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Abstract
Müller glial cells can regenerate the retina in zebrafish throughout life. However,
in the damaged adult human retina, upregulation of inflammatory cytokines,
including TNF-α, leads to Müller cell gliosis, a hallmark of which is an increase
in intermediate filament glial fibrillary acid protein (GFAP) production. However,
a subset of these human cells has stem cell characteristics in vitro. This study
investigated the role that inflammatory cytokines may play in regulating Müller
cell gliosis-associated proteins and the implications this could have on the
neurogenic ability of Müller glia in vitro.
As determined by gene and protein analysis, culture of the human Müller glial
cell line MIO-M1 in the presence of TNF-α, causes downregulation of GFAP
expression. Through upregulation of TNF-receptor2 and downstream activation
of the NFκB signalling pathway, a cell survival signal is initiated. MIO-M1 cells
co-cultured with TNF-α and factors known to induce rod photoreceptor
precursor differentiation, showed increased expression of the photoreceptor
marker NR2E3. These observations suggest that TNF-α may not inhibit the
neurogenic ability of these cells.
A retroviral transfection method was developed to overexpress GFAP in MIOM1 cells using molecular cloning techniques. Overexpression of GFAP resulted
in no phenotypic changes as Müller cells maintained their stem cell
characteristics. Culturing these transfected cells with TNF-α revealed differential
transcriptional regulation of endogenous and exogenous GFAP. This indicates
the importance of the GFAP promoter and transcriptional response elements in
responding to TNF-α during gliosis.
In conclusion, the present study has identified the downregulation of GFAP
expression by TNF-α in Müller glial cells as a target that could be further
explored to control scarring of the human retina. These observations pave the
way for further investigations to promote endogenous regeneration of the adult
human retina by Müller glia.
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Impact Statement
A major cause of visual impairment and blindness is the damage or
degeneration of retinal tissue that occurs as a result of diseases such as agerelated macular degeneration (AMD) and glaucoma. Current treatments for
retinal degeneration are directed at limiting damage to the retina, preserving
vision and managing disease. Treatments usually require life-long follow up and
are not restorative so many patients still develop visual impairment. Therefore,
novel approaches are needed to treat retinal degenerative diseases and
research exploring endogenous regeneration and the use of Müller glial cells as
a source of endogenous stem cells to restore vision is fast expanding. This
concept comes from the knowledge that in damaged zebrafish retina, Müller
glial cells can regenerate and replace retinal neurons to repair damage. In
contrast, when human adult retina is damaged, Müller glial cells become
reactive, releasing inflammatory cytokines and other factors responsible for
gliosis which ultimately cause scarring of the retina. This thesis aimed to
examine whether overexpression of a gliosis-associated protein, known as glial
fibrillary acid protein (GFAP), plays a role in the proliferation and neural
differentiation of the MIO-M1 cell line. To investigate the problem, inflammatory
cytokines were examined for their ability to modify the expression of GFAP. It
was found that TNF-α downregulated GFAP in MIO-M1 cells through activation
of downstream signalling involving NFκB. It was also shown that TNF-α did not
prevent these cells differentiating into rod photoreceptor precursors in vitro,
indicating that this cytokine may not be detrimental during gliosis but may
support the neurogenic potential of Müller glial cells. This knowledge is
beneficial in furthering the understanding of how scarring in the human retina
can be potentially controlled or reversed. In addition, molecular methods to
control expression of GFAP were investigated and Müller cells overexpressing
this protein were examined for their capacity to proliferate and differentiate into
rod photoreceptor precursors. This methodology allowed the establishment of a
stable cell line in the host laboratory which can be used by others in future to
further investigate the role of this protein within Müller glia. Identifying molecular
mechanisms that are capable of controlling gliosis whilst also encouraging selfrepair by Müller glial cells, may eventually benefit patients affected by retinal
degenerative diseases.
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Chapter 1

