic
activity by releasing gliotransmitter via Ca?* signalling (Rossi, 2015) and uptake
glutamate from the synaptic cleft to prevent excessive activation of neurons, which
can lead to excitotoxicity (Paixao and Klein, 2010). It has been found that 99% of
CNS capillary covered by end-feet astrocyte (Verkhratsky et al., 2014) that gave
the ability for an astrocyte to modulate blood-brain barrier (BBB) permeability

(Benarroch, 2005).

Astrocytes have been traditionally classified into two groups according to their
morphology in vitro. The first group is the protoplasmic astrocytes, which are
found in the grey matter. They have a rounded shape with several main branches
that engage 50-60% of the cytoplasmic and envelop about 80% of the surface
area of the cell (Rossi, 2015). The second group is the fibrous astrocytes that
present in the white matter. They are a fibrous structure with long processes (Allen
and Eroglu, 2017; Guillamdén-Vivancos, Gémez-Pinedo and Matias-Guiu, 2015;
Oberheim, Goldman, and Nedergaard, 2012; Rossi, 2015). In contrast to this
simple classification, Emsley and Macklis (2006) described many types of astrocyte
by using GFAP and S100B immunostaining across different CNS regions including
Bergmann glia, ependymal glia, fibrous astrocytes, marginal glia, perivascular glia,

protoplasmic astrocytes, tanycytes, and velate glia.

Under pathological conditions, the release of excitatory neurotransmitters in the
synapse, and the release of cytokines and chemokines from reactive microglia
leads to reactive gliosis. Reactive gliosis has a harmful or supporting activity.
Liddelow et al. (2017) demonstrated that reactive gliosis astrocytes could be
classified to A1 and A2 astrogliosis, based on gene expression profile. Al reactive

astrocytes are destructive and are induced by activated microglia. While A2
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astrogliosis had protective roles, which leads to up-regulation of many
neurotrophic factors. In addition, Sofroniew (2009) divided the reactive astrocyte
to mild-moderate or severe astrogliosis. Mild to moderate cells have a mechanism
of resolving and return to healthy cells phenotype. However, severe reactive

astrocytes formed in response to inflammation and cause a glial scar.

The hallmark of reactive gliosis in CNS involves a morphological change, cell
migration, proliferation and up-regulation of glial markers such as GFAP (Ji, Berta
and Nedergaard, 2013; Pekny et al., 2019). Changing of the glial functions and
formation of the glial scars seem to be the main indicators of reactive gliosis (Gao
and Ji, 2010; Verkhratsky et al., 2014). In addition, CSPGs could be an indicator
for reactive gliosis because it is an inhibitory factor that releases from glial scars
in the reactive astrocyte to limit the regrowth of injured axons (East, Golding and
Phillips, 2009; Beckerman et al., 2015; Kerstetter and Miller, 2012). The reduction
of glutamate uptake and down-regulation of the glutamate transporter could be
another indicator of reactive gliosis, leading to increased neuron excitability
(Milligan and Watkins, 2009). Furthermore, reactive gliosis can increase the
expression of many receptors such as toll-like receptors (TLR2 and TLR4) which
can activate MAPKs and NFkB signalling pathways responsible for inducing the
release of pro-inflammatory chemokines and cytokines, including IL-13, TNFa and
IL-6 (Fellner et al., 2013; Gorina et al., 2011; Lukin et al., 2017; Nakano et al.,
2015; Sofroniew, 2017; Sofroniew, 2009). However, it was found that astrocytes
do not express TLR4 and the presence of TLR4-positive microglia with astrocytes
determines the astrocytes response to LPS (Holm, Draeby and Owens, 2012; Facci
et al., 2014). Liu et al. (2013) discovered that activate STAT3 pathways and
translocation of p-STAT3 as transcription factor from the cytoplasm to the nucleus
could be the initial marker for a reactive astrocyte. Therefore, p-STAT3 can bind
with DNA and transcript other genes that are involved in proliferation, astrocyte

hypertrophy and release of pro or anti-inflammatory cytokines and chemokines
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(Sofroniew, 2009; Sofroniew, 2017; Hol and Pekny, 2015). Gene expression data
showed that reactive astrocytes up-regulated Nes, Ctnnbl, Axin2, Plaur, Mmp2,
Mmp13, Cdh2, Sox9, Xyltl, Chst11, Csgalnactl, Acan, Pcan, Slit2, and these were
defined as the marker genes of scar-forming astrocytes after spinal cord injury
(Okada et al., 2018). Another study discovers that in the case of reactive gliosis,
numerous genes for GPCRs, such as P2ryl14 gene for P2Yis receptor, were
increased and these genes can be involved in calcium signalling which leads to an
increase in intracellular calcium levels in 50% of the cells after adding a specific
agonist of the P2Y14 receptor, e.g., UDP-glucose ligand (Hamby et al., 2012).
Aim

In this chapter, culture methods for spinal cord astrocytes were optimised, and
different methods tested for the quantification of reactive gliosis. Neonatal cortical
astrocytes were used as the standard for comparison, given the extensive previous
literature using this preparation. The hypothesis of this chapter is to find
quantitative assays of reactive gliosis after treating cells with different stimulants
known to induce gliosis. The reactive astrogliosis was quantified by calculating the
percentage of stellate cells, determining the circularity of reactive cells, examining
the sensitivity of cells to the P2Y14 receptor agonist UDP-glucose, as this receptor
is up-regulated in reactive astrocytes and measuring the intensity of p-STAT3 in

the nucleus using a confocal microscope.
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3.2 Results

3.2.1 Optimising spinal astrocyte culture

3.2.1.1 Purity of spinal astrocyte culturing
As it was described in section 2.4, the cells were cultured in flasks for two weeks,
and they were split into 6-well plates for use in imaging and immunocytochemical
experiments. To determine the purity of astrocyte culture, cells were stained with
2 different antibodies: GFAP (astrocyte selective marker) and Ibal (a microglial
marker) (Ito et al., 2001) at 4 days and 11 days after cell splitting. The percentage
of both GFAP and Ibal positive cells are shown in Table 3.1. High microglia

contamination was indicated in neonatal spinal astrocytes (Figure 3.1)

GFAP Ibal
4 days 83+3% (200) 17+2.5% (156)
11 days 71+4% (358) 33+£3.5% (210)

Table 3.1 The meantSEM (total number of cells counted) percentage of positive
staining of two antibodies. GFAP is represented in the astrocyte while positive Ibal
staining shows the presence of microglia.

As a first strategy to remove the contaminating cells, the flasks were placed on a
plate shaker within the incubator overnight at 300 rpm, 24 hours after the day of
isolation. Astrocytes are strongly adherent, and so shaking is intended to remove

the less adherent microglia. The cell identity markers demonstrated a decrease in

the percentage of Ibal staining compared with the previous protocol (Table 3.2 &

Figure 3.2)
GFAP Ibal
4 days 97+0.7% (863) 15+2.4% (578)
11 days 97+1.2% (753) 5.7£2.13% (589)

Table 3.2 The mean+SEM (total number of cells counted) percentage of positive
staining of two antibodies. GFAP is represented in the astrocyte while positive Ibal
staining shows the presence of microglia.
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Figure 3.1 Cell identity of astrocytes in culture from neonatal rats. Neonatal cells
prepared from spinal cord were seeded without shaking and then splitting at a density of
2.5%10% cells, the test was done at 4 days (upper panels) and 11 days (lower panels) after
cell splitting. Immunocytochemistry for GFAP, and Ibal expression (green) and nuclear
staining with DAPI (magenta) was used to determine the percentage of GFAP, and Ibal
positive cells. Scale bar=500um. The graphs represent means+SEM attained from three
different experiments.
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Figure 3.2 Cell identity of astrocytes in culture from neonatal rats. Neonatal cells
prepared from spinal cord were seeded after shaking and then splitting at a density of
2.5x10% cells, the test was done at 4 days (upper panels) and 11 days (lower panels) after
cell splitting. Immunocytochemistry for GFAP, and Ibal expression (green) and nuclear
staining with DAPI (magenta) was used to determine the percentage of GFAP, and Ibal
positive cells. Scale bar=500um. The graphs represent means+SEM acquired from three
different experiments.

56



3.2.1.2 Establish the functional response in astrocytes by measuring Ca%*
responses

To establish the functional response to receptor activation in astrocytes, the Ca?*
responses were examined on neonatal spinal cells by adding 100uM ATP and
100uM glutamate. Without shaking, it was found that the percentage of cells
responding to glutamate is 10%, while 46% of the cells responded to ATP
(P=0.001). There is a significant difference for AUC between ATP and glutamate
(P <0.001) (Figure 3.3). However, after shaking cells, the percentage of cells
responding to glutamate and ATP is higher, with 82% of cells in the case of ATP
and 42% after adding glutamate (P= 0.03). There is a significant difference for
AUC between ATP and glutamate (P= 0.001) (Figure 3.4). Comparing the
percentages of cells responding, there are increases in cell responses, especially
with ATP after cell shaking (Table 3.3). Glutamate can induce Ca?* due to activate
the metabotropic glutamate receptor, and ATP can release Ca?* in response to

P2X or P2Y, but the main reason for a rapid ATP effect because it's rapidly

degraded.
ATP Glutamate
Neonatal without shaking 46% 10%
Neonatal with shaking 82% 42%

Table 3.3 Summary table of Ca2* responses. Data have presented the percentage of
respond cells on neonatal astrocytes without shaking between glutamate (n=64) and ATP
(n=420) and with shaking between glutamate (n=161) and ATP (n=326). N represents
the total number of cells.
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Figure 3.3 Ca2?* response of neonatal astrocyte without shaking by adding
glutamate and ATP. A) Two images show Fluo-5F fluorescence intensity at the baseline
and after 10 minutes of adding glutamate. B & D) Representative traces of Fluo-5F
fluorescence intensity for five individual cells. C) Two images are representing the Fluo-5F
fluorescence intensity at the baseline and the peak of response after 6 seconds of adding
ATP. E) Aggregate data of area under the curve and the percentage of response cells
between glutamate and ATP. Data are presented as a mean * standard error (SEM)
obtained from three independent experiments. The statistical significance was determined
using the Mann-Whitney test, where (**P<0.01 and ***P<0.001) was considered

statistically significant.
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Figure 3.4 Ca2* response of neonatal astrocyte with shaking by adding glutamate
and ATP. A) Two images show Fluo-5F fluorescence intensity at the baseline and after 5
seconds of adding glutamate. B & D) Representative traces of Fluo-5F fluorescence intensity
for five individual cells. C) Two images are representing the Fluo-5F fluorescence intensity
at the baseline and the peak of response after 5 seconds of adding ATP. E) Aggregate data
of area under the curve and the percentage of response cells between glutamate and ATP.
Data are presented as a mean % standard error (SEM) obtained from three independent
experiments. The statistical significance was determined using the Mann-Whitney test,
where (*P<0.05 and **P<0.01) was considered statistically significant.
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Given this immunocytochemical and functional evidence, all future preparations
used this modified protocol with shaking to increase astrocyte purity in the primary

cultures. The next aim was to test different potential assays of reactive gliosis.

3.2.2 Characterisation of different assays of reactive gliosis in cortical
neonatal astrocyte

3.2.2.1 Assess the morphological change (stellation) with GFAP
immunocytochemistry

Morphological changes in cell structure were assessed using
immunocytochemistry. Morphological changes of astrocytes are the most apparent
sign of reactive gliosis in vivo and vitro. The reactive gliosis has a heuristic
classification changes such as a change in the classic morphology of the astrocytes
from a protoplasmic cell to a more-spiky elaborate shape with defined processes,

decrease the size of the soma and increases the density of GFAP (Figure 3.5).

The neonatal cortical astrocytes responded to forskolin treatment with readily
detectable morphological changes, starting from 3 hours of incubation with 79%
of stellate cells until the end of the experiment (P < 0.001). In the case of LPS,
only 40% of cells become stellate after 24 hours (P=0.015). However, no
significant stellation was detected after TNFa treatment (Figure 3.6). Because
forskolin gives a considerable percentage of stellate cells, other drugs that activate
adenylyl cyclase the same as forskolin were tested. The result shows that
noradrenaline can induce stellation with 37% of cells becoming stellate after 3
hours (P < 0.001), but other potential cAMP-linked agonists, histamine and

substance P, had no detectable effect (Figure 3.7).
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Figure 3.5 Identify morphology change in astrocytes. Images: staining with GFAP.
The upper images represent untreated protoplasmic cells, and lower images represent
stellate cells with many processes after treatment with forskolin. Scale bar=20um.
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Figure 3.6 Stellation response of neonatal cortical astrocytes. Images: staining with
GFAP after treatment with forskolin, LPS and TNFa at different time intervals, as indicated.
Scale bar=500pm. Aggregate data represent the percentage of stellate cells for each
treatment and time interval. Data are presented as a mean £ SEM attained from three
different experiments. The statistical significance was determined using the one way ANOVA
with Dunnett’'s multiple comparisons test, where (*P < 0.05 and *** P < 0.001) was

considered statistically significant.
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Figure 3.7 Stellation model on neonatal cortical. Images: staining with GFAP after
treatment with noradrenaline, histamine and substance P for 3hours. Scale bar=500um.
Aggregate data represent the percentage of stellate cells for each treatment. Data are
presented as a mean * SEM attained from three different experiments. The statistical
significance was determined using the one way ANOVA with Dunnett’s multiple comparisons
test, where (*** P < 0.001) was considered statistically significant.
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3.2.2.2 Assess the morphological change (stellation) with calcein-AM
real-time imaging

Another way to assess the morphology change of astrocytes is by loading the
astrocyte with calcein-AM for real-time live-cell imaging. The main reasons for
using this indicator are to get out to use antibody labelling with GFAP in fixed cells
and use another assess by observing stellation happening in live cells. In this
assay, area and perimeter were measured to calculate the circularity using this
equation (4 * n * area) / (perimeter?) where n= 3.14. A value of 1 indicates that
the feature is a perfect circle, and 0 indicates that it is a line (elongated). The
result shows that circularity of the cells treated with forskolin was significantly
decreased to 0.36 compared with the baseline 0.5 (P < 0.001) (Figure 3.8). Where
the circularity of cells treated with other drugs does not show significant
differences. The circularity of cells treated with a buffer for 2 hours is 0.6, and the
baseline is 0.56 (Figure 3.9). In addition, in the case of noradrenaline. The
circularity after 2 hours is 0.55 and at the baseline is 0.52 (Figure 3.10). Before
and after histamine treatment, the circularity is similar, and it equals 0.65 (Figure
3.11). The starting point circularity in case of substance P equals 0.6 and after 2

hours is 0.66 (Figure 3.12).
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Figure 3.9 Stellation assays of neonatal cortical astrocytes, cells were stained with
calcein-AM and treatment with buffer as control. A) The real-time imaging duration was 2
hours after adding the buffer. B) Images represent the area and perimeter change of
astrocyte at the baseline and after 2 hours of treatment. Aggregate data show circularity
of 10 cells of each condition at the beginning and the end of imaging. Data are presented
as a mean = SEM. No statistically significant differences were determined using the paired

t-test.
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Figure 3.10 Stellation assays of neonatal cortical astrocytes, cells were stained with
calcein-AM and treatment with noradrenaline. A) The real-time imaging duration was 2
hours after noradrenaline treatment. B) Images represent the area and perimeter change
of astrocyte at the baseline and after 2 hours of treatment. Aggregate data show circularity
of 10 cells of each condition at the beginning and the end of imaging. Data are presented
as a mean £ SEM. No statistically significant differences were determined using the paired

t-test.
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Figure 3.11 Stellation assays of neonatal cortical astrocytes, cells were stained with
calcein-AM and treatment with histamine. A) The real-time imaging duration was 2 hours
after histamine treatment. B) Images represent the area and perimeter change of astrocyte
at the baseline and after 2 hours of treatment. Aggregate data show circularity of 10 cells
of each condition at the beginning and the end of imaging. Data are presented as a mean
+ SEM. No statistically significant differences were determined using the paired t-test.
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Figure 3.12 Stellation assays of neonatal cortical astrocytes, cells were stained with
calcein-AM and treatment with substance P. A) The real-time imaging duration was 2 hours
after substance P treatment. B) Images represent the area and perimeter change of
astrocyte at the baseline and after 2 hours of treatment. Aggregate data show circularity
of 10 cells of each condition at the beginning and the end of imaging. Data are presented
as a mean = SEM. No statistically significant differences were determined using the paired

t-test.
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3.2.2.3 Release of Ca?* after stimulation of the P2Y14 receptor
Change the function of astrocyte is also another parameter of reactive gliosis in
parallel with the morphology change. Here, the functional assay of reactive
astrocytes was measured by loading the astrocyte with another calcium indicator
(Fluo-5F). To induce reactive gliosis and up-regulate P2Y14R in the astrocytes, cells
were incubated for 24 hours with forskolin, LPS and TNFa. The calcium imaging
was done to test for the expression of P2Y14R in the astrocytes before and after
treatment of reactive gliosis inducer; cells were stimulated with the receptor-
selective and endogenous ligand, which is UDP-glucose. The result shows that the
addition of UDP-glucose caused calcium signalling in 18% of cells, and the time
courses of these responses were highly variable (Figure 3.13). Responding cells
typically showed oscillations in calcium concentration, but the pattern of oscillation
was also variable. However, there was no significant difference observed in the
percentage of cells responding to UDP-glucose between the treated cells with
forskolin (P=0.240), LPS (P=0.937) or TNFa (P=0.387) and the control cells with