General introduction

1.1 The retina: structure and function
The visual system is responsible for translating light energy into an image of the
world we see. When light penetrates the eye, it is refracted by the cornea
through the pupil and is then focused by the lens onto the retina, which lies at
the back of the eye (Barker, 1999). The retina is a thin sensory tissue, which
relays the incoming information to the visual cortex in the brain. There are
believed to be about 70 different cells in the vertebrate neural retina but the six
main types of cells are photoreceptors, bipolar, horizontal, amacrine, glial and
retinal ganglion cells (Kolb et al., 2001). The neural retina consists of three
laminar layers, namely the outer nuclear layer (ONL), the inner nuclear layer
(INL) and the ganglion cell layer (GCL) (Figure 1-1).
Light must travel through the full thickness of the retina to the photoreceptor
cells, which have their light sensitive region facing away from incoming light.
Photoreceptor cells have their cell bodies in the ONL arranged below the outer
limiting membrane (OLM) and transduce the light energy into electrical signals.
The most posterior part of the retina has a monolayer of pigmented cells known
as the retinal pigment epithelium (RPE) which absorb light to prevent it
reflecting back onto the photoreceptors causing a blurred image (Vander et al.,
2003).There are two types of photoreceptor cells containing molecules called
photopigments which absorb light: rod and cone cells. Rod cells are more
numerous and also more sensitive. They respond to low light levels and are
responsible for our vision in the dark. Cone cells are fewer but contain pigments
that are sensitive to colour and are responsible for bright light colour vision
(Wassle, 2004). Light causes the photopigments to absorb energy from
photons, which activates biochemical processes involving cGMP, leading to
changes in membrane potential. In the dark, photoreceptors are in fact
depolarised and in response to light they hyperpolarise and subsequently inhibit
neurotransmitter release (Vander et al., 2003).
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Figure 1-1: Illustration of the neural retina.
Adapted from (Goldman, 2014). The vertebrate retina contains six main cells types: rod
and cone photoreceptors, horizontal, bipolar, amacrine, ganglion and Müller glial cells.
There are three laminar layers: the outer nuclear layer (ONL), the inner nuclear layer
(INL) and the ganglion cell layer (GCL). Cells synapse with each other in the outer
plexiform layer (OPL) and the inner plexiform layer (IPL). Ganglion cell axons form the
nerve fibre layer (NFL), whilst the Müller glia processes form the outer limiting membrane
(OLM) and the inner limiting membrane (ILM).
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Photoreceptors do not fire action potentials themselves but pass signals to
bipolar cells via synapses at the outer plexiform layer (OPL). The INL contains
the cell bodies of bipolar cells as well as other interneurons called horizontal
and amacrine cells. The horizontal cells help modulate the connections between
photoreceptors and bipolar cells to modify the response. Amacrine cells are
mostly inhibitory interneurons and function to control the excitatory pathway
between photoreceptors and bipolar cells (Kolb et al., 2001). The bipolar cells
then synapse with ganglion cells in the inner plexiform layer (IPL), which are the
first cells to produce action potentials. Via these synapses, ganglion cells
respond differently to the visual image in terms of colour, intensity, movement
and form. Ganglion cell bodies are found in the GCL and their axons extend
along the nerve fibre layer (NFL) which converges into the optic nerve, allowing
signals to pass to the visual cortex of the brain.
The macroglial cells of the retina include Müller glia and astrocytes. Astrocytes
are restricted to the NFL, function as ganglion cell axonal sheaths and have a
role in ionic homeostasis. Müller cells are the main glial cell of the retina and
although their cell bodies lie in the INL they span the whole width of the retina
and form the limits of the retina at the OLM and the inner limiting membrane
(ILM). As well as providing structural support to retinal neurons, Müller cells also
have a wide range of functions necessary for retinal health (Goldman, 2014).

1.2 Retinal development
Using a lineage-marking system, it was found that all retinal neural cell types,
as well as Müller glia, share a common multipotent progenitor (Turner and
Cepko, 1987, Turner et al., 1990). Furthermore, birth-dating studies showed
that each cell type undergoes neurogenesis in a specific temporal order but that
there is significant overlap between cell types. This provides evidence for the
existence of retinal multipotent progenitor cells (Reese, 2011). In the rat retina,
cell genesis begins around embryonic day (E) 10 and is complete by postnatal
day (P) 12 with retinal ganglion cells being the first cell to be produced followed
by horizontal cells, cone cells, amacrine cells, rod cells, bipolar cells, and Müller
glia (Rapaport et al., 2004). The same pattern of development is seen in human
retina with retinogenesis beginning at 6.5 weeks of gestation and retinal
ganglion cells being the first to develop, followed by photoreceptors and finally
Müller glia, with retinogenesis complete by 18 weeks (Spira and Hollenberg,
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1973). Astrocytes are not derived from this single progenitor and instead
migrate from the optic nerve head into the neural retina during retinogenesis
(Watanabe and Raff, 1988).
The regulation of proliferation and cell fate specification are important in
retinogenesis in order to generate a fully functional retina. There are intrinsic
factors and extrinsic cues that influence cell fate in a complex manner and
importantly, the progenitor cell itself has to be able to respond to these cues
(Cepko et al., 1996). If progenitor cells exit the cell cycle too early then the ratio
of early born cells (retinal ganglion cells) to later born cells (Müller glia) will be
incorrect and there could be alterations in the size, shape and organisation of
the retina (Dyer and Cepko, 2001). Therefore, it is important to maintain enough
progenitor cells throughout retinogenesis to ensure that the correct number of
different cells is generated (Hatakeyama and Kageyama, 2004).
The main regulation during retinal development is through the Notch receptor
pathway. Upon activation of the Notch receptor via cell-to-cell signalling, the
expression of target genes such as Hes1 are upregulated. These genes are
known as basic helix-loop-helix (bHLH) transcription factors, which control cell
fate specification and can either be repressors or activators. Hes1 is a bHLH
repressor and acts by supressing bHLH activator genes, such as Mash1, and
causing differentiation to be inhibited and a progenitor pool to be maintained.
When Notch is not activated, Hes1 is not expressed and bHLH activators
induce neuronal specific gene expression.
To generate the specific neuronal subtypes found in the retina, it is necessary
for bHLH genes to function together with homeodomain genes. The time and
precise expression of these regulatory genes determines neuronal cell fate. For
example, the homeodomain transcription factor Prox1 expression is known to
change during retinogenesis. When Prox1 is downregulated progenitor cells exit
the cell cycle, reducing progenitor cell proliferation. Expression of this gene is
turned on again specifically during horizontal cell differentiation (Dyer, 2003).
Another pathway which is important during retinal development is the winglesstype MMTV integration site family (Wnt) signalling pathway. Wnt proteins are a
large family of glycoproteins which bind to Frizzled (Fz) family transmembrane
receptors and activate the intracellular protein Disheveled (Dsh), initiating one
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of three different pathways. Wnt and Fz expression patterns during
development reflect different roles. For example, Wnt5a is restricted to the
peripheral neural retina suggesting a role in maintaining multipotent progenitors
(van Raay and Vetter, 2004). Additionally, familial cases of the degenerative
disease vitreoretinopathy have been associated with mutations in the Fz gene
fz-4, indicating that Wnt signalling may be required in the mature retina
(Robitaille et al., 2002).

1.3 Photoreceptor cells
1.3.1 Genesis
The human retina has only one type of rod cell, expressing rhodopsin as its
photopigment, but three types of cones cells. Each type of cone cell expresses
a different opsin photopigment which is sensitive to different regions of the
visual spectrum. S opsin is sensitive to short wavelengths such as blue light, M
opsin is sensitive to medium wavelengths such as green light, and L opsin is
sensitive to long wavelengths such as red light (Swaroop et al., 2010).
Photoreceptors are generated after the multipotent progenitor cell commits to a
photoreceptor precursor cell fate. Next, the immature photoreceptors are
directed towards rod or cone cell fate and begin to express photoreceptor
specific genes. Finally, during terminal differentiation towards functional
photoreceptors, there is axonal growth, synapse formation and photopigment
expression (Swaroop et al., 2010). Rod cell differentiation begins at foetal week
10 when specific markers are first identified but rhodopsin expression is not
seen until week 15 (Hendrickson et al., 2008). Cone cells are born around foetal
week 8 but S opsin appears at around week 11 and M and L opsin appear later
at week 14 (Xiao and Hendrickson, 2000). According to the visual needs of
different species, the amount and distribution of each photoreceptor subtype
varies.
1.3.2 Signalling pathways
The genesis of photoreceptors is tightly regulated by many complex signalling
pathways (Figure 1-2). It is known that the inhibition of Notch signalling
promotes photoreceptor precursor differentiation. In vivo mammalian studies
revealed that inactivation of the Notch receptor in retinal precursor cells
considerably reduces proliferating cells and increases the proportion of
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photoreceptor cells and expression of photoreceptor markers (Yaron et al.,
2006) (Jadhav et al., 2006).
Another key regulator in early photoreceptor differentiation is the homeodomain
transcription factor OTX2. Otx2 is required for photoreceptor cell fate
determination from precursors because in Otx2 conditional knockout mice there
is an absence of photoreceptors (Nishida et al., 2003). After becoming a
photoreceptor precursor, cells must differentiate into rod or cone cells. Otx2 is
also involved in upregulating cone–rod homeobox protein CRX expression. Crx
is a transcription factor acting downstream of Otx2 and is found expressed in
photoreceptor precursors (Koike et al., 2007). Retinal sections from Crx null
mice contained photoreceptors that lacked outer segments and had reduced
rod and cone specific genes. Furthermore, electroretinogram (ERG) assays
showed huge loss of rod and cone activity (Furukawa et al., 1999) indicating
that Crx is important in photoreceptor terminal differentiation but is not specific
for rod or cone cell fate.
Rod cell fate is largely determined by the basic motif–leucine zipper
transcription factor NRL. Nrl and Crx interaction is required for rod specific gene
expression (Pittler et al., 2004). In vivo analysis of Nrl null mice showed
complete ablation of rod cell function by ERG readings under dark adapted
conditions (Mears et al., 2001). There was no expression of rod specific genes
such as rhodopsin (Rho) but significantly increased expression of cone specific
gene S-opsin (Opn1sw) signifying a functional change in photoreceptors. When
Nrl is overexpressed in photoreceptor precursors differentiation is directed
towards rod cells at the expense of cone cells (Oh et al., 2007). A direct
downstream target of NRL is the orphan nuclear receptor NR2E3 which is
required for suppression of cone specific genes, whilst directing rod cell fate
(Oh et al., 2008). Nr2e3 is exclusively expressed in rod photoreceptors in
human foetal retina (O’Brien et al., 2004) as well as the developing mouse and
zebrafish retina (Chen et al., 2005).
Activation of S-opsin cone cell development is controlled by retinoid-related
orphan receptor β (RORβ) acting synergistically with CRX. Rorβ-deficient mice
lack S-opsin in postnatal cone cells suggesting a key role in opsin organisation
in the mature retina (Srinivas et al., 2006). Alternatively, the thyroid hormone
receptor β2 (TRβ2) protein specifically identifies cone cells from initial
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generation to mature M-opsin cones (Ng et al., 2009). Mice lacking TRβ2 show
a selective loss of M-opsin cone cells with all cone cells expressing S-opsin,
indicating that TRβ2 controls M-opsin cone genesis and without its expression
cone cells “default” to S-opsin cone cells (Ng et al., 2001).