37%, 28%, and 16%, respectively (Figure 3.13).
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Figure 3.13 Ca2?* response of neonatal cortical by adding UDP-glucose. A) Two
images show Fluo-5F fluorescence intensity at the baseline and after 9 seconds of adding
UDP-glucose in untreated cells. B) Two images show Fluo-5F fluorescence intensity at the
baseline and after 5 minutes of adding UDP-glucose in cells treated with forskolin. C) Two
images show Fluo-5F fluorescence intensity at the baseline and after 2 seconds of adding
UDP-glucose in cells treated with LPS. D) Two images show Fluo-5F fluorescence intensity
at the baseline and after 8 minutes of adding UDP-glucose in cells treated with TNFa. E)
Representative traces of Fluo-5F fluorescence intensity for three individual cells in each
group. F) Aggregate data above represent the percentage of cells responding in the control
(n = 291) and the test groups (forskolin: n = 255, LPS: n = 260 and TNFa: n = 300). Data
are presented as a mean * standard error (SEM). No statistically significant differences
were determined using the Mann-Whitney test. The experiment was repeated three times.
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3.2.2.4 Measure intensity of p-STAT3 in the nucleus with confocal
microscopy

Another functional assay of reactive gliosis has quantified the intensity of p-STAT3
in the nucleus. P-STAT3 seems to be the master regulator signalling pathway in
reactive gliosis. In this section, the intensity was examined by performing
immunocytochemistry with double staining of two types of p-STAT3 (serine and
tyrosine) and GFAP antibodies. The results determine the same change of cell
morphology compared with the previous experiment. In the case of forskolin
treatment, the result demonstrates a significant increase in the intensity of S727
p-STAT3 in the nucleus after 3 hours (P=0.041), and it decreases after 24 hours
(Figure 3.14). Also, the intensity of S727 p-STAT3 is increase after treating
astrocytes with LPS for 24 hours (P=0.015) but not with 3 hours (Figure 3.15).
There is a significant increase in nucleus intensity after treating astrocytes with
TNFa for 3 hours (P=0.037) and 24 hours (P=0.014) (Figure 3.16). No detection
of the high intensity of Y705 p-STAT3 in the nucleus is determined after forskolin
and LPS treatment for 3 hours and 24 hours (Figure 3.17, Figure 3.18). However,
there is a significant increase in tyrosine intensity after treat astrocytes with TNFa

for 24 hours (P=0.001) (Figure 3.19).
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Figure 3.14 Intensity of S727 p-STAT3 on neonatal cortical astrocytes with
confocal microscopy, cells are stained with GFAP in red, S727 p-STAT3 in green and DAPI
in blue. Cells are treated with forskolin 10uM at 3 hours (middle panels) 24 hours (lower
panels). The scale bar = 40um. Aggregate data represent the mean of S727 p-STAT3
intensity per pixel in the nucleus. Data are presented as a mean £ SEM completed from
three different experiments. The statistical significance was determined using the one way
ANOVA (Dunnett’s multiple comparisons test) by comparing treated groups with control,
where (*P < 0.05) was considered statistically significant.
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Figure 3.15 Intensity of S727 p-STAT3 on neonatal cortical astrocytes with
confocal microscopy, cells are stained with GFAP in red, S727 p-STAT3 in green and DAPI
in blue. Cells are treated with LPS 1ug/ml at 3 hours (middle panels) 24 hours (lower
panels). The scale bar = 40um. Aggregate data represent the mean of S727 p-STAT3
intensity per pixel in the nucleus. Data are presented as a mean £ SEM completed from
three different experiments. The statistical significance was determined using the one way
ANOVA (Dunnett’s multiple comparisons test) by comparing treated groups with control,
where (*P < 0.05) was considered statistically significant.
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Figure 3.16 Intensity of S727 p-STAT3 on neonatal cortical astrocytes with
confocal microscopy, cells are stained with GFAP in red, S727 p-STAT3 in green and DAPI
in blue. Cells are treated with TNFa 200ng/ml at 3 hours (middle panels) 24 hours (lower
panels). The scale bar = 40um. Aggregate data represent the mean of S727 p-STAT3
intensity per pixel in the nucleus. Data are presented as a mean £ SEM completed from
three different experiments. The statistical significance was determined using the one way
ANOVA (Dunnett’s multiple comparisons test) by comparing treated groups with control,
where (*P < 0.05) was considered statistically significant.
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Figure 3.17 Intensity of Y705 p-STAT3 on neonatal cortical astrocytes with
confocal microscopy, cells are stained with GFAP in red, tyrosine p-STAT3 in green and
DAPI in blue. Cells are treated with forskolin 10uM at 3 hours (middle panels) 24 hours
(lower panels). The scale bar = 40um. Aggregate data represent the mean of Y705 p-STAT3
intensity per pixel in the nucleus. Data are presented as a mean + SEM completed from
three different experiments. No statistically significant differences were determined using
the one way ANOVA (Dunnett’'s multiple comparisons test) by comparing treated groups
with control.

77



Control (DAPI) Control (P-STAT3) Control (GFAP) Contral W&

LPS 3H (DAPI)

LPS 3H (p-STAT3) LPS 3H (GFAP)

LPS 24H (DAPI)

LPS 24H (p-STAT3) LPS 24H (GFAP) w % LPS24H °

500+

)
o
[=]
o
1

Intensity (F.U.
- %) [ ]
[=] o [=]
g 2 9

o

N
&
&

Figure 3.18 Intensity of Y705 p-STAT3 on neonatal cortical astrocytes with
confocal microscopy, cells are stained with GFAP in red, tyrosine p-STAT3 in green and
DAPI in blue. Cells are treated with LPS 1ug/ml at 3 hours (middle panels) 24 hours (lower
panels). The scale bar = 40um. Aggregate data represent the mean of Y705 p-STAT3
intensity per pixel in the nucleus. Data are presented as a mean + SEM completed from
three different experiments. No statistically significant differences were determined using
the one way ANOVA (Dunnett’'s multiple comparisons test) by comparing treated groups
with control.
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Figure 3.19 Intensity of Y705 p-STAT3 on neonatal cortical astrocytes with
confocal microscopy, cells are stained with GFAP in red, tyrosine p-STAT3 in green and
DAPI in blue. Cells are treated with TNFa 200ng/ml at 3 hours (middle panels) 24 hours
(lower panels). The scale bar = 40um. Aggregate data represent the mean of Y705 p-STAT3
intensity per pixel in the nucleus. Data are presented as a mean + SEM completed from
three different experiments. The statistical significance was determined using the one way
ANOVA (Dunnett’s multiple comparisons test) by comparing treated groups with control,
where (***P < 0.001) was considered statistically significant.
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3.3 Discussion

In vitro investigations of astrocyte function depend on obtaining a pure astrocyte
culture after removing contaminating cells, and having reliable assays for changes
in cell morphology and phenotype due to reactive gliosis. Most studies of
astrocytes have used neonatal primary astrocytes isolated from the cerebral
cortex as they are easier to isolate and culture than the spinal cord. In this chapter,
we adapted this method for the culture of spinal cord astrocyte in different
conditions to find the best protocol that would give us pure astrocyte cultures that
respond to neurotransmitters (ATP and glutamate) with Ca?* responses. It was
found that GFAP-positive cells predominate after two weeks in vitro, but that a
significant number of contaminating microglia cells are also present when cells are
cultured in flasks. Removing the contaminating cells by shaking the flasks
improved the purity of the astrocyte culture because astrocytes are more
adherence cells (Tamashiro, Dalgard and Byrnes, 2012; Kerstetter and Miller,
2012). This refinement reduced the number of Ibal positive cells by more than

half.

There are other existing methods for culturing pure astrocyte. Other studies have
demonstrated that using a modified chemically defined medium (MCM) by
replacing glucose and D-valine with sorbitol and L-valine in growth media (Yang
et al., 2007) or adding a mitotic inhibitor for 5-6 days to cells, then treated with
I-leucine methyl ester after becoming confluent, could remove other
contaminating cells but it takes a longer time (Gingras et al., 2007; Hamby et al.,
2006). Moreover, culturing rat spinal cord astrocytes on glass coverslips seem to
be a quick and easy way to get pure astrocyte because astrocytes adhere to the

glass while other cells not (Silva et al., 1998), but total cell numbers are less.

Regarding the induction of reactive astrogliosis: it is possible to get reactive gliosis
to occur in the commonly used of cortical astrocyte model (Lin et al., 2008; Barres,

Chun, and Corey, 1989). We used a range of drugs that are known to evoke gliosis
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in culture models with these doses forskolin (10uM) (Barres, Chun, and Corey,
1989), LPS (1upg/ml) (Lin et al., 2008), TNFa (200ng/ml) (Lee et al., 2017),
noradrenaline (10uM) (Gavin Norris and Benveniste, 1993; Junker et al., 2002),
histamine (100uM) (Kubo et al., 1991) and substance P (100nM) (Miyano et al.,
2010). We attempted to measure four assays: morphological change with GFAP
immunocytochemistry, live imaging of cells stained with calcein-AM, Ca?* response
by adding UDP-glucose which is the agonist of P2Y14R and measure the intensity

of p-STAT3 in the nucleus.

Immunocytochemistry is an essential method about helping us identify and
characterise the morphology of the cells. However, the use of subjective
measurements for both cell identity and morphology during reactive gliosis is a
major limiting factor. Weak antibody staining is the main problem that we faced
during cell identification, and it affected our results. Besides, the variation of GFAP
expression and staining is the second issue. It has been reported that GFAP
expression level depends on culture conditions, the location of astrocyte in vivo
and the age of the animals (Khakh and Sofroniew, 2015; Middeldorp and Hol,

2011).

Moreover, it is possible that changed GFAP intensity may result from the
accessibility of the antibody or a change in the structure of the cytoskeleton, rather
than an increase in GFAP expression level. Thus, it can make classifying cells by
GFAP expression challenging, and it is difficult to classify astrocyte by GFAP alone.
However, measuring the GFAP intensity and GFAP protein level are the most
common assays for reactive gliosis (Eriksson et al., 2002; Formichella et al., 2014;
Kang et al., 2014; Liddelow et al., 2017; Sriram et al., 2004 ). We found that
assessing the GFAP fluorescence intensity may not be suitable in our experiment
because many variable factors could affect this intensity, and we were not able to
control for them. Quantified the reactive gliosis by measuring the morphological

change in astrocytes could be the best method. Counting the percentage of stellate
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cells is one of the popular techniques to assess morphology change in astrocytes
and to identify the numbers of reactive astrocytes (Brozzi et al., 2009; Murk et
al., 2013). However, the time is taken for manual assessment, or need for
specialist software to automatically calculate the percentage of stellation, are the
main drawbacks in this assay. In addition, measuring the stellation index (total
process area/cell body area) (Beckerman et al., 2015), the ratio between the cell
outline and the cell area (Murk et al., 2013), the perimeter of cell staining (East,
Golding, and Phillips, 2008), changes in morphology can be quantified. Here, we
measured the cell circularity by using the equation (4 * n * area) / (perimeter?)
where the value close to zero indicates astrocyte stellation, which occurs after
forskolin treatment. These different approach work because we can look at and
observing stellation in live cells during the time, which gives us a geometric
assessment of morphology. However, it is not usually more efficient than
immunocytochemistry. It does not add any particular value because we are still
using the manual counting of the geometric circularity, and automate the analysis

is very reliable to save the analysis time.

Culturing primary astrocytes in serum-containing medium, show a flat,
morphology without processes. Treat astrocyte with different drugs that activate
different signalling pathway have a various response. Forskolin, noradrenaline
can induce stellation (a star-shaped morphology) while LPS, TNFa, histamine and
substance P did not. This indicates the involvement of adenylyl cyclase to cause
morphology change and reactive gliosis (Daginakatte et al., 2008; Fedoroff et al.,
1984; Masaki et al., 2000; Tiryaki, Ayres, et al., 2015) because both forskolin and
noradrenaline activate adenylyl cyclase (Donnell et al., 2013; Tanabe, Kozawa and
Iida, 2016). High percentage of stellate cells after forskolin treatment (79%) but
not with noradrenaline (39%) indicate the direct activation of adenylyl cyclase in
case of forskolin (Tanabe, Kozawa and Iida, 2016) while noradrenaline work

through the balance between activation of a and B receptor in astrocytes (Donnell
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et al., 2013). Culturing astrocytes in serum cause protoplasmic morphology, and
the stellation is happening through the depolymerisation of actomyosin stress
fibres in response to drugs (Perez et al., 2005). In addition, the presence of serum
in astrocytes culture media reduces the level of Mob protein which regulates cell
morphogenesis in alteration of the actin cytoskeleton arrangement and treats the
cells with cAMP lead to increase in Mob2 expression and cause stellation (Fang et

al., 2012).

GFAP assay is not enough assays for reactive gliosis because we are not going to
consider on GFAP to be a sole marker (Sofroniew and Vinters, 2010; Liddelow and
Barres, 2017). We tried to use multiple markers for reactive gliosis. For example,
Zamanian et al. (2012) determined that there is an increase in the expression of
two genes (Lcn2 and Serpina3n) in case of reactive astrocytes that could be
reliable markers for reactive gliosis. Another significant functional assay we can
use as the assay of reactive gliosis is by measuring Ca?* signalling and gene
expression of multiple GPCRs after adding GPCR-specific ligands. There is a study
found that induction of reactive gliosis after treatment of astrocyte with
inflammatory stimuli such as LPS, TGFB1 and IFN® can significantly increase the
expression level of P2ry14 gene for P2Y14 receptor. These lead to increase in
intracellular calcium levels in 50% of the cells after adding UDP-glucose ligand
that binds with a purinergic receptor on astrocyte (P2Y14) while this ligand did not
have any detection of Ca?* response in physiological astrocyte (Hamby et al.,
2012). Another study was demonstrate that UDP-glucose can increase the
intracellular calcium levels in 11% of physiological cortical astrocytes (Fumagalli
et al., 2003). Our result found that the neonatal cortical astrocytes treated with
forskolin have an increase in mean Ca?* release but this was not statistically
significant due to the variation between groups. We hypothesised that forskolin
might be involved in the signalling pathway, which leads to up-regulate this gene

in the GPCR and affects the calcium release, but this may not be correct as it is a
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different stimulus used than the original report (Hamby et al., 2012). A
combinational treatment of inflammatory stimuli may be essential to change the
level of the P2Y14 receptor and increase Ca?* signalling (Hamby et al., 2012), which

make an account for our variable responses with individual inflammatory stimuli.

It was discovered that P2Y14 receptor known to be involved in another process like
cell infection and neuroinflammation (Abbracchio et al., 2003; Moore et al., 2003;
Lazarowski and Harden, 2015). However, the tonic level of P2Yi4 receptor can
inhibit the astrocytes remodelling and knockdown this receptor increases the
release of TNFa that lead to increase the expression of matrix metalloprotease-9
(MMP9) which is responsible for cell remodelling (Kinoshita et al., 2013). There is
evidence discovered that overnight expression of LPS in microglia increases the
expression of the P2Y14 receptor as well as increase the Ca?* signalling in response
to UDP-glucose (Bianco et al., 2005). Taken together, this indicates the
involvement of this receptor in inflammatory neurological diseases, and it seems

to be that the P2Y14 receptor is a promising candidate assay for reactive gliosis.

Franke and Illes (2014) found that release ATP from neurons lead to activate both
P2X7 and P2Yi,2 subtypes receptors during astrogliosis. These receptors lead to
induce reactive gliosis through activation of a STAT3 signalling pathway
(Washburn and Neary, 2006). Also, it was found that up-regulation on the level of
STAT3 and activate STAT3 pathway could be the initial marker for reactive
astrocyte (Liu et al., 2013; Sofroniew, 2009; Zhang et al., 2013). Here, the
localisation of p-STAT3 was measured. It discovers a significant increase of S727
p-STAT3 intensity in the nucleus after forskolin, LPS and TNFa while only TNFa can

increase the localisation of Y705 p-STAT3 in the nucleus.

In summary, neonatal cortical induce reactive gliosis in response to different
stimuli. Change the astrocytes morphology form polygonal shape to stellate was

detected after forskolin and noradrenaline with a high percentage of stellate cells.
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Assay of the morphology change during live imaging indicated that the only
forskolin reduces the astrocytes circularity comparing with others. Up-regulation
of P2Y14 seemed variable but was not statistically significant after forskolin, while
LPS and TNFa had no observable effect. In this chapter, it was found an increase
in the intensity of p-STAT3 in the nucleus. These results indicate that p-STAT3 is

involved in inducing reactive gliosis and may relate to stellation.
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Chapter 4 Characterisation of stellation in different CNS regions and at
various developmental stages
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4.1 Introduction

Embryonic and postnatal astrocytes are different according to their morphology
and function. The astrocytes are divided into three stages cells: progenitor (which
occurs in the embryonic stage), a maturing postnatal astrocyte, and an adult
astrocyte (Molofsky et al., 2012). At the embryonic stage, neural stem cells
convert from neurogenesis to gliogenesis in a process called the gliogenic switch
to form astrocyte precursors. It's reported that this step happens around E12.5 in
spinal cord and E16-18 in the cortex (Molofsky and Deneen, 2015). Moreover,
astrocytes can rise from four different sources including radial glia, astrocyte
progenitor population, NG2* glial progenitor cells, or the proliferation of newly
born astrocytes (Ge et al., 2012; Sloan and Barres, 2015; Sohn et al., 2015). The
astrocytes are functionally mature during the postnatal stage. Cahoy et al. (2008)
were demonstrated that astrocytes express the mature gene profile by P17. On
the other hand, Rusnakova et al. (2013) found that P30 mainly represent the
mature astrocyte genes. Mature astrocytes can express many markers, such as

GFAP, S1003, AldhlL1l, and aquaporin4 (Chaboub and Deneen, 2013).

The role of astrocytes is distinct in different regions in CNS and developmental
stages (Bayraktar et al., 2015; Cahoy et al., 2008; Taft, Vertes and Perry, 2005;
Zhang and Barres, 2010). These differences according to the changes in astrocyte
genes profiles. Clarke et al. (2018) discovered that aged brain astrocytes have
more Al reactive astrocytes function and reactive gliosis genes expression are up-
regulated in hippocampal and striatal than cortical astrocytes. Increase GFAP,
TNFa and IL-1B expression in hippocampus rat tissue are age-related (Lynch et
al., 2010). Yoon et al. (2017) established a significantly higher level of GFAP, IL-
6 and STAT3 proteins in the spinal cord than the brain in postnatal and adult mice.
Production of cytokines and chemokines in reactive astrocytes are regions
difference (Morga, Faber and Heuschling, 1999; Fitting et al., 2010). It was found

that increasing the expression of astrocytes markers and microglia markers after
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nerve injury in the spinal cord is developmentally depended (Vega-Avelaira, Moss
and Fitzgerald, 2007) and neuropathic pain mainly occurs in late stages following

neonatal nerve injury (Vega-Avelaira et al., 2012).

However, TGFpB signalling is increased by age in response to post-stroke, which
regulates glial scar formation and the immune response (Doyle et al., 2010). A
study identifies the expression of Notchl signalling, which is controlling neuronal
reprogramming in different CNS regions and age. They found that spinal
astrocytes expressed more Notch1 level than cortical astrocytes in neonatal animal
and it is increased in adults, and proliferation rate of neonatal spinal astrocyte is

higher than cortical astrocytes (Hu et al., 2019)

Won and Oh (2000) found heterogeneity in the ability of cCAMP to induce stellation
in neonatal astrocytes from six different regions of the rat brain. However, the
cAMP level was the same in both ages (Abe and Saito, 1997). Gautron, De Smedt-
Peyrusse and Layé (2006) measured the STAT3 level in different ages (P3, P10,
and P21). The amount of total STAT3 was increased by age. Phosphorylated-serine
STAT3 was lower at P3 but increased at later stages while phosphorylated STAT3
on tyrosine 705 increased at P3 and P10 and then decreased at P21.

Aim

The reactive gliosis phenomena of neonatal and embryonic astrocytes isolated
from rat brain and spinal cord were evaluated. Most developmental studies were
focused on testing the difference between neonatal and adults astrocytes, while
the difference between neonatal and embryonic is still not understood. This
chapter investigated the hypothesis that neonatal and embryonic astrocytes may
differ in their ability to induce reactive gliosis and morphology change in response

to different stimuli within the brain and spinal cord.
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4.2 Results

4.2.1 Neonatal spinal vs Neonatal cortical astrocytes

4.2.1.1 Assess the morphological change (stellation) with GFAP
immunocytochemistry

In the previous chapter, many assays for reactive gliosis were tested using cortical
astrocytes. Next, we used these assays to investigate the response of primary

astrocytes isolated from the spinal cord.

Morphology change of spinal astrocytes was measured after treating them with
forskolin, LPS and TNFa at different time intervals. The results demonstrate that
40% of cells became stellate after 3 hours and 8 hours of forskolin treatment
(P=0.0001), but the percentage dropped after 18 and 24 hours to 29 % (P=0.01)
compared with a control group. However, no significant differences were
discovered in the case of LPS treatment (P=0.972). There is a significant difference
only after 18 hours of TNFa treatment with 34% of stellation (P=0.049) compared

with the control cells (Figure 4.1).

Neonatal cortical astrocytes (data of cortical stellation shown in details in Figure
3.6) were therefore significantly more likely than spinal astrocytes to respond to
forskolin by inducing stellation (P< 0.001). However, no differences were
discovered between cortical and spinal astrocyte in the case of LPS (P=0.578) and

TNFa treatment (P=0.540) (Figure 4.2).
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Figure 4.1 Stellation response of neonatal spinal astrocytes. Images: staining with
GFAP after treatment with forskolin, LPS and TNFa at different time intervals, as indicated.
Scale bar=500pm. Aggregate data represent the percentage of stellate cells for each
treatment and time interval. Data are presented as a mean = SEM obtained from three
independent experiments. The statistical significance was determined using the one way
ANOVA followed by Dunnett’s multiple comparisons test, where (*P < 0.05 and *** P <
0.001) was considered statistically significant.
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Comparison between neonatal cortical and spinal astrocytes
in stellation
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Figure 4.2 Comparison between neonatal cortical and spinal astrocytes in
stellation, after treatment with forskolin for 3 hours, LPS and TNFa for 24 hours. Aggregate
data represent the percentage of stellate cells. Data are presented as a mean £ SEM and
obtained from three independent experiments. The statistical significance was determined
using the Mann-Whitney test, where (*** P < 0.001) was considered statistically

significant.
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4.2.1.2 Assessing morphological change (stellation) with calcein-AM real-
time imaging

After loading spinal cord astrocytes with calcein-AM, the cells were treated with
imaging buffer and forskolin to assist the morphology change during 2 hours of
real-time imaging. There is no significant difference after adding the buffer from
the starting point and after 2 hours (P=0.187). The mean of circularity is 0.584 at
the first image and 0.606 at the end of imaging. However, the circularity of cells
treated with forskolin decreased from 0.483 to 0.397 (P <0.001) (Figure 4.3). By
comparing the circularity between cortical (data are shown in details in chapter 3)
and spinal astrocytes, there is no significant difference between cortical and spinal

after 2 hours of forskolin treatment (P=0.529) (Figure 4.4).
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Figure 4.3 Stellation assays of neonatal spinal astrocytes, A) Cells were stained with
calcein-AM and treated with forskolin. B) The real-time imaging duration was 2 hours. C)
Images represent the area and perimeter changes of astrocyte at the baseline and after 2
hours of treatment. Aggregate data show circularity of 10 cells of each condition at the
beginning and the end of imaging. Data are presented as a mean £ SEM. The statistical
significance was determined using the paired t-test, where (*** P < 0.001) was considered
statistically significant.
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Figure 4.4 Comparison between neonatal cortical and spinal astrocytes in
stellation, after treatment with forskolin for 2 hours. Aggregate data represent circularity
of 10 cells of each condition at the beginning and the end of real-time imaging. Data are
presented as a mean + SEM and obtained from three independent experiments. The
statistical significance was determined using the Mann-Whitney test. No significant
difference was discovered.
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4.2.1.3 Release of Ca?* after stimulation of the P2Y14 receptor
The spinal cord astrocytes were treated with forskolin, LPS and TNFa for 24 hours
to test for up-regulation of P2Y14 receptor. The receptor activity was determined
by measuring Ca?* release in response to UDP-glucose. It was found that 26% of
the untreated neonatal spinal astrocytes respond to UDP-glucose while just 13%,
18% and 8% of the astrocytes were responsive after forskolin, LPS and TNFa
treatment, respectively. There were no significant differences between control and
treated groups (forskolin P=0.814, LPS P=0.922 and TNFa P=0.567) (Figure 4.5).
By comparing the Ca?* response between cortical (data are shown in details in
Figure 3.13) and spinal astrocytes, there was no statistically significant difference

between them (forskolin P=0.179, LPS P=0.554 and TNFa P=0.567) (Figure 4.6).

96



A. Untreated B. Forskolin

Baseline Peak response Baseline Peak response

e

C.LPS D. TNFa

Baseline Peak response Baseline

Peak response

E. Control Forskolin LPS TNFa

e
Lk r—

e
200 sec DI N
e—
I N —— J 200 sec

? ? ? ?

UDP-glucose 100uM UDP-glucose 100pM UDP-glucose 100uM UDP-glucose 100puM

1F/F,

-
o
-]
=

of cells r

g

,
[

of cells responding to UDP-gl Percentage of cells responding to UDP-gli
60

ponding to UDP-gl

3
S

3

S

a
S
a
S
a
k-3

N
S
N
S

N
-3

% of response cells
% of response cells
% of response cells

o
o
o

Figure 4.5 Ca2* response of neonatal spinal by adding UDP-glucose. A) Two images
show Fluo-5F fluorescence intensity at the baseline and after 13 minutes of adding UDP-
glucose in untreated cells. B) Two images show Fluo-5F fluorescence intensity at the
baseline and after 4 minutes of adding UDP-glucose in cells treated with forskolin. C) Two
images show Fluo-5F fluorescence intensity at the baseline and after 17 minutes of adding
UDP-glucose in cells treated with LPS. D) Two images show Fluo-5F fluorescence intensity
at the baseline and after 14 minutes of adding UDP-glucose in cells treated with TNFa. E)
Representative traces of Fluo-5F fluorescence intensity for three individual cells in each
group. F) Aggregate data above represent the percentage of cells responding in the control
(n = 190) and the test groups (forskolin: n = 169, LPS: n = 294 and TNFa: n = 131). Data
are presented as a mean * standard error (SEM). No statistically significant differences
were determined using the Mann-Whitney test. The experiment was repeated three times.
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Figure 4.6 Ca2* response of neonatal cortical and spinal astrocytes by adding UDP-
glucose after treating the cells with Forskolin, LPS and TNFa for 24 hours. Data are
presented as a mean * standard error (SEM). No statistically significant differences were
determined using the Mann-Whitney test.
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4.2.2 Neonatal cortical vs Embryonic cortical astrocytes

4.2.2.1 Assess the morphological change (stellation) with GFAP
immunocytochemistry

The next stage was to investigate whether there was a difference between

astrocytes obtained from postnatal rats and embryonic rats.

To induce stellation in embryonic cortical cells, we treated with forskolin, LPS and
TNFa as usual. In the case of embryonic cortical, forskolin treatment led to the
appearance of branched cells after 3 hours incubation with 28% of cells showing
stellation (P=0.023) with only 7% of untreated cells. Then, it is decreased after 8
hours treatment to 22% (P=0.151) and increased again to 30% and 36% after 18
hours (P=0.001) and 24 hours (P=0.0001). For LPS and TNFa, no significant
increase in cell stellation was determined in both treatments (LPS P=0.193 and

TNFa P=0.349) compared with the control group (Figure 4.7).

This contrasts with neonatal cortical astrocytes, which demonstrate time-
dependent gliosis. Comparing neonatal with embryonic cortical, results show there
is a significant difference between groups in stellation after forskolin and LPS but
not with TNFa. The percentage of stellate neonatal cortical astrocyte after forskolin
treatment is 76%, which is higher than embryonic cortical with 28% (P<0.001).
In the case of LPS, 41% of neonatal cortical became stellate, and only 16% of
embryonic cortical changed into stellate cells (P=0.046). They are inducing
stellation after TNFa treatment was nearly equal with 25% in the case of neonatal
cortical and 29% in the case of embryonic cortical astrocyte (P=0.613) (Figure

4.8).
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Figure 4.7 Stellation response of embryonic cortical astrocytes. Images: staining
with GFAP after treatment with forskolin, LPS and TNFa at different time intervals, as
indicated. Scale bar=500um. Aggregate data represent the percentage of stellate cells for
each treatment and time interval. Data are presented as a mean + SEM obtained from
three independent experiments. The statistical significance was determined using the one
way ANOVA followed by Dunnett’s multiple comparisons test, where (*P < 0.05, **P<0.01
and *** P < 0.001) was considered statistically significant.
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Figure 4.8 Comparison between neonatal and embryonic cortical astrocytes in
stellation, after treatment with forskolin for 3 hours, LPS and TNFa for 24 hours. Aggregate
data represent the percentage of stellate cells. Data are presented as a mean = SEM and
obtained from three independent experiments. The statistical significance was determined
using the Mann-Whitney test, where (* P <0.05 and *** P < 0.001) was considered
statistically significant.

102



4.2.2.2 Assessing the morphological change (stellation) with calcein-AM
real-time imaging

Real-time imaging experiments did not show any significant change in embryonic
cortical astrocyte circularity after the cells treated with buffer (P=0.659). The
circularity of astrocytes at the beginning of imaging equal 0.59, and after 2 hours
imaging was 0.6. However, there is a significant increase in astrocytes circularity

after 2 hours of forskolin treatment (P=0.02) with 0.5 to 0.6 (Figure 4.9).

Comparison between neonatal (shown in details in section 3.2.2.2) and embryonic
cortical in stellation assay of calcein-AM loading showed that the circularity of
neonatal cortical astrocyte after forskolin was significantly lower than embryonic
cortical with 0.36 in case of neonatal and 0.55 in case of embryonic astrocytes
(P<0.001). This result indicates that the neonatal cortical became more stellate

than embryonic cortical astrocytes (Figure 4.10).

103



Compare circularity of astrocytes before and after Compare circularity of astrocytes before and after

buffer treatment forskolin treatment
0.8 0.8
08 06 .
£ z
5 ©
S04 S 0.4
g 8
o 0
0.2 0.2
0.0 J
& 0
Q‘,& o
) &
& S
\52
&
&

Figure 4.9 Stellation assays of embryonic cortical astrocytes, A) Cells were stained
with calcein-AM and treated with forskolin. B) The real-time imaging duration was 2 hours.
C) Images represent the area and perimeter changes of astrocyte at the baseline and after
2 hours of treatment. Aggregate data show circularity of 10 cells of each condition at the
beginning and the end of imaging. Data are presented as a mean £ SEM. The statistical
significance was determined using the paired t-test, where (* P < 0.05) was considered
statistically significant.
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Comparison between neonatal and embryonic cortical astrocytes
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Figure 4.10 Comparison between neonatal and embryonic cortical astrocytes in
stellation, after treatment with forskolin for 2 hours. Aggregate data represent circularity
of 10 cells of each condition at the beginning and the end of real-time imaging. Data are
presented as a mean + SEM and obtained from three independent experiments. The
statistical significance was determined using the Mann-Whitney test, where (*** P < 0.001)

was considered statistically significant.
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4.2.2.3 Release of Ca?* after stimulation of the P2Y14 receptor
The result of neonatal cortical astrocytes regarding the up-regulation of P2Yi4
receptor is described in details in section 3.2.2.3 and Figure 3.13 for neonatal
cortical. The same experiment was done on embryonic cortical and neonatal spinal

astrocytes to measure Ca?* release after up-regulation of P2Y14 receptor.