Figure 1-2: Rod and cone photoreceptor genesis from multipotent retinal progenitor
cells.
Otx2 is required for cell cycle exit into photoreceptor lineage and Crx+ cells are photoreceptor
precursors. Nrl expression causes rod differentiation, Nr2e3+ cells are rod lineage and Rho
expression is a sign of a mature rod photoreceptor cell. Trβ2 expression is found in M-opsin
cone cells, whereas Rorβ expression is found in S-opsin cone cells. Adapted from (Oh et al.,
2007).
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1.4 Müller glial cells
1.4.1 Development
The development of Müller glial cells is not fully understood and there are
various hypotheses about Müller cell fate determination (Jadhav et al., 2009).
The concept that a single ‘master gene’ acts to regulate Müller glia
differentiation arises from Notch signalling regulating the bHLH repressor gene
Hes1. When Notch1 is constitutively activated in rat retinal explants, 90-95% of
cells express Müller cell markers. When there is forced expression of Hes1 only
Müller cell markers are seen, whilst markers for other retinal cell types are
undetectable (Furukawa et al., 2000). However, as Notch1 is expressed
throughout development and Müller glia are only produced during later stages
of retinogenesis this model appears to be too simple.
It has also been suggested that those cells that do not acquire neuronal cell fate
during development default to a glial cell fate. The homeobox gene Chx10 is
essential for bipolar cell differentiation and misexpression of this gene in retinal
explants increases Müller glial cell production (Hatakeyama et al., 2001,
Burmeister et al., 1996). However, as Chx10 null mice retain Müller glial cells, it
is not simply a case of glial or neuronal cell fate specification; many signals and
factors may be at play.
Cyclin-dependent kinases (CDKs) are important proteins controlling the cell
cycle and CDK inhibitors act to negatively control cell cycle progression. CDK
inhibitor gene expression patterns correlate with retinogenesis, gradually
increasing during development. The CDK inhibitor p27Kip1 is found expressed in
the mammalian retina and p27Kip1 null mice have shown disrupted retinal layers
(Nakayama et al., 1996). In Xenopus, overexpression of p27Kip1 causes a
dramatic increase in Müller glia formation, indicating this as an intrinsic factor
which influences retinal precursor cells into a glial rather than neuronal cell fate
(Ohnuma et al., 1999).
Another factor regulating Müller glia differentiation is the expression of
epidermal growth factor receptor (EGF-R) and its ability to respond to
extracellular signals. By increasing EGF-R in progenitor cells in vitro there were
more Müller glia produced (Lillien, 1995). This demonstrates that levels of
receptor expression influences cell fate by modulating responsiveness to
extracellular signals during retinogenesis. An extracellular signal shown to
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influence Müller glia development is the cytokine ciliary neurotrophic factor
(CNTF). Müller glial cells are the main cells in the retina that respond to CNTF
as CNTF-receptor-α (CNTFRα) expression is mainly localised to Müller glia
(Wen et al., 2012, Rhee and Yang, 2010, Kirsch et al., 1997). CNTF can
promote Müller glia cell differentiation from progenitor cells in vitro in postnatal
mouse retinal explants by i) inducing ‘signal transducers and activators of
transcription’ (Stat) protein phosphorylation and by ii) regulating extracellular
signal-mediated kinase (ERK) phosphorylation (Goureau et al., 2004).
Bhattacharya et al postulated that CNTF-mediated signalling regulates a
developmental switch from neuronal to glial generation in the retina
(Bhattacharya et al., 2008). Using a rat neurosphere assay, retinal progenitor
cells were stimulated to express markers of bipolar cells under low
concentrations of CNTF. At high concentrations of CNTF, Müller specific
markers such as GFAP and vimentin were increased. As well as responding to
CNTF, Müller glia also produce CNTF, creating a feed forward influence during
gliogenesis.
The high-mobility group box transcription factors Sox9 and Sox2 are also
implicated in Müller glial cell fate determination. The Sox family genes are well
established in their importance during development. The expression of Sox9
gradually increases during retinogenesis, beginning in retinal progenitor cells
and at postnatal stages restricting their expression to the INL, specifically by
Müller glial cells but not in retinal neurons (Poche et al., 2008). In the Sox9
mutant mouse postnatal retina, only Müller cell development is affected, by
specific loss of Müller glia markers and not of neurons (Poche et al., 2008).
Furthermore, in vitro downregulation of Sox9 in retinal explants significantly
reduced Müller glial cell population, indicating that Sox9 is important in Müller
cell differentiation (Muto et al., 2009). Sox2 is also known to be expressed in
postnatal and adult mice retina, implicating it in Müller glial cell development
(Surzenko et al., 2013). Sox2 mutant mice retinas have reduced density and
aberrant morphology of Müller glia (Surzenko et al., 2013) and forced
expression of Sox2 in mouse retinal explants increases Müller glial cell number
(Lin et al., 2009). In addition, adult human Müller glial cell lines express Sox2
and silencing of the transcription factor decreases proliferation and increases
apoptosis in vitro, implying that Sox2 is important for adult Müller glia survival
(Bhatia et al., 2011).
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1.4.2 Structure and function
Heinrich Müller first described Müller glial cells in 1851 as “radial fibres” and in
fact they are the most abundant type of radial glial cells that reside in the
sensory retina. The Müller cell soma is located in the INL and its two main
processes extend in opposite directions (Figure 1-3). The outer Müller cell
process projects into the subretinal space, reaching in between the
photoreceptor inner segments using microvilli. The inner process runs towards
the vitreous, expanding at the end forming the endfoot and touching the basal
lamina between the vitreous body and neuroretina, forming the ILM. Both the
processes and the soma have lateral branches that expand into all the layers of
the retina and contact all neuronal cells of this tissue. The soma and processes
of Müller glia are similar in all vertebrate species but the overall morphology
varies due to the needs of each retina, for example, the mammalian retina has a
thick ONL and so the outer processes of the Müller glia are rather long
(Reichenbach and Bringmann, 2010).

ILM
GCL

endfoot

inner process
INL

ONL

soma
outer process

Figure 1-3: Human Müller glial cell.
The soma is in the inner nuclear layer (INL)
and the cell expands through all the layers of
the retina including the outer nuclear layer
(ONL) and the ganglion cell layer (GCL). The
inner process runs towards the vitreous with
the endfoot reaching the inner limiting
membrane (ILM), whilst the outer process
runs towards the subretinal space. Adapted
from (Reichenbach and Bringmann, 2010).

microvilli
The outer process has a large surface-to-volume ratio due to the numerous,
long microvilli that are needed for nutrient and molecule exchange with the
subretinal space. The outer process contains the Golgi complexes,
multivesicular bodies for secretory functions, microtubules for intracellular
transport and densely packed mitochondria. The inner process is where the
majority of the cytoplasmic volume of the cell is contained with bundles of
intermediate filaments (IFs) and densely packed smooth endoplasmic reticulum.
The endfoot membrane is involved in exchange of molecules and biological
signals between Müller cells and the vitreous via specific membrane proteins.
The side branches are important for interacting with neurons of the retina but
have barely any organelles suggesting that neuronal activity may stimulate local
protein synthesis. There are many proteins that are selectively expressed in
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Müller cells and are used as specific markers. These are vimentin, glial fibrillary
acid protein (GFAP), cellular retinaldehyde-binding protein (CRALBP),
glutamate-aspartate transporter (GLAST) and glutamine synthetase amongst
others (Reichenbach and Bringmann, 2010).
Müller glial cells have many important roles, acting in a symbiotic way with the
retinal neurons by providing homeostatic and metabolic support to the retina
(Reichenbach and Bringmann, 2013). Müller cells regulate synaptic activity
through neurotransmitter uptake, such as glutamate via GLAST, which is
responsible for 50% of glutamate transport in the retina (Sarthy et al., 2005).
Glutamate uptake by Müller cells is important to prevent the neurotoxic effects
of glutamate as shown by experimentally blocking glutamate transporters in the
retina causing neuronal degeneration, even when low concentrations of
glutamate were administered (Izumi et al., 2002). Glutamate uptake by Müller
glia is also used to make glutamine via the glia specific enzyme glutamine
synthetase. This glutamine is then transported from the Müller cells into retinal
neurons to be used as precursors for neurotransmitter production (Pow and
Crook, 1996). Furthermore, glutamate can be converted into the antioxidant
glutathione and released from Müller cells to provide protection for the
photoreceptors, which experience high levels of oxidative stress due to light
exposure (Schütte and Werner, 1998).
Müller glia can adapt their morphology either when neurons are activated and
change their cell body and synapse size or when the vitreous shrinks with age
and increases tractional forces onto the Müller cells. This adaptability is due to
the viscoelastic properties of Müller cells, which makes them twice as flexible as
neurons. This can be seen by electron microscopy images of Müller cell somata
indented by smoothly rounded bipolar cell somata (Lu et al., 2006). By
surrounding neurons in this way Müller cells facilitate neuronal plasticity during
development and in the mature retina, as well as offering protection from
mechanical trauma.
Müller glial cells are also important in supporting photoreceptor function and
viability. Müller cells can act as optical fibres. The endfeet cover the entire inner
retinal surface and have a low refractive index, which allows for efficient light
entry which is then guided through the retina, helped by the Müller cell’s funnel
shape and parallel arrangement, to the photoreceptor cells, which improves the
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image seen (Franze et al., 2007). Moreover, Müller glial cells produce
chromophores, the most common in vertebrate retina being 11-cis retinal,
needed by cone cells for the visual cycle, during which bleached pigment is
recycled into new photopigment (Wang and Kefalov, 2011). Conditional ablation
of Müller cells causes photoreceptor damage and apoptosis, as well as
disruption of the retinal histology and function (Shen et al., 2012). Retinal
neurons depend on Müller glia, therefore selectively killing Müller cells leads to
secondary photoreceptor death (Dubois-Dauphin et al., 1999).
In addition, Müller glia are known to be active in the formation and maintenance
of the blood-retina barrier (Tout et al., 1993). For example, Müller glia can
release the glial cell line-derived neurotrophic factor (GDNF) to enhance the
barrier function of endothelial cells in retinal blood vessels (Igarashi et al.,
2000). The blood-retina barrier can also be broken down with the loss of Müller
cells, as shown by increased retinal vascular permeability when Müller cells are
ablated (Shen et al., 2010). Many of these features are found in retinal
degeneration indicating a role of Müller glia dysfunction in retinal disease.