The results show no significant difference of cells response to UDP-glucose for
embryonic cortical astrocytes treated with buffer control, forskolin (P >0.999), LPS

(P=0.568) or TNFa treatment (P=0.563) (Figure 4.11).

Response to UDP-glucose is higher in neonatal cortical astrocyte with 38% of cells
respond to UDP-glucose after forskolin treatment, while only 17% of cells response
in the case of embryonic cortical (Figure 4.12). In addition, treating neonatal
cortical astrocytes with LPS increase the percentage of cells response to 28%,
which is higher than embryonic cortical with only 21% of cells response. However,
the percentage of cells responding to UDP-glucose after TNFa treatment is more
in embryonic with 26% than neonatal cortical astrocyte with 16%. Due to high
variation between cells, no significant differences were detected (forskolin

P=0.089, LPS P=0.554 and TNFa P=0.562) (Figure 4.12).
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Figure 4.11 Ca?* response of embryonic cortical astrocytes by adding UDP-
glucose. A) Two images show Fluo-5F fluorescence intensity at the baseline and after 9
minutes of adding UDP-glucose in untreated cells. B) Two images show Fluo-5F fluorescence
intensity at the baseline and after 3 minutes of adding UDP-glucose in cells treated with
forskolin. C) Two images show Fluo-5F fluorescence intensity at the baseline and after 3
minutes of adding UDP-glucose in cells treated with LPS. D) Two images show Fluo-5F
fluorescence intensity at the baseline and after 2 minutes of adding UDP-glucose in cells
treated with TNFa. E) Representative traces of Fluo-5F fluorescence intensity for three
individual cells in each group. F) Aggregate data above represent the percentage of cells
responding in the control (n = 194) and the test groups (forskolin: n = 130, LPS: n = 111
and TNFa: n = 150). Data are presented as a mean % standard error (SEM). No statistically
significant differences were determined using the Mann-Whitney test. The experiment was
repeated three times.
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Figure 4.12 Ca2* response of neonatal and embryonic cortical astrocytes by adding
UDP-glucose after treating the cells with Forskolin, LPS and TNFa for 24 hours. Data are
presented as a mean + standard error (SEM). No statistically significant differences were
determined using the Mann-Whitney test.
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There is a clear difference between cortical and spinal astrocytes or neonatal
cortical and embryonic cortical astrocytes in their responses. In the following
section, we try to test the main reasons for these differences. We hypothesise that
either they generate less cAMP in response to the stimuli, or the ability of cCAMP to
trigger stellation is changed according to age and regions. The way to do this is
measuring the stellation assays in the presence of cAMP analog in all different

classes of astrocytes and quantify the level of cAMP.

4.2.3 Cyclic AMP involvement in stellation difference according to site
and age

4.2.3.1 Assess the stellation with GFAP immunocytochemistry in
response to a cAMP analog

To test the hypothesis, stellation was measured in response to a cAMP analog,
dibutyryl-cAMP sodium salt for 3 hours in all different groups of astrocytes. This
treatment would not depend on expression levels of receptors or adenylyl cyclase,

and should directly activate downstream effectors.

Addition of the analog cause significant increased the number of stellate cells in
cortical astrocytes compared with control, reaching 50% of the cell population
(P<0.001) (Figure 4.13). In the case of spinal astrocytes, there is also a significant
increase in the percentage of the stellate cell compared with the control, which
equals 26% (P<0.001) (Figure 4.13). In contrast, after treating embryonic cortical
astrocyte with cAMP analog for 3 hours, only 6% of cells became stellate

(P=0.007) (Figure 4.13).

Comparing cortical with spinal astrocyte, it was found that cortical astrocytes are
significantly more likely to be stellate than spinal astrocytes (P<0.001) (Figure
4.14). Moreover, there is a significant difference in the percentage of stellate cells
between neonatal cortical (50%) and embryonic cortical (6%; P<0.001) (Figure

4.14).
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Figure 4.13 Stellation assay on neonatal cortical, neonatal spinal and embryonic
cortical astrocytes. Images: staining with GFAP after treatment with cAMP analog for 3
hours. Scale bar=50um. Aggregate data represent the percentage of stellate cells. Data
are presented as a mean + SEM obtained from three different experiments. The statistical
significance was determined using the Mann-Whitney test, where (**p<0.01 and *** P <
0.001) was considered statistically significant.
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Comparison between neonatal cortical and spinal astrocytes
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Figure 4.14 Comparison between neonatal cortical and spinal or embryonic
cortical astrocytes in stellation, after treatment with cAMP analog for 3 hours.
Aggregate data represent the percentage of stellate cells. Data are presented as a mean =+
SEM. The statistical significance was determined using the Mann-Whitney test, where (***
P < 0.001) was considered statistically significant.
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4.2.3.2 Measuring cAMP accumulation

4.2.3.2.1 Optimising the cAMP level measurement in neonatal
cortical astrocytes

We next tested how much cAMP level was generated in each cell class after
stimulation with forskolin and noradrenaline. In the beginning, a preliminary
experiment was done to determine the time course of cAMP accumulation in
response to forskolin and noradrenaline in neonatal cortical astrocytes. The results
show that forskolin and noradrenaline produced maximum cAMP concentration
after 10 minutes incubation with 0.11 nmol/mg protein in case of forskolin and

0.190 nmol/mg protein after noradrenaline incubation (Figure 4.15).
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Figure 4.15 Time course of cAMP response to forskolin and noradrenaline in
astrocytes. Cells were treated by addition of forskolin and noradrenaline (both 10uM) at
time = 0. The data was shown mean+SEM values from 6 individual experiments.
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4.2.3.2.2 cAMP |level measurement in all groups
The cAMP concentration at 10 minutes was measured in all neonatal cortical, spinal
and embryonic cortical astrocytes after forskolin and noradrenaline treatment. In
the case of neonatal cortical astrocytes, there is an increase of cCAMP level in both
treated groups compared with control (Figure 4.16). The mean of the cAMP level
after forskolin incubation was 0.1+0.02 nmol/mg protein. Moreover, noradrenaline

increases the cAMP level to 0.173£0.02 nmol/mg protein.

In the case of spinal astrocytes, cAMP concentration is also higher after forskolin
treatment and noradrenaline incubation (Figure 4.16). Comparing cAMP
accumulation between neonatal cortical and spinal astrocytes, it was found that
the neonatal cortical astrocytes were significantly higher than spinal astrocytes in

response to both forskolin (P=0.009) and noradrenaline (P=0.0004) (Figure 4.17).

Finally, cAMP concentration was measured in embryonic cortical astrocytes. The
result demonstrated that a little increase was discovered after forskolin
(0.018+0.006) treatment compared with control (0.001+0.0002). However,
noradrenaline can increase the level of cAMP to 0.81+£0.02 (Figure 4.16).
Comparing the age difference of the cAMP level; it was discovered that the
neonatal astrocyte produced cAMP more than embryonic in case of both forskolin

(P=0.001) and noradrenaline (P=0.008) (Figure 4.17).
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Figure 4.16 Effect of forskolin and noradrenaline 10uM on the cAMP accumulation
in neonatal cortical, spinal and embryonic cortical astrocytes. Cells were pre-treated
with drugs for 10 minutes. At the end of the incubation period, the assay was started by
the addition of lysis buffer and the relative levels of cAMP determined using the Hit-Hunter
assay kit. The data shown represent mean £ SEM values from 6 individual experiments in
each condition except for neonatal cortical the data obtained from 12 individual experiments
in case of forskolin and 9 individual experiments in case of noradrenaline.
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Figure 4.17 Comparison of cAMP concentration between neonatal cortical and
spinal astrocytes or between neonatal and embryonic cortical astrocytes. Cells
were pre-treated with forskolin and noradrenaline for 10 minutes. The data shown represent
mean *+ SEM values. The statistical significance was determined using the Mann-Whitney
test, where (**P<0.01 and *** P < 0.001) was considered statistically significant.

117



4.3 Discussion

Astrocytes are heterogeneous cells and assays of reactive gliosis appear to be
challenging to assess due to the considerable variation in responses seen even
within control populations. Nevertheless, in this chapter, the data presents a
significant change of reactive astrocytes morphology and function during

development and between cortex and spinal cord.

We were used a combination of Ca?* imaging, immunocytochemistry and cAMP
assay. Stellation showed significant differences between CNS region (cortical
versus spinal) and at the development stage (embryonic versus postnatal). This
was most obvious with forskolin and Camp analog treatment. LPS and TNFa
generally only caused low levels of stellation in all cases. For Ca?* responses, there
were not many obvious trends. Again, there was variation between CNS region
and developmental stage, but none of the gliosis-evoking stimuli consistently

altered the response to UDP-glucose.

It is important to assess the difference between embryonic and postnatal
astrocytes according to their morphology and function to understand how reactive
gliosis may vary with age and brain region. Regarding the morphological change:
two assays were used to test astrocytes stellation. It is possible to obtain an
elaborate spike shape to occur in the commonly-used neonatal cortical astrocyte
model (Lin et al., 2008; Barres, Chun and Corey, 1989). However, it was found
that the stellation was much less pronounced with the spinal cord and the cortical

embryonic cultures.

The measuring circularity of individual cells did not show any difference in
stellation between neonatal cortical and spinal after forskolin treatment. But this
could be attributed to the smaller number of cells that were assayed and the
variance within the population, meaning only a fraction of cells displayed

prominent stellation reactions. While this assay is useful for recording morphology
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changes in real-time for a single cell, it is less helpful in detecting population-level

changes.

cAMP signalling pathway regulates many functions in normal or reactive astrocyte
by trigger glycogenolysis-related energy supply, regulate homeostasis and
regulates cytokine and inflammatory factor release (Zhou, Ikegaya and Koyama,
2019). Moreover, cAMP has been shown to induce stellation and reactive gliosis
(Daginakatte et al., 2008; Fedoroff et al., 1984; Masaki et al., 2000; Tiryaki,
Ayres, et al., 2015). Here this study shows the ability of cells to stellate after cAMP
analog treatment was different (bypassing receptors and adenylyl cyclase) related
to age and region heterogeneity. Cyclic AMP analog produced high cells stellation
with neonatal cortical, but it's lower in neonatal spinal and embryonic cortical.
These findings are comparable with Won and Oh (2000) study. They tested
possible of neonatal brain astrocyte regional heterogeneity in morphological
changes in response to cAMP stimulation in vitro. They found that hypothalamic
astrocytes are less stellate than other cells types. These indicate that astrocytes
derived from different regions produce different levels of stellation in response to
cAMP. Thus, regional and age-related heterogeneity of astrocyte stellation may be
linked to the differential expression level of cytoskeletal and cytoskeletal protein-
modifying protein, or each cell type has a different sensitivity to cAMP. In addition,
in the current study, it was found that the level of cAMP is regional and
developmentally different after forskolin and noradrenaline treatment. Cyclic AMP
concentration was higher in neonatal cortical than others. These change of cAMP
levels are correlated with the different of astrocyte stellation outcomes and
suggesting that spinal and embryonic cells were both less able to generate cAMP

and less sensitive to it.

However, Abe and Saito (1997) demonstrate that the difference between E18 and
P2 astrocytes stellation after B-adrenoceptor stimulation is not related to cAMP

level. They found that cAMP production was similar in E18 and P2 and only the
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cAMP sensitivity controlling different of E18 and P2 astrocytes. Taken together,

these implying that astrocyte reactivity and maturation increase after birth.

Variance in reactive astrocytes morphology has also been detected in a different
brain region in vivo and vitro (Hill, Barbarese and McIntosh, 1996; Tsai et al.,
2014; Zhang and Barres, 2010) and during development (Testen et al., 2019).
Wanner et al. (2013) demonstrate that spinal cord injury leads to activation of
astrocytes into two broad categories which there are differences in structure. The
heterogeneity of astrocytes morphology in vivo it may due to the environment
surrounding the astrocyte, status of neurons, neuronal subtypes and properties
(Hill, Barbarese and MclIntosh, 1996; Ben Haim and Rowitch, 2016) and a distance
of astrocytes from the site of injury (O’Callaghan et al., 2014). However, this study
discovered that different cCAMP production and sensitivity of the cells to cAMP are

consistency with the astrocytes induces stellation in vitro.

Moving to the function assay, intracellular Ca2* signalling is an essential aspect of
astrocyte function. Activating the neonatal cortical astrocytes by a combination of
inflammatory stimuli significantly modulates astrocytes calcium signalling by up-
regulation of the P2y14 gene, which is one of the GPCR genes found in reactive
astrocytes (Hamby et al., 2012). In the previous chapter, there is some evidence
demonstrating that this assay is useful. However, testing for the up-regulation of
this receptor in a different type of astrocytes after forskolin, LPS and TNFa
incubation separately, demonstrated a slightly higher level of expression in the
neonatal cortical astrocytes compared with spinal and embryonic brain astrocytes,
but no significant difference was detected. However, increased responses to UDP-
glucose after treatment with forskolin, LPS, and TNFa were not consistently
observed in our experiments, in contrast to the results of Hamby et al. (2012).
This experiment was shown less reliability and did not identify the pattern that
recognises the change in different regions and during development. Clearly, it is

not a useful general assay for reactive gliosis.
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The origin of astrocytes heterogeneity might be due to the variation of glial
progenitor cells that produce astrocytes (Ge et al., 2012). Spinal cord astrocytes
but not cortical could originate from Oligo progenitors, that lead to providing
specific subpopulations in the spinal cord astrocyte (Oberheim, Goldman and
Nedergaard, 2012). The extrinsic signals, such as Shh and BMPs, have the ability
to form different progenitor domains (Bayraktar et al., 2015; Rowitch and
Kriegstein, 2010). These domains produce different astrocyte progenitors that give
different astrocytes subtypes which express different transcription factor and gene
expression that led to astrocyte diversity (Ben Haim and Rowitch, 2016; Chaboub

and Deneen, 2012; Rowitch and Kriegstein, 2010).

Involving a cAMP signalling pathway in reactive gliosis is controversial. Paco et al.
(2016) discovered that genes that responsible for astrocytes activation, such as
cytoskeletal rearrangement, scar components and immunological mediators, were
inhibited by cAMP. cAMP can suppress NFkB activation (Gavrilyuk et al., 2002) by
inducing the expression of A20 in cultured astrocytes (Laureys et al., 2014) and
decrease A20 can cause gliosis in both astrocytes and microglia (Voet et al., 2018;
Guedes et al., 2014). However, treating astrocyte with dibutyryl cAMP (dbcAMP)
or any drugs activate cAMP in vitro significantly changed astrocyte morphology,
increased GFAP expression (Abe and Misawa, 2003; Daginakatte et al., 2008; Fang
et al., 2012; Vardjan, Kreft and Zorec, 2014) and up-regulated or down-regulated
44 genes that involving in reactive gliosis (Daginakatte et al., 2008). On the other
hand, it was found that treating cells with cAMP analog changed the morphology
to reactive cells that do not share many properties of reactive astrocytes in vivo

(Wandosell, Bovolenta and Nieto-Sampedro, 1993).