1.5 Müller glia in disease
1.5.1 Protecting the retina
During disease states Müller cells provide protection to retinal neurons by,
among others, taking up excess neurotoxic glutamate and releasing protective
antioxidants (Bringmann et al., 2009). Hypertrophied Müller cells can support
neuronal outgrowths and synaptic remodelling to aid regeneration (Sethi et al.,
2005). Additionally, activated Müller glia release neurotrophic factors, growth
factors and cytokines, which encourage survival of retinal neurons (Bringmann
et al., 2006). Basic fibroblast growth factor (bFGF), brain-derived neurotrophic
factor (BDNF), ciliary neurotrophic factor (CNTF), interleukin 1 (IL-1),
neurotrophin-3 (NT-3), insulin-like growth factor-1 (IGF-1) and glial cell linederived neurotrophic factor (GDNF) are amongst some of the factors known to
rescue photoreceptors in retinal degeneration models (LaVail et al., 1992)
(Frasson et al., 1999). These factors can have direct effects on the neurons by
acting on specific receptors, such as bFGF increasing photoreceptor survival in
vitro by activation of FGF receptors found on photoreceptor cells (Fontaine et
al., 1998). However, in vivo studies have shown that intravitreal injection of
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neurotrophins cause activation of intracellular signalling pathways in Müller cells
but not in photoreceptors (Wahlin et al., 2000).
Neurotrophins act on two different receptors to control neuronal survival, Trk
receptor tyrosine kinases (TrkA, TrkB, TrkC) and p75 neurotrophin receptor
(p75NTR), which are both upregulated in Müller glia during photoreceptor
degeneration (Harada et al., 2000). Binding of neurotrophins to Trk receptor
initiates cell survival and differentiation signals whereas p75NTR binding
activates cell death signals (Casaccia-Bonnefil et al., 1999). Specifically,
inhibiting Trk receptor in vivo decreased production of bFGF and subsequently
increased cell death in the retina, while inhibiting p75NTR increased retinal bFGF
and decreased cell apoptosis (Harada et al., 2000). Likewise, in vitro production
and secretion of bFGF by Müller cells was increased by p75NTR inhibition and
decreased by Trk inhibition (Harada et al., 2000). This suggests that
neurotrophins that are released from Müller glia themselves can act in an
autocrine manner to further increase neurotrophin release from Müller glia.
Müller glia activation by neurotrophic factors also causes release of pro-survival
factors that enhance neuronal survival during retinal degeneration.
1.5.2 Gliosis and retinal degeneration
Activation of glial cells in the central nervous system (CNS) is known as reactive
gliosis. Gliosis is not a simple response but is seen as a spectrum of
characteristic changes which range from reversible alterations in gene
expression, cell morphology and biochemical and physiological properties, to
permanent tissue reorganisation (Reichenbach and Bringmann, 2010,
Sofroniew, 2015b). Müller glial cells become activated during all pathological
stimuli (Bringmann and Reichenbach, 2001) and gliosis is characterised by
three unspecific responses, which are independent of the type of stimuli: cellular
hypertrophy, proliferation (Fisher et al., 1991) and increase in the intermediate
filaments (IFs) nestin, vimentin and GFAP (Reichenbach and Bringmann, 2010).
As a first response, acute gliosis is a beneficial reaction in disease. Gliosis
initially acts to limit further damage, restrict inflammation and provide
neuroprotection. However, chronic gliosis is detrimental, causing direct or
indirect harm to retinal neurons and inhibiting repair. Reactive gliosis is
prominent in degenerative diseases such glaucoma, AMD and diabetic
retinopathy (Wu et al., 2003, Rungger-Brandle et al., 2000, Graf et al., 1993).
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This destructive gliosis often occurs due to expression of the acute-phase
proteins at high concentrations for prolonged periods (Coorey et al., 2012).
Müller cells attempt to limit damage to the retina but in doing so can actually
hinder repair (Bringmann et al., 2009). After in vivo retinal detachment followed
by reattachment, which mimics human conditions where surgical reattachment
is used, attempts at photoreceptor regeneration varies widely between adjacent
areas of the same retina and recovery is always poor in areas beneath gliotic
regions (Anderson et al., 1986). Therefore, gliosis is associated with both
protective and degenerative properties and it is important to define which
components are detrimental to neuronal survival.
Müller cell gliosis leads to cellular alterations which can contribute to
neurodegeneration and the more severe the damage to the retina the higher the
degree of these alterations. During early stages of gliosis, any normal
supportive functions of Müller cells are impaired and neurons are more
vulnerable to pathological stimuli. For example, after photoreceptor
degeneration Müller cells reduce glutamine synthetase and subsequently there
is a decrease in glutamate uptake and thus neurons are exposed to glutamate
toxicity (Lieth et al., 1998). In addition, reactive Müller cells can have direct or
indirect cytotoxic effects. In stressed conditions Müller glia produce proinflammatory cytokines such as tumour necrosis factor-α (TNF-α) and excessive
nitric oxide synthase (NOS), which can directly cause apoptosis of retinal
neurons (Tezel and Wax, 2000). In vivo damage to Müller glia causes
upregulation of GFAP and cell proliferation leading to disorganisation of retinal
layers and increase in invading inflammatory cells (Byrne et al., 2013). The
increased release of chemokines such as monocyte chemoattractant protein 1
(MCP-1) by Müller glia indirectly causes photoreceptor apoptosis by attracting
and increasing the number of macrophages and microglia in the retina
(Nakazawa et al., 2007a, Nakazawa et al., 2006a). However, Müller glia are one
but not the only source of elevated expression of inflammatory and immune
related cytokines in the retina during injury, as local immune responsive cells
can also contribute to Müller cell activation (Hollborn et al., 2008). It has also
been suggested that Müller cells with a high degree of gliosis can induce gliotic
changes in neighbouring cells and therefore gliosis spreads. Consequently,
degeneration of initially unharmed retinal tissue occurs (Francke et al., 2005).
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1.5.3 The glial scar
Reactive Müller cells form a glial scar, which is new fibrotic-like tissue
generated in place of degenerated photoreceptors, neurons, RPE cells and
blood vessels (Reichenbach and Bringmann, 2010). The glial scar is formed as
reactive Müller glial cells proliferate and migrate through the ONL to the
subretinal space (Burke and Smith, 1981, Fan et al., 1996, Lewis and Fisher,
2000). Hypertrophied Müller cell cytoplasmic processes accumulate around the
cell bodies and inner segments of degenerated photoreceptors, which
completely inhibits the ability of photoreceptor cells to regenerate their outer
segments (Lewis and Fisher, 2000). Moreover, these processes also fill the
gaps between the photoreceptors’ retracted and degenerated synapses and
other interneurons, preventing any reconnections from being established
(Erickson et al., 1983). The proliferating Müller cells, which have highly
increased IF content, form a fibrotic sheet of multiple layers of cell bodies and
processes in the subretinal space (Erickson et al., 1983). In addition, gliotic
Müller cells exhibit increased stiffness which correlates with increased density
of IFs (Lu et al., 2011). The stiff Müller glial cells create a physical barrier, aided
by the production of extracellular matrix proteins, which obstruct neuron
regeneration. This has been suggested because neurite branching is directly
affected by the biomechanical properties of their surrounding environment as
they can grow more branches on softer substrates (Flanagan et al., 2002).
This all leads to the assumption that controlling Müller cell gliosis and glial
scarring may be therapeutically beneficial (Fisher and Lewis, 2003). However,
in the CNS astrogliosis and scar formation serves as a functional barrier to
neurotoxic inflammation (Sofroniew, 2015b). In this way, astrocytes can
regulate CNS inflammation which can affect outcome after neurodegenerative
disease (Sofroniew, 2015a). In vivo knockout of scar forming astrocytes in
spinal cord injury models lead to increased infiltration of leukocytes, increased
neuronal loss and impaired recovery in the CNS (Faulkner et al., 2004).
Although inflammatory responses are beneficial during injury to restore tissue
homeostasis, uncontrolled inflammation in the retina is detrimental and can
worsen disease (Xu et al., 2009). Therefore, the glial scar can actually protect
the retina from invading inflammatory cells. Consequently, understanding the
basic and fundamental physiology of the Müller glial cell under normal and
disease conditions is essential.
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1.6 Inflammatory cytokines involved in gliosis
The retina is considered to be an immune privileged site and is therefore very
sensitive to inflammation. The inflammatory immune response causes nonspecific tissue destruction, leading to gliosis and consequently to retinal
neurodegeneration. Inflammatory cytokines, such as IL-6 and TNF-α have been
found elevated in the vitreous from patients with diabetic retinopathy (Franks et
al., 1992, Limb et al., 1996) as well as in cells invading the retina during
proliferative vitreoretinopathy (PVR) (Limb et al., 1994b, Limb et al., 1994a).
PVR is considered an undesired wound healing response to retinal detachment
caused by upregulation of inflammatory factors such as TNF-α, IL-6, VEGF and
TGF-β amongst others (Eastlake et al., 2016). TGF-β has been thought to play
a key role in PVR because treatment with a TGF-β inhibitor can prevent
epiretinal membrane formation in an in vivo rabbit model of PVR (Nassar et al.,
2014). There is also evidence of altered cytokine production and inflammation in
AMD (Muether et al., 2013) whilst in glaucoma there is upregulation of proteins
involved in the innate immune response which lead to cytokine production and
inflammation (Luo et al., 2010) (Yang et al., 2011). Additionally, increased levels
of TNF-α and IL-6 in the aqueous humor of patients with glaucoma, correlate to
the severity of visual field loss (Ghanem AA, 2010). In a mouse model of
glaucoma causing raised intraocular pressure (IOP) and ageing, significantly
increased IL-6 production is observed in the whole retina, although IL-6 receptor
expression is only increased in retinal ganglion cells (RGC) (Sims et al., 2012).
Elevated levels of all three TGF-β isoforms have also been observed in the
aqueous humor of patients with glaucoma (Prendes et al., 2013) and TGF-β2 is
increased in human optic nerve heads with glaucoma and in samples of gliotic
retina (Pena et al., 1999b, Eastlake et al., 2016). When the TGF-β1 gene is
overexpressed in the anterior segment of the rat eye, IOP is raised as a result
of altered trabecular meshwork morphology, leading to glaucoma (Robertson et
al., 2010). This suggests that TGF-β contributes to the clinical damage seen in
the optic nerve in glaucoma.
Studies have shown that many cell types in the retina are involved in mediating
the inflammatory response, both producing and reacting to inflammatory
cytokines including the retinal pigment epithelium (RPE), microglia and Müller
glia (Holtkamp et al., 2001, Langmann, 2007, Bringmann et al., 2006). The
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response of Müller glial cells to inflammatory cytokines plays a major role in
reactive gliosis in the human retina during disease. Human Müller glial cells
have been shown to produce IL-6 (Yoshida et al., 2001) and in retinal
degeneration and injury models, CNTF, a member of the IL-6 family of
cytokines, is markedly upregulated in the retina, localised to the Müller glia
(Wen et al., 1995, Walsh et al., 2001). This increase in CNTF also correlated to
increase in the glial marker GFAP, suggesting a role of CNTF in reactive gliosis.
When CNTF is injected into mouse eyes, Müller glial cells show increased
expression of genes associated with immune and inflammatory responses (Xue
et al., 2011). Müller cells exposed to CNTF also increased production of
cytokines such as TNF-α and TGF-β, suggesting a role of Müller glia in creating
a destructive inflammatory environment in the retina.
Human Müller glial cells express all Toll-like receptors (TLRs), which are pattern
recognition receptors able to recognise microbial-associated molecular patterns
(MAMPs) from pathogens. Müller glia are activated by TLR ligands and
bacterium challenge and downstream signalling results in production of proinflammatory cytokines IL-8, IL-6 and TNF-α (Kumar and Shamsuddin, 2012).
Pro-inflammatory cytokines have chemotactic activities, specialising in recruiting
leukocytes to the damaged area; TNF-α upregulates endothelial adhesion
molecules facilitating leukocyte migration into the tissue, initiating the
inflammatory cascade and causing tissue damage (Dinarello, 2000). This is
further evidence of Müller glia as a source of cytokines and involvement in the
immune response, contributing to the aetiology of retinal pathologies (Kumar et
al., 2013).
As well as causing damage, these inflammatory cytokines may create an
environment which could potentially prevent regeneration of the retina. In the
zebrafish retina, which spontaneously regenerates after damage by harnessing
the stem cell properties of Müller glial cells, TGF-β signalling needs to be
regulated. When the TGF-β corepressors Tgif1 and Six3b are knocked down in
zebrafish, Müller glia proliferate less and cone photoreceptor regeneration is
decreased (Lenkowski et al., 2013). TGF-β can significantly reduce the
proliferation rate of isolated human Müller glial cells in vitro, implying that this
cytokine could be preventing regeneration (Romo et al., 2011).
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Interestingly, cytokines have also been implicated in tissue regeneration. It has
been demonstrated that IL-6 plays an important role in regenerative proliferation
of liver hepatocytes and intestinal epithelial cells in mice (Scheller et al., 2011).
CNTF is also known to influence retinal regeneration. Injection of CNTF into the
zebrafish retina induces Müller glia proliferation and is sufficient to generate
neuronal progenitors from Müller glial cells (Kassen et al., 2009). As well as
inducing regeneration, CNTF is a neuroprotective factor in the retina. In lightdamaged zebrafish retina, injection of CNTF can prevent photoreceptor cell
death by activation of the MAPK signalling pathway (Kassen et al., 2009). In a
mouse photoreceptor degeneration model, lentiviral-mediated expression of
CNTF prevented photoreceptor cell death, inhibiting degeneration and
improving morphology (Rhee et al., 2013). This suggests a complex role for
inflammatory cytokines in retinal gliosis and regeneration.

1.7 Role of intermediate filaments in Müller cell gliosis
Glial cells have abundant amounts of two class III intermediate filament (IF)
proteins, GFAP and vimentin, which are both structural constituents of the
cellular cytoskeleton. These proteins can form homopolymer filaments or can
occur as heteropolymers with each other. Because these proteins are
associated with each other it has proven difficult to distinguish and clarify the
exact biological function of each in the mammalian retina (Sarthy, 2007). Under
normal conditions Müller glia mainly contain vimentin but very low levels of
GFAP or none at all, however in the degenerating retina there is an increase in
both GFAP and vimentin expression (Okada et al., 1990).
The upregulation of GFAP has become the universal marker of retinal stress
and Müller cell gliosis because it is an early and highly sensitive indicator in a
variety of retinal injury models and diseases (Figure 1-4) (Dahl, 1979,
Bringmann and Reichenbach, 2001, Smith et al., 1997). GFAP increase is due
to transcriptional activation of the gene specifically within Müller cells (Sarthy
and Fu, 1989) and begins as early as 2 hours after retinal stress such as
elevated intraocular pressure in experimental glaucoma (Xue et al., 2006).
GFAP is normally seen in Müller cell bodies but after photoreceptor
degeneration is found across the entire retina as Müller cells expand and
proliferate and in particular, GFAP accumulates in distal processes and the
endfoot region (Sarthy and Egal, 1995).
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Figure 1-4: Immunocytochemical staining for GFAP (green) of normal human retina from
a healthy eye and diseased retina from a patient with proliferative vitreoretinopathy.
After injury GFAP is upregulated whilst the INL and ONL layers become thinner.
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1.7.1 Upregulation of intermediate filament is crucial for the gliotic
response
Without IFs glial cells do not form normal scars after CNS injury, as observed in
GFAP or/and vimentin null mice. Interestingly, GFAP-/- or vimentin-/- mice have
completely normal scar formation after spinal cord or brain injury but GFAP-/vimentin-/- mice have defective glial scars (Pekny et al., 1999). The scar in
these animals is less dense, contains more cellular debris and has fissures
throughout, which leads to impaired wound healing and disrupted astrocytic
function. After CNS injury astrocytes lacking GFAP and vimentin have altered
morphology and the characteristic hypertrophy is abolished. Reduced astrocyte
hypertrophy in GFAP-/-vimentin-/- mice resulted in a greater loss of neuronal
synapses, indicating an important function of IFs in acute phases after injury.
However, a few days after injury, neuronal synapses were restored in the
GFAP-/-vimentin-/- mice and there was better regeneration compared to wildtype mice, implicating reactive astrocytes as inhibitors of neuroregeneration
(Wilhelmsson et al., 2004). This suggests that there may be a fine balance
between IFs role in scarring and regeneration.
In the retinas of GFAP-/-vimentin-/- mice Müller glia have impaired homeostatic
function (Wunderlich et al., 2015). After retinal detachment, Müller glia of GFAP/-vimentin-/- mice have altered morphology with irregular lateral protrusions and
their endfeet become broken away from the rest of the retina (Verardo et al.,
2008). These Müller glial cells are less able to withstand mechanical stress of
the retina, suggesting an important role for IFs during gliosis. Reactive gliosis is
supressed in these Müller glial cells as indicated by reduced signalling pathway
activation and chemokine MCP-1 expression (Nakazawa et al., 2007b). These
mutant mice have less monocyte recruitment after retinal detachment and
reduced photoreceptor cell apoptosis. This strongly suggests that GFAP and
vimentin are critical for the reactive Müller glia response to injury and scar
formation.