In summary, astrocyte show distinct responses to induce stellation in the early
postnatal and embryonic periods from different CNS regions. It was found that
cortical astrocytes produce a high number of stellate cells and high cAMP

concentration compared with spinal astrocytes. Regarding age-dependent change,
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the neonatal stage is more able to induce reactive gliosis that embryonic according
to morphology change and increase the level of cAMP. Studying the difference of
astrocytes according to different age and region in their morphology and function
in response to various stimuli in vitro may let us understand the roles of these
cells in normal and pathological conditions in CNS at specific age and site. These

differences will need to be taken into account in the design of targeted therapies.
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Chapter 5 Role p-STAT3 in astrocytes stellation
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5.1 Introduction

The signal transducer and activator of transcription 3 (STAT3) is a transcription
factor that regulates genes which are involving in cell differentiation, proliferation,
development, apoptosis and inflammation (Dimri, Sukanya and De, 2017; Huang
et al., 2015; You et al., 2015). STAT3 is activated in response to a wide variety of
receptors. Activation of Janus kinases (JAK) with cytokines, hormones or growth
receptors and GPCRs (Gas and Gaq) can phosphorylate STAT3 to Tyr705-phospho-
STAT3 that translocates into the nucleus, where it activates target genes. Also,
tyrosine kinase and cytoplasmic kinases like Src kinase are also involved in
tyrosine p-STAT3 activation (Ceyzériat et al., 2016; Dimri, Sukanya and De, 2017;
Huang et al., 2015; Lin et al., 2014; New and Wong, 2007; Renault-Mihara and

Okano, 2018; You et al., 2015; Yu et al., 2014).

STAT3 can also be phosphorylated at serine 727 (S727) and translocate from
cytoplasm to nucleus and mitochondria. The phosphorylation of STAT3 at serine
727 can be activated by MAPKs such as c-JNK, PKC family including PKC®, PKCe
(Ceyzériat et al., 2016; Dimri, Sukanya and De, 2017; Hazan-halevy, Harris and
Chen, 2010; Huang et al., 2015; You et al., 2015). Washburn and Neary (2006)
found that P2Y receptors (GPCR) can activate STAT3 to S727-phospho-STAT3 and
Y705-phospho-STAT3 via ERK. Moreover, Racl and Rho can produce tyrosine p-
STAT3 via JAK activation by GPCRs (Coulombe et al., 2003) and serine p-STAT3
(Debidda et al., 2005). However, Epac leads to accumulation of Racl, which cause
up-regulation of SOCS3 via ERK-dependent pathway, which down-regulates
activation of JAK-STAT pathway and inhibit STAT3 activation (Sands et al., 2006).
Overall, it is clear that there are lots of mechanisms for STAT3 phosphorylation

that are relevant to induce reactive gliosis.

Several lines of evidence on STAT3 has revealed that this protein is essential to
induce reactive astrocytes in vivo. Sriram et al. (2004) found that injecting mice

with a dopaminergic neurotoxic agent and 1-methyl-4-phenyl-1,2,3,6-
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tetrahydropyridine (MPTP), can activate JAK2/STAT3 signalling and induce
astrogliosis. In addition, causing cortex lesion in adult rat activated STAT3, which
is localised in astrocytes (Xia et al., 2002). Activation of STAT3 in adult mice
astrocytes (O’Callaghan et al., 2014) or the postnatal rat astrocytes (Acarin,

Gonzalez and Castellano, 2000) induced by neurotoxic administration in the brain.

Knockout of STAT3 in astrocytes after spinal cord injury can decrease GFAP
labelling, failure of astrocyte hypertrophy, prevention of astroglial scar formation
and loss of neurons (Herrmann et al., 2009; Kang and Hébert, 2011; Nobuta et
al., 2012; Wanner et al., 2013). It also decreased the migration of reactive
astrocyte and increased demyelination of neurons (Okada et al., 2006). Moreover,
it was found that increase CSPGs like laminin through activating STAT3 after spinal

cord injury have a role in axon regeneration (Anderson et al., 2016).

Moreover, inhibition of the JAK/STAT3 pathway in astrocytes leads to decreased
levels of mMRNA GFAP, reduced microglial activation and increased the number of
a neuropathological hallmark in two transgenic mouse models of Alzheimer’s
disease (Ben Haim et al., 2015b). STAT3 in reactive astrocytes regulates the
expression of TSP1, which is responsible for the recovery of excitatory synapses
onto axotomised motor neurons in vivo (Tyzack et al., 2014). It also has beneficial
roles in neuronal survival and plasticity during astrogliosis in vitro (Hung et al.,
2016). However, activation of STAT3 produced astrocyte proliferation and
maintained allodynia in rats with peripheral nerve injury (Tsuda et al., 2011). LPS
administration activated STAT3 in reactive spinal astrocytes, which up-regulated
the expression of inflammatory chemokines, including CX3CL1, CXCL5, CXCL10
and CCL20 that contributed to pain modulation (Liu et al., 2013). In summary,
STAT3 has been recognised as playing a central role in the induction of reactive

gliosis in a wide variety of brain regions and pathological conditions.
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Aim

STAT3 activation is a master regulator of reactive gliosis. In chapter 3, we
described changes in p-STAT3 levels in the nucleus of astrocytes exposed to
forskolin. In this chapter, we investigate whether p-STAT3 has a role in astrocyte

stellation.
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5.2 Results

5.2.1 Effect of p-STAT3 and JAK inhibitors on astrocyte stellation

5.2.1.1 Neonatal cortical astrocytes
P-STAT3 was inhibited by pre-treating the cells with two types of inhibitors p-
STAT3 inhibitor (stattic) and JAK inhibitor (WP1066) for 1 hour before induction of

stellation by forskolin or noradrenaline treatment for 3 hours.

As with previous experiments, the results demonstrated a significant increase in
the percentage of stellate cells after forskolin treatment to 70% compared with
the control, which is just 4% (P<0.001). However, the percentage of the stellate
cell is dramatically reduced after treating the cells with stattic (12%, P<0.001)

and WP1066 (13%, P<0.001) (Figure 5.1).

In the case of noradrenaline, there was a significant increase in the percentage of
stellate cells to 48%. But the inhibitors significantly decreased the percentage of
stellate cells to 14% in the case of stattic (P<0.001) and 27% in the present of

WP1066 (P<0.001) (Figure 5.1).

5.2.1.2 Neonatal spinal astrocytes
The response of stattic was tested in neonatal spinal astrocytes as well. The result
showed that forskolin increased the percentage of stellate cells to 23% (P=0.018)
compared with the control of 0.8%. Pre-treatment of the cells with stattic before
forskolin significantly reduced stellation to 2.4% of stellate cells compared with

forskolin alone (P=0.037) (Figure 5.2).
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Figure 5.1 Effect of p-STAT3 and JAK inhibitors on stellation of neonatal cortical
astrocytes. Images: staining with GFAP after treatment with inhibitors (stattic and
WP1066) for 1 hour and forskolin and noradrenaline for 3 hours. Scale bar=50um.
Aggregate data represent the percentage of stellate cells. Data are presented as a mean %=
SEM obtained from three independent experiments. The statistical significance was
determined using the one way ANOVA followed by Tukey's multiple comparisons test, where
(*** P < 0.001) was considered statistically significant.
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Figure 5.2 Effect of p-STAT3 inhibitor on stellation of neonatal spinal astrocytes.
Images: staining with GFAP after treatment with stattic for 1 hour and forskolin for 3 hours.
Scale bar=50um. Aggregate data represent the percentage of stellate cells. Data are
presented as a mean £ SEM obtained from three independent experiments. The statistical
significance was determined using the one way ANOVA followed by Tukey's multiple
comparisons test, where (* P < 0.05) was considered statistically significant.
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5.2.2 Effect of different inhibitors on neonatal cortical astrocyte
stellation

5.2.2.1 Kinase inhibitors
Pharmacological screening of other inhibitors was tested to find the link between
signalling pathways known to influence STAT3 activation, and astrocyte stellation.
Many kinase inhibitors were assessed, to block putative upstream kinases that
may be involved in STAT3 activation during stellation like PKA or known to cause

astrocytes stellation like PI3K, Akt and RhoA.

The cells were incubated with RhoA, PI3K, Akt and PKA inhibitors for 1 hour
following by 3 hours forskolin treatment or the inhibitors alone. The result
discovered that none of them even PKA that affect STAT3 activation did
significantly decrease stellation after forskolin treatment. In addition, treat the
astrocytes with the inhibitors alone did not induce stellation except for RhoA
inhibitor, which can increase the percentage of the stellate cell to 60% (P<0.001)

(Figure 5.3).

5.2.2.2 Adrenergic receptors blockers
a and B receptor blockers were added to astrocytes to measure the stellation assay
in the presence of noradrenaline. It was demonstrated that propranolol (B blocker)
significantly block stellation after noradrenaline treatment to 6% (P<0.001).
However, prazosin, which is an a receptor blocker, did not affect the astrocyte
stellation with 45% of stellate cells (P=0.46) (Figure 5.4). This confirms the
involvement of B receptor activation of adenylyl cyclase in stellation, in cells

stimulated with noradrenaline.
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Figure 5.3 Effect of different kinase inhibitors on the stellation of heonatal cortical
astrocytes. Images: staining with GFAP after treatment with inhibitors (Y27632 di-
hydrochloride RhoA inhibitor, LY294002 hydrochloride PI3K inhibitor, Akt inhibitor 1/2 and
KT5720 PKA inhibitor) for 1 hour and forskolin for 3 hours. Scale bar=50um. Aggregate
data represent the percentage of stellate cells. Data are presented as a mean = SEM
obtained from three independent experiments. The statistical significance was determined
using the one way ANOVA followed by Tukey's multiple comparisons test, where
(***P<0.001) was considered statistically significant.
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Figure 5.4 Effect of adrenergic receptor blockers on the stellation of neonatal
cortical astrocytes. Images: staining with GFAP after treatment with inhibitors (prazosin
and propranolol) for 1 hour and noradrenaline for 3 hours. Scale bar=50um. Aggregate
data represent the percentage of stellate cells. Data are presented as a mean £ SEM
obtained from three independent experiments. The statistical significance was determined
using the one way ANOVA followed by Tukey's multiple comparisons test, where
(***P<0.001) was considered statistically significant.
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5.2.3 Measuring Ca?* release in astrocytes treated with stattic (p-STAT3
inhibitor)

It is possible that the effects of stattic and WP1066 on stellation are indirect - for
example if inhibition of STAT3 compromises cell viability or metabolism. To test
the functional state of astrocytes after stattic incubation, Ca?* imaging was done
to measure the Ca?* release with or without stattic in response to ATP and
noradrenaline. The result determined that the astrocytes normally respond to Ca2*
mobilising agonists after stattic incubation for 1 hour. The percentage of cells
responding to ATP was 100% in the presence and absence of stattic (P>0.999).
In the case of noradrenaline too, no significant difference was detected between
noradrenaline alone with 97.8% of cells responding and noradrenaline pre-treated

with stattic (97.7%) (P>0.999) (Figure 5.5).
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Figure 5.5 Ca2?* response of neonatal cortical to ATP and noradrenaline in the
presence and absence of stattic 10uM incubation for 1 hour before imaging. A)
Two images show Fluo-5F fluorescence intensity at the baseline and after 3 minutes of
adding ATP in the absence of stattic. B) Two images show Fluo-5F fluorescence intensity at
the baseline and after 3 minutes of adding ATP in the presence of stattic. C) Two images
show Fluo-5F fluorescence intensity at the baseline and after 2 minutes of adding
noradrenaline in the absence of stattic. D) Two images show Fluo-5F fluorescence intensity
at the baseline and after 2 minutes of adding noradrenaline in the presence of stattic. E)
Representative traces of Fluo-5F fluorescence intensity for three individual cells in each
group. F) Aggregate data above represent the percentage of cells responding in the ATP (n
= 348), ATP+stattic (n=376), noradrenaline (n=275) and noradrenaline+ stattic (n=323).
Data are presented as a mean % standard error (SEM). No statistically significant
differences were determined using the Mann-Whitney test.
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5.2.4 Measuring cAMP accumulation

5.2.4.1 Effect of p-STAT3 and JAK inhibitors in cAMP level
The cAMP level was measured in response to forskolin and noradrenaline after
incubating the cells with statticand WP1066 for 1 hour. The goal of this experiment

is to test if the inhibitors directly affect the level of cCAMP.

It was found that forskolin increased the cAMP concentration to 0.262+0.038
nmol/mg compared with untreated cells 0.005+0.001 nmol cAMP/mg protein. Pre-
treating the cells stattic and WP1066 decreased the cAMP level (Figure 5.6). The
level of cCAMP in presence of stattic was 0.031+ 0.005 nmol/mg and after WP1066

incubation was 0.149+ 0.039 nmol/mg.

In cell treated with noradrenaline, the level of cAMP was increased to 0.213%+
0.067 nmol cAMP/mg protein. However, in contrast to the results with forskolin,
no significant decrease was identified after p-STAT3 and JAK inhibitors incubation
was slightly decreased the cAMP level with 0.161+ 0.035 after stattic treatment
and with nearly no change in case of WP1066 (0.196%+ 0.035) compared with

noradrenaline alone (Figure 5.6).

5.2.4.2 Effect of adrenergic receptor blockers in cCAMP level
Because p-STAT3 and JAK inhibitors failed to affect the level of cCAMP in response
to noradrenaline, a and B blocker were used to confirm the earlier results on

stellation correlated with reduced cAMP levels.

The results demonstrated that propranolol but not prazosin decreased the level of
cAMP. The level in the presence of propranolol was 0.004+ 0.0004. While the
concentration of CAMP after prazosin incubation was 0.135+ 0.021 compared with

noradrenaline (0.105+ 0.021) (Figure 5.7).
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Figure 5.6 Measuring the level of cAMP of neonatal cortical astrocytes treated with
inhibitors for 1 hour and forskolin or noradrenaline for 10 minutes. Aggregate data
represent the level of cCAMP normalised to protein in nmol/mg. Data are presented as a
mean + SEM values from 6 individual experiments in each condition.
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Figure 5.7 Measuring the level of cAMP of neonatal cortical astrocytes treated with
inhibitors for 1 hour and noradrenaline for 10 minutes. Aggregate data represent the
level of cAMP normalised to protein in nmol/mg. Data are presented as a mean £ SEM
values from 6 individual experiments in each condition.
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5.2.5 Stellation assay of neonatal cortical astrocytes treated with cAMP
analog in the presence of p-STAT3 and JAK inhibitors

The percentage of stellate cells was calculated after cAMP analog treatment in the
presence of p-STAT3 and JAK inhibitors, to test if the presence of cAMP even with
the blockers can cause stellation. The results show there was a significant increase
in the percentage of stellate cells after dibutyryl-cAMP sodium salt incubation
(P<0.001). Pre-treating the cells with inhibitors significantly decreased the
percentage of cell stellation. Stattic reduced the percentage to 17% (p<0.001)

and 14% of cells became stellate in case of WP1066 (P<0.001) (Figure 5.8).
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Figure 5.8 Effect of p-STAT3 and JAK inhibitors on stellation of neonatal cortical
astrocytes. Images: staining with GFAP after treatment with inhibitors for 1 hour and cAMP
analog (dibutyryl-cAMP, sodium salt) for 3 hours. Scale bar=50um. Aggregate data
represent the percentage of stellate cells. Data are presented as a mean = SEM obtained
from three independent experiments. The statistical significance was determined using the
one way ANOVA followed by Tukey's multiple comparisons test, where (*** P < 0.001) was
considered statistically significant.
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5.2.6 Effect of IL-6 in astrocytes stellation

5.2.6.1 Neonatal cortical astrocytes
We next tested whether known upstream stimuli for activating STAT3
phosphorylation would themselves trigger cell stellation. IL-6 is a cytokine
responsible for phosphorylating STAT3 via JAK kinase (Tanabe, Kozawa and lida,
2016). The cells were treated with IL-6 over different time intervals. The result
showed no significant increase in the percentage of stellate cells at any time
(P=0.05). The mean percentage of control was 0.7%, 3 hours was 1%, 8 hours

was 2%, 18 hours was 1.9% and 24 hours was 2.3% (Figure 5.9).

5.2.6.2 Neonatal spinal astrocytes
Similar treatment of neonatal spinal astrocytes with IL-6 also failed to induce
stellation for different intervals time (P=0.514). 3% of untreated cells became
stellate, while 4% after 3 hours, 5% after 8 hours, 3.6% after 18 hours and 5%

after 24 hours incubation of IL-6 (Figure 5.10).

5.2.6.3 Embryonic cortical astrocytes
Finally, to test the effect of IL-6 in induce stellation on embryonic cortical
astrocytes, the cells were treated for IL-6 the same as neonatal cortical and spinal
astrocytes. It was discovered that no significant increase was detected in the
number of stellate cells (P=0.305) with only 2.6% of control cells, 3.5% in case
of 3 hours IL-6 treatment, 2.8% after 8 hours then it was increased to 5% after

18 hours and dropped off again to 3.8% after 24 hours incubation (Figure 5.11).
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Figure 5.9 Stellation assay of neonatal cortical astrocytes. Images: staining with
GFAP after treatment with IL-6 for different intervals time. Scale bar=50um. Aggregate
data represent the percentage of stellate cells. Data are presented as a mean = SEM
obtained from three independent experiments. No statistically significant differences were
determined using the one way ANOVA followed by Dunnett’s multiple comparisons test.
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Figure 5.10 Stellation assay of neonatal spinal astrocytes. Images: staining with
GFAP after treatment with IL-6 for different intervals time. Scale bar=50um. Aggregate
data represent the percentage of stellate cells. Data are presented as a mean = SEM
obtained from three independent experiments. No statistically significant differences were
determined using the one way ANOVA followed by Dunnett’s multiple comparisons test.
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Figure 5.11 Stellation assay of embryonic cortical astrocytes. Images: staining with
GFAP after treatment with IL-6 for different intervals time. Scale bar=50um. Aggregate
data represent the percentage of stellate cells. Data are presented as a mean £ SEM
obtained from three independent experiments. No statistically significant differences were
determined using the one way ANOVA followed by Dunnett’s multiple comparisons test.
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5.2.7 Measuring intensity of p-STAT3 in the nucleus with confocal
microscopy

5.2.7.1 Neonatal spinal astrocytes
The intensity of serine (S727) and tyrosine (Y705) p-STAT3 in spinal astrocytes
nuclei was measured. Cells were treated with forskolin, LPS, and TNFa for 3 and
24 hours. Cells were stained with GFAP and different p-STAT3 antibodies. It was
found that there was no significant increase in serine p-STAT3 intensity after
treating astrocytes with forskolin for 3 hours and 24 hours (Figure 5.12). However,
the intensity of S727 p-STAT3 was significantly increased after 24 hours of LPS
treatment (P=0.005) but not after 3 hours (P=0.067) (Figure 5.13). In addition,
treating astrocytes with TNFa for 24 hours increased the nucleus intensity
(P=0.0001), but not for 3 hours of treatment (P=0.37) (Figure 5.14). Regarding
Y705 p-STAT3, none of the treatments increased the intensity in nucleus (forskolin
3 hours P= 0.09 and 24 hours P= 0.569) (Figure 5.15), (LPS 3 hours P= 0.939
and 24 hours P= 0.995) (Figure 5.16), and (TNFa 3hours P= 0.241 and 24 hours

P= 0.351) (Figure 5.17).

Overall, the changes in nuclear intensity were small and variable, suggesting that

neither of the treatments tested had a major impact on STAT3 translocation.
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Figure 5.12 Intensity of S727 p-STAT3 on neonatal spinal astrocytes with confocal
microscopy, cells are stained with GFAP in red, serine p-STAT3 in green and DAPI in blue.
Cells are treated with forskolin 10uM at 3 hours (middle panels) 24 hours (lower panels).
The scale bar = 40um. Aggregate data represent the mean of p-STAT3 intensity per pixel
in the nucleus. Data are presented as a mean £ SEM completed from three different
experiments. No statistically significant differences were determined using the one way
ANOVA (Dunnett’s multiple comparisons test) by comparing treated groups with control.
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Figure 5.13 Intensity of S727 p-STAT3 on neonatal spinal astrocytes with confocal
microscopy, cells are stained with GFAP in red, serine p-STAT3 in green and DAPI in blue.
Cells are treated with LPS 1ug/ml at 3 hours (middle panels) 24 hours (lower panels). The
scale bar = 40pm. Aggregate data represent the mean of p-STAT3 intensity per pixel in the
nucleus. Data are presented as a mean £ SEM. The statistical significance was determined
using the one way ANOVA (Dunnett’s multiple comparisons test) by comparing treated
groups with control, where (**P < 0.01) was considered statistically significant. The
experiment was repeated three times.
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Figure 5.14 Intensity of S727 p-STAT3 on neonatal spinal astrocytes with confocal
microscopy, cells are stained with GFAP in red, serine p-STAT3 in green and DAPI in blue.
Cells are treated with TNFa 200ng/ml at 3 hours (middle panels) 24 hours (lower panels).
The scale bar = 40pm. Aggregate data represent the mean of p-STAT3 intensity per pixel
in the nucleus. Data are presented as a mean = SEM. The statistical significance was
determined using the one way ANOVA (Dunnett’s multiple comparisons test) by comparing
treated groups with control, where (***P < 0.001) was considered statistically significant.
The experiment was repeated three times.
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Figure 5.15 Intensity of Y705 p-STAT3 on neonatal spinal astrocytes with confocal
microscopy, cells are stained with GFAP in red, tyrosine p-STAT3 in green and DAPI in
blue. Cells are treated with forskolin 10uM at 3 hours (middle panels) 24 hours (lower
panels). The scale bar = 40um. Aggregate data represent the mean of Y705 p-STAT3
intensity per pixel in the nucleus. Data are presented as a mean + SEM completed from
three different experiments. No statistically significant differences were determined using
the one way ANOVA (Dunnett’'s multiple comparisons test) by comparing treated groups
with control.
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Figure 5.16 Intensity of Y705 p-STAT3 on neonatal spinal astrocytes with confocal
microscopy, cells are stained with GFAP in red, tyrosine p-STAT3 in green and DAPI in
blue. Cells are treated with LPS 1jug/ml at 3 hours (middle panels) 24 hours (lower panels).
The scale bar = 40um. Aggregate data represent the mean of Y705 p-STAT3 intensity per
pixel in the nucleus. Data are presented as a mean + SEM completed from three different
experiments. No statistically significant differences were determined using the one way
ANOVA (Dunnett’s multiple comparisons test) by comparing treated groups with control.

148



Control (DAPI) Control (P-STAT3) . Control (GFAP)

; _Control
R, e
\‘» . \ -

TNFa 3H (DAPI) TNFa 3H (p-STAT3) TNFa 3H (GFAP) TNFa 3H

TNFa 24H (DAPI) TNFa 24H (p-STAT3) TNFa 24H (GFAP)

500+
—~ 400
300+

2004

Intensity (F.U

-

(=4

o
1

(=]
1

Figure 5.17 Intensity of Y705 p-STAT3 on neonatal spinal astrocytes with confocal
microscopy, cells are stained with GFAP in red, tyrosine p-STAT3 in green and DAPI in
blue. Cells are treated with TNFa 200ng/ml at 3 hours (middle panels) 24 hours (lower
panels). The scale bar = 40um. Aggregate data represent the mean of Y705 p-STAT3
intensity per pixel in the nucleus. Data are presented as a mean + SEM completed from
three different experiments. No statistically significant differences were determined using
the one way ANOVA (Dunnett’s multiple comparisons test) by comparing treated groups
with control.
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5.2.7.2 Embryonic cortical astrocytes
Embryonic cortical astrocytes were also treated with forskolin, LPS and TNFa to
quantify the intensity of serine p-STAT3 in the nucleus. The results demonstrated
that forskolin does not increase the intensity of serine p-STAT3 for 3 hours
(P=0.944) or 24 hours (P=0.904) compared with the untreated cells (Figure 5.18).
In the case of LPS, no significant difference was discovered after 3 hours
(P=0.577) or 24 hours treatment (P=0.053) (Figure 5.19). In addition, treating
the cells with TNFa failed to increase the level of p-STAT3 in the nucleus for both

3 hours (P=0.492) and 24 hours (P=0.996) (Figure 5.20).
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Figure 5.18 Intensity of S727 p-STAT3 on embryonic cortical astrocytes with
confocal microscopy, cells are stained with GFAP in red, serine p-STAT3 in green and
DAPI in blue. Cells are treated with forskolin 10uM at 3 hours (middle panels) 24 hours
(lower panels). The scale bar = 40pm. Aggregate data represent the mean of S727 p-STAT3
intensity per pixel in the nucleus. Data are presented as a mean + SEM completed from
three different experiments. No statistically significant differences were determined using
the one way ANOVA (Dunnett’s multiple comparisons test) by comparing treated groups
with control.
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Figure 5.19 Intensity of S727 p-STAT3 on embryonic cortical astrocytes with
confocal microscopy, cells are stained with GFAP in red, serine p-STAT3 in green and
DAPI in blue. Cells are treated with LPS 1ug/ml at 3 hours (middle panels) 24 hours (lower
panels). The scale bar = 40um. Aggregate data represent the mean of S727 p-STAT3
intensity per pixel in the nucleus. Data are presented as a mean + SEM completed from
three different experiments. No statistically significant differences were determined using
the one way ANOVA (Dunnett’s multiple comparisons test) by comparing treated groups
with control.
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Figure 5.20 Intensity of S727 p-STAT3 on embryonic cortical astrocytes with
confocal microscopy, cells are stained with GFAP in red, serine p-STAT3 in green and
DAPI in blue. Cells are treated with TNFa 200ng/ml at 3 hours (middle panels) 24 hours
(lower panels). The scale bar = 40um. Aggregate data represent the mean of S727 p-STAT3
intensity per pixel in the nucleus. Data are presented as a mean £ SEM completed from
three different experiments. No statistically significant differences were determined using
the one way ANOVA (Dunnett’s multiple comparisons test) by comparing treated groups
with control.
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Time and

Neonatal cortical

Neonatal spinal

Embryonic cortical

treatment astrocytes astrocytes astrocytes
Forskolin
Untreated cells 1991+125 28115 1989+49 271+8 1282425 -
3 hours 2379+145 265+13 1706+92 294+9 1292+30 -
24 hours 1654+64 271 £11 1759+56 262+6 1268+24 -
LPS
Untreated cells 1428+75 372+17 1439443 29419 823+33 -
3 hours 1395+55 255+18 1572+54 287+16 875+32 -
24 hours 1730+97 339+24 163733 292+17 722+38 -
TNFa
Untreated cells 1072+46 248+9 1032+38 284+18 827£19 -
3 hours 1290+76 228+11 979+34 258+11 776+42 -
24 hours 1353+78 402+18 1357+18 263+21 830+45 -

Table 5.1 Summary of the intensity of p-STAT3 in the nucleus after forskolin, LPS
and TNFa treatment of neonatal cortical, neonatal spinal and embryonic cortical astrocytes.

Data are presented as a mean £ SEM.
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5.2.8 Measuring protein expression of p-STAT3 with Western blots

5.2.8.1 Optimising the p-STAT3 protein detection
To measure p-STAT3 protein expression in astrocytes in a different way, we used
Western blotting to assess p-STAT3 levels after treatment with forskolin and

noradrenaline.

Cells were treated with forskolin and noradrenaline for 0 minute, 1 minute, 5
minutes, 10 minutes, 30 minutes, 1 hour and 3 hours. Serine and tyrosine p-
STAT3 antibodies were used. It was found that forskolin treatment failed to
activate serine p-STAT3. However, forskolin-induced phosphorylation of STAT3 on

tyrosine in a time-dependent manner (Figure 5.21).

Western blotting is a semi-quantitative method, and so we tried to normalise p-
STAT3 levels in two ways: by comparison to another protein (GAPDH) and by

normalisation to control levels before the addition of forskolin or noradrenaline.

Treating the cells with noradrenaline and forskolin did not significantly increase
the levels of p-tyrosine-STAT3 compared to control (P=0.25) (Figure 5.21 and
Figure 5.22). But the maximum level of p-STAT3 was detected after 30 minutes

of forskolin treatment and 10 minutes of noradrenaline treatment.

GAPDH is an unreliable normalisation method due to so much of variations occur.
However, it better to do it in the base of how much p-STAT3 in there by normalised

to control.
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Figure 5.21 Western blot of S727 p-STAT3 and Y705 p-STAT3 protein in neonatal
cortical astrocytes after 10uM forskolin treatment. Aggregate data represent the
relative density of each band normalised to the control. Data are presented as a mean
SEM. No statistically significant differences were determined using the Wilcoxon test with
control normalisation and by comparing the peak with control. The experiment was
repeated three times.
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Figure 5.22 Western blot of Y705 p-STAT3 protein in neonatal cortical astrocytes
after 10uM noradrenaline treatment. Aggregate data represent the relative density of
each band normalised to GAPDH as reference protein and the control. Data are presented
as a mean = SEM. No statistically significant differences were determined using the
Wilcoxon test with control normalisation and by comparing the peak with control. The
experiment was repeated three times.
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5.2.8.2 Tyrosine p-STAT3 activation in different types of astrocytes
To investigate phosphorylation of STAT3 in more detail, we next tested forskolin
responses in all astrocyte types (spinal, cortical and embryonic) and compared
these to responses evoked by a positive control, IL-6, which is known to be linked

to tyrosine phosphorylation of STAT3

Normalised to GAPDH and control, IL-6 caused a significant increase in all cases
but forskolin was ineffective. Normalised to GAPDH, there were differences
between forskolin induce Y705 p-STAT3 between neonatal cortical and spinal
(P=0.003) and between neonatal spinal and embryonic cortical (P=0.028). No
difference was determined between neonatal and embryonic cortical astrocytes

after forskolin treatment (P=0.1) (Figure 5.23).
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Figure 5.23 Western blot of Y705 p-STAT3 protein in neonatal cortical, spinal and
embryonic cortical astrocytes after 30 minutes of 10puM forskolin and 10 minutes
of 100ng/ml IL-6 treatment. Aggregate data represent the relative density of each band
normalised to GAPDH as reference protein and the control. Data are presented as a mean
+ SEM. The statistical significance was determined using the one way ANOVA (Tukey's
multiple comparisons test) and the Mann-Whitney test to compare between forskolin group
in each cells type, where (*P<0.05, **P<0.01 and ***P < 0.001) was considered
statistically significant. The experiment was repeated three times.
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5.2.8.3 Tyrosine p-STAT3 protein levels in the presence of p-STAT3 and
JAK inhibitors

Neonatal cortical astrocytes were treated with forskolin, noradrenaline and IL-6 in
the presence of stattic and WP1066. Stattic (P=0.003) and WP1066 (P=0.015)
were decreased Y705 p-STAT3 relative to control in the cells treated with forskolin
(Figure 5.24). However, treat cells with stattic and noradrenaline was significantly
reduced the level of tyrosine p-STAT3 (P=0.005), but this was not the case with
WP1066 (P=0.186) (Figure 5.25). Treat the cells with stattic and WP1066 alone
were significantly decreased the Y705 p-STAT3 level, compared with forskolin
(Figure 5.24), noradrenaline (Figure 5.25), and IL-6 (Figure 5.26). The main
problem in this experiment was with normalisation, which impacts on stats. To

improve this problem, all data were normalised to control.
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Figure 5.24 Western blot of Y705 p-STAT3 protein in neonatal cortical astrocytes
after treated with p-STAT3 and JAK inhibitors for 1 hour and 10uM forskolin for
30 minutes. Aggregate data represent the relative density of each band normalised to
GAPDH as reference protein and the control. Data are presented as a mean £ SEM. The
statistical significance was determined using the one way ANOVA followed by Tukey's
multiple comparisons test, where (*P<0.05 and **P<0.01) was considered statistically
significant. The experiment was repeated three times.
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Figure 5.25 Western blot of Y705 p-STAT3 protein in neonatal cortical astrocytes
after treated with p-STAT3 and JAK inhibitors for 1 hour and 10pM noradrenaline
for 10 minutes. Aggregate data represent the relative density of each band normalised to
GAPDH as reference protein and the control. Data are presented as a mean + SEM. The
statistical significance was determined using the one way ANOVA followed by Tukey's
multiple comparisons test, where (**P<0.01) was considered statistically significant. The
experiment was repeated three times.
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Figure 5.26 Western blot of Y705 p-STAT3 protein in neonatal cortical astrocytes
after treated with p-STAT3 and JAK inhibitors for 1 hour and 100ng/ml IL-6 for
10 minutes. Aggregate data represent the relative density of each band normalised to
GAPDH as reference protein and the control. Data are presented as a mean + SEM. The
statistical significance was determined using the one way ANOVA followed by Tukey's
multiple comparisons test, where (*P<0.05 and **P<0.01) was considered statistically
significant. The experiment was repeated three times, except for IL-6 with stattic and
WP1066 were done once.
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5.2.9 Effect of Accell siRNA STAT3 transfection in astrocytes stellation

5.2.9.1 Accell siRNA STAT3 in 2% serum medium
The next goals were to inhibit STAT3 phosphorylation by a non-pharmacological
method. To knockdown STAT3 expression, Accell siRNA was used. The cells were
incubated with Accell siRNA for 72 and 96 hours, and then treated with forskolin

to induce stellation.

The intensity of STAT3 labelling was measured by confocal microscopy to check
the effectiveness of the transfection and knockdown process. After 72 hours
incubation, treat the cells with siRNA either control or STAT3 did not significantly
increase stellation. In addition, the percentage of stellate cells after forskolin
treatment in non-transfected cells, transfected cell with non-targeting siRNA and
transfected cell with STAT3 siRNA were increased (P<0.001). However, no
significantly decreased in the intensity of STAT3 was detected after transfection

with STAT3 siRNA (P=0.155) (Figure 5.27).

After extending the incubation time to 96 hours, the percentage of stellate cells
significantly increased after forskolin treatment in all cases and even after treating
the cells with non-targeting and STAT3 siRNA alone (P<0.001). The intensity of
STAT3 after STAT3 siRNA knockdown was significantly decreased in untreated cells
(P=0.02) and treated cells with forskolin (P=0.0005). Also, transfected cells with
non-targeting siRNA treated with forskolin were significantly lower STAT3 intensity
(P=0.007) (Figure 5.28). This result indicates that decreased the STAT3 intensity,
not due to knockdown of STAT3 it's due to reducing the number of cells after

transfection.

164



Control (DAPI) Control (total-STAT3) Control (GFAP) ~ Control

Forskolin (DAPI) Forskolin (total-STAT3) Forskolin (GFAP)

>

Control siRNA (DAPI) Control siRNA Control siRNA (GFAP) Control siRNA
(total-STAT3) i

Control siRNA+Forskolin |l Control'siRNA+Forskolin Control siRNA+ Control'siRNA+Forskolin
(total“STAT3) Forskolin(GFAP) X ( P, ¢

STAT3 siRNA (DAPI) STAT3 siRNA STAT3 siRNA(GFAP)
(total-STAT3)

STAT3 siRNA+Forskolin ] STAT3 siRNA+Forskolin STAT3 siRNA+
(DAPI) (total-STAT3) Forskolin(GFAP)

165



Stellation assay of STAT3 siRNA
in neonatal cortical astrocytes
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Figure 5.27 Stellation assay of astrocytes transfected with siRNA knockdown of
STAT3 for 72 hours in 2% serum medium. Neonatal cortical astrocytes were imagined
with confocal microscopy; cells are stained with GFAP in red, total-STAT3 in green and DAPI
in blue. Cells are transfected with 1uM Accell non-targeting control siRNA and Accell STAT3
siRNA following with forskolin 10uM treatment for 3 hours. The scale bar = 40um.
Aggregate data represent the mean of total-STAT3 intensity per pixel and the percentage
of stellate cells. Data are presented as a mean * SEM. The statistical significance was
determined using the one way ANOVA followed by Tukey's multiple comparisons test, where
(***P<0.001) was considered statistically significant
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Figure 5.28 Stellation assay of astrocytes transfected with siRNA knockdown of
STAT3 for 96 hours in 2% serum medium. Neonatal cortical astrocytes were imagined
with confocal microscopy; cells are stained with GFAP in red, total-STAT3 in green and DAPI
in blue. Cells are transfected with 1uM Accell non-targeting control siRNA and Accell STAT3
siRNA following with forskolin 10uM treatment for 3 hours. The scale bar = 40um.
Aggregate data represent the mean of total-STAT3 intensity per pixel and the percentage
of stellate cells. Data are presented as a mean * SEM. The statistical significance was
determined using the one way ANOVA followed by Tukey's multiple comparisons test, where
(*P<0.05, **P<0.01 and ***P<0.001) was considered statistically significant.
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5.2.9.2 Accell siRNA STAT3 in serum-free medium
The same experiment was done but using a serum-free medium to try and improve
the knockdown of the STAT3. In the case of 72 hours, the percentage of stellate
cells was significantly increased after forskolin treatment in non-transfected and
transfected cells (P<0.001). There was a significant decrease of STAT3 intensity
in control transfected STAT3 cells compared with control non-transfected cells

(P=0.012) (Figure 5.29).

After 96 hours incubation, the number of stellate cells still higher after forskolin
treatment compared with control in transfected and non-transfected cells.
Transfect cells with STAT3 siRNA was unable to prevent stellation after forskolin
treatment, which produces 85% of cell stellation (P=0.003) and it was induced
stellation in both control siRNA and STAT3 siRNA of the untreated cell with
forskolin. However, no significant change of STAT3 intensity was discovered before

or after STAT3 knockdown (P=0.295) (Figure 5.30).

169



Control (DAPI) Control (total-STAT3) Control (GFAP) Con_trol

&F

Forskolin (DAPI) Forskolin (total-STAT3) Forskolin (GFAP)

Control siRNA (DAPI) Control siRNA
(total-STAT3)

Control siRNA+Forskolin | Control siRNA+Forskolin Control siRNA+
(DAPI) (total-STAT3) Forskolin(GFAP)

STAT3 siRNA (DAPI) STAT3 siRNA
(total-STAT3)

STAT3 siRNA+Forskolin § STAT3 siRNA+Forskolin STAT3 siRNA+
(total-STAT3) Forskolin(GFAP)

170



Stellation assay of STAT3 siRNA
in neonatal cortical astrocytes
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Figure 5.29 Stellation assay of astrocytes transfected with siRNA knockdown of
STAT3 for 72 hours in serum-free medium. Neonatal cortical astrocytes were imagined
with confocal microscopy; cells are stained with GFAP in red, total-STAT3 in green and DAPI
in blue. Cells are transfected with 1uM Accell non-targeting control siRNA and Accell STAT3
siRNA following with forskolin 10uM treatment for 3 hours. The scale bar = 40um.
Aggregate data represent the mean of total-STAT3 intensity per pixel and the percentage
of stellate cells. Data are presented as a mean £ SEM. The statistical significance was
determined using the one way ANOVA followed by Tukey's multiple comparisons test, where
(*P<0.05 and ***P<0.001) was considered statistically significant.
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Figure 5.30 Stellation assay of astrocytes transfected with siRNA knockdown of
STAT3 for 96 hours in serum-free medium. Neonatal cortical astrocytes were imagined
with confocal microscopy; cells are stained with GFAP in red, total-STAT3 in green and DAPI
in blue. Cells are transfected with 1uM Accell non-targeting control siRNA and Accell STAT3
siRNA following with forskolin 10uM treatment for 3 hours. The scale bar = 40um.
Aggregate data represent the mean of total-STAT3 intensity per pixel and the percentage
of stellate cells. Data are presented as a mean * SEM. The statistical significance was
determined using the one way ANOVA followed by Tukey's multiple comparisons test, where
(**P<0.01 and ***P<0.001) was considered statistically significant.
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5.3 Discussion

STAT3 is a key signalling pathway in reactive gliosis and often described as the
“master regulator” of gliosis. Several lines of evidence demonstrate the
involvement of STAT3 in reactive gliosis in vivo (Herrmann et al., 2008; Sloan and
Barres, 2015; Wanner et al., 2013; LeComte et al., 2015; Colombo and Farina,
2016; Kang and Hébert, 2011). Liu et al. (2013) demonstrated that stattic could
block the phosphorylation of STAT3 and decreased reactive astrogliosis by
reducing GFAP intensity in vivo. This could be due to the inhibition of the
transcriptional activity of STAT3. However, in the current study, we found effects
within a short time incubation of the inhibitors including both stattic (which is used
to suppressed STAT3 activation (Schust et al., 2006)) and WP1066 (that is used
as a JAK inhibitor (Dimri, Sukanya and De, 2017)). These inhibitors very effectively
blocked the stellation process triggered by forskolin and noradrenaline in vitro.
This was not just due to compromised cell viability because calcium responses

were normal.

The inhibitors gave mixed results for altering cAMP response - in some cases
reducing cAMP levels (forskolin in cortical cells), but in other cases having no
impact. Some lines of evidence propose that there is an interaction between STAT3
and cAMP or adenylyl cyclase. Increases in cAMP level lead to activation of the
Epac-Rapl pathway and up-regulation of SOCS3, which then down-regulates p-
STAT3 (Sands et al., 2006). It was found that cAMP can activate STAT3 by up-
regulating IL-1B-induced IL-6 synthesis through enhancement of the JAK2/STAT3
pathway (Tanabe, Kozawa and lida, 2016). In addition, it was discovered that
activation of the adenylyl cyclase/PKA pathway could lead to STAT3 Tyr705 and
Ser727 phosphorylation as well as its transcriptional activation in HEK 293 cells
via activating ERK, INK, c-Src, and JAK2 (Liu et al., 2006). However, these
processes are based on changes in gene expression due to STAT3 transcription

regulation. This could not explain our result because we detected the changes in
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1 hour treated with inhibitors and did not decrease the cAMP level in case of
noradrenaline. Furthermore, the STAT3 and JAK inhibitors could also block
stellation induced by a cAMP analog, suggesting they are operating independently
of cCAMP synthesis mechanisms. Collectively, these results suggest that cAMP and
STAT3 are operating in parallel to bring about astrocyte stellation. Neither pathway

alone is sufficient to cause stellation. Both are required.

Measuring changes in p-STAT3 levels in cells treated with forskolin and
noradrenaline proved difficult, due to the challenge of quantification of confocal
and western blot data. These challenges include the high intensity and expression
of p-STAT3 in untreated cells due to the presence of the serum in the medium
which contains growth factor that could activate STAT3, and the sensitivity of
immunocytochemistry possibly not being enough to detect p-STAT3 levels
quantitatively (Fu et al., 2004). These made the results equivocal, but there was

some evidence for small changes in p-STAT3 due to forskolin treatment.

In contrast, the response to a positive control - IL-6 - was much clearer, and
could be predictably blocked by the STAT3 inhibitors used earlier. However, direct
activation of STAT3 by IL-6 did not in itself cause stellation. Marz et al. (1999)
found that long term treatment with IL-6 and sIL-6 receptor over several days
lead to changes in astrocytes morphology to a fibrous phenotype. Still, because
IL-6 alone was unable to keep STAT3 signalling going for 7 days (as it will be
degraded), it required treatment with a stabilised form. Here, IL-6 was added for
a few hours, but we know that through 10 minutes the level of p-STAT3 can

increase.

Interestingly, the level of p-STAT3 in neonatal cortical astrocytes was consistently
higher than in spinal or embryonic astrocytes. Thus, STAT3 levels do correlate with
the ability to undergo stellation. Consistent with these findings, Gautron, De

Smedt-Peyrusse and Layé (2006) established that the STAT3 level was increased
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by age (P3, P10, and P21). However, serine and tyrosine phosphorylation of STAT3
can be identified in the embryonic and postnatal brain (Fu et al., 2004), and
expression of STAT3 in embryonic and postnatal stages is necessary to transit
astrocytes from immature and nestin-containing cells to mature and GFAP-

containing astrocytes (Kalman and Ajtai, 2001).

Overall, our results suggest that cAMP and STAT3 are both necessary for stellation,
but there is little evidence for a large increase in STAT3 phosphorylation in
response to agents that can induce stellation. The signalling pathways, therefore,
appear to work in parallel to facilitate stellation, but STAT3 may be playing a
“permissive” role, where tonic levels (or the tonic activation observed in serum-
containing media) is sufficient to cause stellation. The observation that WP1066
as an upstream JAK inhibitor has similar effects to stattic supports the idea of tonic

signalling being required for stellation.

A previous study has shown that PI3K inhibition induces the depolymerisation of
actin stress fibres and stellation of astrocytes (Perez et al., 2005). However, we
found here that PI3K inhibitor alone did not cause stellation and co-treatment of
the astrocytes with forskolin and PI3K inhibitor did not prevent cells stellation
either. These suggest that PI3K inhibitor does not have a role in stellation.
Inhibiting PKA, which is the known pathway to activate STAT3 through cAMP, did
not significantly block stellation with forskolin. It was found that Rho kinase
inhibitor, but not the protein kinase C inhibitor or the protein kinase A inhibitor
produce stellation (Abe and Misawa, 2003). This finding is correlated with our
results; we discovered that only RhoA inhibitor but not PKA or Akt inhibitors induce
stellation. These indicate the role of RhoA inhibitor in modifying the astrocyte
cytoskeleton and induce stellation (Zeug et al., 2018) effect by cAMP and this

pathway could be a link to STAT3 cause stellation rather than PKA pathway.

Identifying the exact sequence of events for stellation will be challenging, given

the range of known sites for crosstalk between the pathways (Figure 5.31).

176



Forskolin ® IL-6 ®

Noradrenaline @

°
"+ Adenylyl cyclase - @
v N
ATP —— cAMP R
p-STAT3
PKA EPAC
¥ ¥ p Translocation
~ Actin |
_—
Nuclevs

Figure 5.31 Known pathways for potential crosstalk between cAMP and STAT3
signalling

As a final result of note, the time scale of stellation seems inconsistent with a
transcriptional role of STAT3. A 1 hour pre-incubation is sufficient to block
stellation, and stellation is measurable within 2-3 hours of forskolin or
noradrenaline treatment. This may indicate a non-genomic mechanism of action

for STAT3.

Unfortunately, attempts to validate pharmacological results with siRNA were
unsuccessful, leaving open the possibility that the inhibitors could be having off-
target effects. siRNA is a synthetic RNA duplex designed to induce gene knockdown
in a variety of cell. We used Accell siRNA because it has advantages which have a
novel passive-entry mechanism through the cell membrane and can transfect cell
types without any need for transfection reagents, lentiviral vectors, or
electroporation/nucleofection instrument (Strezoska and Yamada, 2018).
Moreover, using other methods could induce cells stress and change their

morphology for untreated cells. However, we discovered the same problem with
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this technique. Therefore, this experiment is not suitable for this study because

we are interested in studying astrocytes morphology in vitro.

To conclude, the data in this chapter provides evidence for a novel non-genomic
role of p-STAT3 in astrocytes stellation. Several experiments still need to be done
to test this hypothesis, such as non-pharmacological STAT3 knockdown, and there
is further need to find the link between p-STAT3 blockers and cytoskeletal

rearrangements.
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Chapter 6 General discussion
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6.1 Summary of findings

The introduction of this thesis described how astrocytes are an essential cell in the
CNS under physiological and pathological conditions. There is a significant level of
uncertainty about how and when astrocytes become reactive during the onset of
many diseases to form foci of reactive gliosis. Nevertheless, the mechanisms of
reactive astrocytes are not well understood. In this work, the main goal was to
investigate the mechanisms underlying reactive gliosis for astrocytes in different

CNS regions and during development in vitro.

We first tested different assays of reactive gliosis. We found that stellation is the
most reliable assay for neonatal cortical astrocytes, as it demonstrated time-
dependent, reproducible effects in response to forskolin and noradrenaline. We
tested the stellation assay in neonatal spinal and embryonic cortical astrocytes to
investigate how the other astrocytes (spinal and embryonic cortical) induce
stellation: is it the same level of stellation as the neonatal cortical astrocytes? Our
results revealed significant differences in astrocyte stellation depending on the
CNS region and during development. We aimed to identify the primary mechanism
underlying these differences in stellation and discovered that stellation induced in

astrocytes is controlled by the STAT3 and cAMP signalling pathway.

6.2 Overall significance of findings

6.2.1 Quantitative assays of reactive gliosis
In chapter 3, we tested different assays of reactive gliosis in response to various
stimuli known to induce gliosis in vivo. These assays were: assessing the
morphological change of astrocytes with GFAP immunocytochemistry, live imaging
of cells loaded with calcein-AM, testing for up-regulation of P2Y1sR GPCR by Ca%*

imaging and measuring the intensity of p-STAT3 in the nucleus.

Through GFAP labelling, we found significant stellation in response to forskolin and
noradrenaline, an outcome consistent with other studies (Tanabe, Kozawa and

Iida, 2016; Donnell et al., 2013). In contrast, the other inflammatory stimuli
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tested, LPS and TNFa, did not reliably induce stellation for any of the astrocyte
types tested; however, it was found that these compounds are linked to gliosis in
vivo (Morioka et al., 2015; Zamanian et al., 2012). A possible explanation for this
observation is that the full gliosis response requires the presence of microglia as
a second cell class that communicates with astrocytes (Liddelow et al., 2017;
Vega-Avelaira, Moss and Fitzgerald, 2007; Norden et al., 2016). Moreover, the
expression of TLR4 in astrocytes is controversial, and the presence of TLR4-
positive microglia with astrocytes determines the astrocyte response to LPS (Holm,
Draeby and Owens, 2012; Facci et al., 2014). Other investigators have also
observed that LPS is unable to induce any morphological alterations in astrocytes

(Norden et al., 2016).

As an alternative to the standard stellation method, we developed a live-cell
morphological assay based on cytoplasmic loading of the astrocytes with calcein-
AM. The advantage of this assay is that it allowed for real-time imaging of changes
in cell shape. By monitoring cell perimeter and area after the addition of stellation-
inducing agents, it was possible to observe changes in cell morphology within
minutes of adding forskolin. The circularity of the astrocytes decreased during
stellation. The disadvantage of this approach is that it is laborious when analysed
manually and suffers due to subjectivity in identifying the edge of the cell reliably.
In principle, it would be possible to automate the process. This would also solve
the problem that only a small sample of the cell population can be measured. If

automation could be developed, this method would be much more useful.

Moving to test the functional assays of reactive gliosis, a previous study by Hamby
et al. (2012) showed that treating the astrocytes with inflammatory stimuli can
change the level of the P2Yis4 receptor and increase Ca?* signalling, which is
consistent with the role of this receptor in other inflammatory states (Abbracchio
et al., 2003; Bianco et al., 2005; Moore et al., 2003; Lazarowski and Harden,

2015). However, our results demonstrate that the neonatal cortical astrocytes
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treated with forskolin, but not with LPS and TNFa, individually have a small
increase in mean Ca?* release due to up-regulation of the P2Yis receptor in
reactive astrocytes, but this was not statistically significant due to a high degree
of variation between groups. One explanation for this inconsistency is that the
combinational treatment of inflammatory stimuli used by Hamby et al. may be
essential to change the level of the P2Yi4 receptor and increase Ca?* signalling
(Hamby et al., 2012), and individual stimuli were insufficient. Regardless, this did
not seem to be a reliable assay, as any changes we observed were not nearly as

dramatic and reproducible as those reported by Hamby et al.

The p-STAT3 intensity was also tested. We discovered that serine p-STAT3
intensity increased in the nucleus after exposure to forskolin, LPS and TNFa as
measured by confocal imaging, but only TNFa could increase the localisation of
tyrosine p-STAT3 in the nucleus. This result was partially consistent with other
studies which highlighted the importance of STAT3 activation in reactive astrocytes
(Liu et al., 2013; Sofroniew, 2009; Zhang et al., 2013). However, the observed
changes were small in magnitude, and further attempts to investigate tyrosine
STAT3 phosphorylation but not serine STAT3 phosphorylation by Western blots
gave similarly small responses, which were on the limit of detection. In contrast,
stimulation with a well-known activator of Y705 p-STAT3, IL-6, gave larger
responses that could be easily measured; however, uridine-5'-triphosphate (UTP),
a S727 p-STAT3 activator (Washburn and Neary, 2006), was not used. This makes
it challenging to determine whether the treatment (forskolin) did not activate
serine p-STAT3 or if there was a problem with the antibody, which is a shortcoming
of this experiment. Together, these results suggest that stellation can occur

without overt changes in the distribution of p-STAT3 in the nucleus.

To conclude the usefulness of these assays, we can say that the astrocytes
continue to be heterogeneous in their behaviour. None of the assays gave

predictable results, but the most useful, reliable and reproducible assay was
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stellation; however, most of the inflammatory agents tested and known to trigger
reactive gliosis in vivo did not induce stellation. Moreover, stellation did not appear
to be associated with the accumulation of p-STAT3 in the nucleus. Therefore, it is
probable that stellation is not related to the gene expression regulation of STAT3
the same as reactive gliosis. This makes the correlation between stellation and

reactive gliosis less clear.

Culturing astrocytes in serum-free medium results in stellation of cells without
treating them with any stimuli inducing reactive gliosis, whereas treating the
astrocytes with microglial-conditioned medium activated with LPS or treating them
with IL-1a, TNFa, and C1qg in combination can induce A1 phenotype astrocytes
characterised with a non-stellate cell shape (Liddelow et al., 2017). These results
show that the presence of serum in the culture medium can induce a flat,
morphological shape without processes due to a reduction in Mob protein levels,
which regulate cell morphogenesis through alteration of the actin cytoskeleton

arrangement (Fang et al., 2012).

We are searching for a morphological change in astrocytes in vitro. This change
does not correspond to astrocyte morphology in vivo. In vivo, GFAP labelling
identifies dramatically star-shaped astrocytes that develop more defined processes
and demonstrate up-regulation of GFAP in response to diseases. However, in vitro,
the morphology is a flat shape that can change into a star shape in the presence
of many stimuli. This may suggest that stellation is indeed a process which

indicates cultured cells are becoming less reactive.

It is likely the reason why early investigations assumed that stellation in vitro was
an indicator of reactive gliosis, as a look in the glial scar reveals strongly defined
stellate astrocytes (Daginakatte et al., 2008; Fedoroff et al., 1984; Masaki et al.,
2000; Tiryaki, Ayres, et al., 2015). Foo et al. (2011) demonstrated that polygonal

astrocytes in vitro have different genetic profiles compared to astrocytes in vivo
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and have similar genes compared to reactive astrocytes. Adding the serum to the
astrocyte culture medium can induce flat-shaped astrocytes that expresses high
levels of GFAP (Ben Haim et al., 2015a). Conversely, culturing astrocytes in a
serum-free medium with heparin-binding EGF-like growth factor (Foo et al., 2011)
or a 3D polymer matrix (Puschmann et al., 2013) induces star-shaped astrocytes
with reduced reactivity and the same gene expression as resting astrocytes in vivo
(Wolfes et al., 2017). Changing polygonal astrocytes into stellate astrocytes is a
model used to identify the cellular architecture necessary to maintain the typical
astrocyte morphology (Schiweck, Eickholt and Murk, 2018) but may not follow the
gene expression profile of reactive astrocytes mentioned in the details of Ben Haim
et al. (2015a) and Sofroniew (2009). Similarly, our results reveal that
inflammatory mediators do not cause stellation, whereas neurotransmitters like
noradrenaline can cause stellation very effectively. These results suggest that
stellation may not relate to reactive gliosis but instead mimics the physiological

morphology of astrocytes in vivo.

However, both stellation in vitro and reactive gliosis in vivo are regulated by the
cytoskeletal organisation. These cytoskeletons include microtubules which are
found in a dense network of mature astrocytes, intermediate filament proteins
(GFAP and vimentin), the actin cytoskeleton, myosin and the ezrin/radixin/moesin
(ERM) protein (Burgos et al., 2007; Schiweck, Eickholt and Murk, 2018). During
reactive gliosis, intermediate filament proteins and microtubules bind together to
increase and elongate the processes of astrocytes. The actin cytoskeleton has a
role in the extension of the processes and induces hypertrophy of astrocytes
located around the cell body (Schiweck, Eickholt and Murk, 2018). In the polygonal
shape of astrocytes, the actin fibres interact with myosin-II, whereas stellate
forms of astrocytes are characterised by the loss and depolymerisation of actin

fibres and activation of the Arp2/3-dependent actin protein (Murk et al., 2013).
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Altogether, regarding what we found here and in support of other evidence, it
appears that the stellation phenomenon is not the early stage of reactive gliosis.
It entails rearrangement of the cytoskeleton and does not link to the reactive

astrocyte gene profiles.

6.2.2 Developmental variation in stellation
A defining feature of astrocyte responses was their heterogeneity. This makes
identifying trends difficult, as there is a lot of variation even within the same
treatment group. However, in chapter 4, the results show that astrocyte
morphology and function during development and between the cortex and spinal
cord were significantly different. In stellation, cortical astrocytes produced a high
number of stellate cells compared with spinal astrocytes, and the neonatal stage
more readily induced the morphological change than the embryonic. This was
correlated with cAMP concentration, which was higher in the brain than the spinal
cord and higher during the neonatal stage than the embryonic. For the functional
assay, measuring the Ca?* responses showed a slight variation between the brain
and spinal cord region and developmental stages, but none of the stimuli could

induce obvious reactive gliosis by altering the response to UDP-glucose.

This consistency with other studies demonstrated that the changing of astrocyte
phenotype is dependent on the cells’ region and developmental stages. Regarding
morphology changes, here we detected that astrocytes from a different region of
the CNS (brain and spinal cord) and during development have the distinct ability
to undergo stellation. Similarly, differential astrocyte morphology changes have
been observed between brain regions at different time points after injury (Hill,
Barbarese and McIntosh, 1996) as well as between adolescent and adulthood
astrocytes (Testen et al., 2019). Many factors can affect the change in astrocyte
morphology in vivo such as the environment surrounding the astrocyte, status of

neurons, neuronal subtypes and properties (Hill, Barbarese and McIntosh, 1996;
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Ben Haim and Rowitch, 2016) and the distance of astrocytes from the site of injury

(O'Callaghan et al., 2014).

In addition, this heterogeneity may be linked to the element or gene expressed in
order to induce stellation, and the amount of this expression is linked to
determining how the cell stellate differs according to region and development.
Bachoo et al. (2004) determined that at certain ages, each brain region has a
distinct molecular profile of genes. Many components such as, cytokines,
chemokines and neurotransmitter, was detected to express differently in cortex,
cerebellum, optic nerve and brainstem astrocytes (Doyle et al., 2008; Yeh et al.,
2009). Regarding developmental changes, Cahoy et al. (2008) discovered that
early astrocytes express genes which play a role in astrocyte development, and in

a later stage, they demonstrate mature gene expression.

In this study, we are interested in the signalling pathways controlling stellation
and what may be the origin of the difference in types of astrocytes. We found that
a cAMP analog can induce stellation the same as forskolin, with a high percentage
of stellation in neonatal cortical astrocytes and less in neonatal spinal and
embryonic cortical astrocytes. Similarly, Won and Oh (2000) discovered neonatal
brain astrocyte regional heterogeneity in morphological changes in response to
cAMP stimulation in vitro. Moreover, we demonstrate that the level of cAMP is
higher in neonatal cortical astrocytes than neonatal spinal and embryonic cortical
astrocytes after forskolin and noradrenaline treatment. But the main weakness of
these experiments remains repeating the samples from the same cell culture in

each condition.

A previous report also described a difference in stellation between E18 and P2
astrocytes (Abe and Saito, 1997). In contrast to our results, they reported that
cyclic AMP production was similar in E18 and P2 astrocytes, and only cAMP

sensitivity was different. These findings suggest that regional and age-related
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heterogeneity of astrocyte stellation may be linked to either differential cAMP

synthesis activity or diversity in the sensitivity to cAMP.

Altogether, there were clear differences observed for morphological and functional
changes relative to different ages and regions, suggesting a postnatal switch of
some sort and regional differences with the capacity to undergo stellation and
functional changes. Understanding these changes allows us to recognise the roles
of these cells in normal and pathological conditions in the CNS at specific ages and

sites.

6.2.3 STAT3 controlling astrocyte stellation
STAT3 is a master regulator of reactive gliosis (Ceyzériat et al., 2018). Studies
have demonstrated that STAT3 can regulate the induction of reactive astrogliosis
features after spinal cord injury in vivo, such as cell hypertrophy, up-regulation of
GFAP and scar formation (Herrmann et al., 2008; Sloan and Barres, 2015; Wanner
et al., 2013). Another in vivo study found that blocking the phosphorylation of
STAT3 by stattic can decrease reactive astrogliosis by reducing GFAP intensity (Liu
et al., 2013). This evidence supports the importance of the transcriptional role of
STAT3; however, our evidence suggests that STAT3 regulates the process of
astrocyte stellation in vitro on a time-scale inconsistent with changes in

transcription activity.

p-STAT3 and JAK inhibitors reduced tonic STAT3 levels and significantly blocked
stellation in the presence of forskolin, noradrenaline and a cAMP analog. In
addition, the level of p-STAT3 correlated with variation in stellation potential
according to age and region. Although p-STAT3 and JAK inhibitors were able to
reduce the p-STAT3 protein level as measured by Western blotting, stimuli that
induced stellation did not consistently increase p-STAT3 levels or promote nuclear
translocation of p-STAT3. Overall, these results suggest that STAT3 is necessary
for stellation to proceed, but it can occur without translocation and transcription

roles.
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STAT3 is necessary but does not seem to directly affect cAMP signalling. We found
that the p-STAT3 and JAK inhibitors were able to reduce the level of cAMP in
response to forskolin but not with noradrenaline. Also, STAT3 activation by IL-6
(in the absence of AC activation) does not cause stellation. Moreover, forskolin
and noradrenaline did not directly increase the level of p-STAT3 to the same extent
as IL-6. These results suggest that there is not a linear interaction between STAT3
and cAMP. Instead, they work together in parallel to achieve stellation. However,
some studies have demonstrated such a link between both signalling pathways,
although it is transcription-based (Sands et al., 2006; Tanabe, Kozawa and Iida,
2016), which seems too slow for a 1 hour incubation of the inhibitors and also

does not affect NA-induced cAMP increases.

We also found that the time course of stellation (especially from calcein-AM
assays) indicates a rapid phenomenon that is complete within two hours and
detectable within minutes following treatment with forskolin or noradrenaline. On
the other hand, STAT3 is a transcription factor which requires a longer time (up
to 72 hours) to achieve its genomic role (Tripathi et al., 2017). Many studies have
found that STAT3 can have non-genomic functions which can occur in the
cytoplasm. STAT3 can inhibit the stathmin protein in the cytoplasm (Ng et al.,
2006), which regulates the microtubule cytoskeleton (Rubin and Atweh, 2004).
Knockdown STAT3 in astrocytes reduced the amount of phosphorylated ezrin by
an unknown mechanism that prevents the inhibition of RhoA and induces stellation
(Renault-Mihara et al., 2017). STAT3 inhibits the negative role of the phosphatase
and tensin homolog (PTEN) to form a glial scar (Renault-Mihara and Okano, 2018).
Furthermore, activation of Racl can be regulated by cytoplasmic STAT3 in mouse
embryonic fibroblasts (Teng et al., 2009). These ideas likely support the results of
our work with astrocytes as well. Another mechanism of STAT3 that induces

stellation could be the direct interaction with actin in the cytoplasm. It was found
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that cucurbitacin I (STAT3 blocker) may play a role in the actin cytoskeleton and

modulate cell morphology (Graness, Poli and Goppelt-Struebe, 2006).

Collectively, it is likely that STAT3 and cAMP play an important role in stellation;
both are needed and are two parallel signalling pathways working together. The
involvement of STAT3 could be through a direct action on the cytoskeleton or
protein kinase in the cytoplasm, and the transcription activity of STAT3 does not
appear to be necessary, which supports the notion that stellation is not the same

phenomenon as reactive gliosis.

6.3 Future work

In this work, there were many limitations that require improvement. For example,
manually counting cells impacted reliability, was a time-consuming process and
only allowed us to consider a portion of the total number of cells. Automating the
analysis of astrocyte stellation would improve reliability, save time and include all
cells in the analysis. Measuring the intensity of p-STAT3 by ultra-confocal
microscope or Western blots had some flaws such as the variation of GAPDH,
presence of serum in astrocyte cultures cause a high intensity and expression of
p-STAT3 in untreated cells, and sensitivity of immunocytochemistry to detect p-
STAT3 is low. To address them, ELISA can be used to measure the protein level.
In addition, an increase in the sample number is needed to effectively measure
cAMP levels. While many assays of reactive gliosis were done, measuring the level
of cytokines and chemokines or screening the gene profiles is needed to
investigate whether we are inducing reactive gliosis or just normal stellate

astrocytes.

The results of this thesis suggest that STAT3 is involved in stellation, but further
evidence is needed using a genetic STAT3 knockdown model to confirm the results
we found with the pharmacological blocking of STAT3 by inhibitors. Future studies
should focus on treating the astrocytes with translation and transcription inhibitors

with forskolin and stattic to confirm that the stellation is related to the genomic
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role of STAT3. Studies should also focus on investigation of the relation between
p-STAT3 and cytoskeleton such as actin and measuring the expression of adenylyl
cyclase and PKA after inhibition STAT3 to test the possibility of STAT3 may directly

activate both or one of them, which can affect the cAMP level.
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