1.8 Endogenous regeneration of the neural retina
Endogenous regeneration refers to the ability to renew tissue and restore
function by growing new and healthy cells to replace those lost after
degeneration caused by injury or disease. Regeneration is possible in the CNS
and the retina of lower vertebrate species and is well characterised in teleost
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fish such as the zebrafish. On the other hand, endogenous regeneration in the
human retina is non-existent and a scar is formed with loss of tissue function
instead of regenerating. However, recent studies, which will be discussed
below, have shown that although limited, there is potential for retinal
regeneration through Müller glia and this could be exploited to treat human eye
diseases. Regeneration of the retina by Müller glia derived progenitors would
require neural dedifferentiation and proliferation of these cells, followed by
migration into all the retinal layers. In addition, these new neurons should
display functional properties (Gallina et al., 2014). Therefore, understanding the
regenerative abilities of different species and the inability of humans to
regenerate is necessary for the future of retinal regenerative medicine.

1.9 Endogenous regeneration in zebrafish
1.9.1.1 Müller glia as the source of retinal progenitors
It is known that following surgical excision, chemical induced damage or light
induced damage in the adult zebrafish retina there is retinal regeneration as
cells proliferate and produce a variety of retinal neurons (Brown and Regillo,
2007). Lineage tracing studies have identified Müller glia as the source of
progenitor cells needed for retinal regeneration in this species. The first study
used transgenic zebrafish that labelled Müller glia with green fluorescent protein
(GFP) and found that after stab injury these cells divide and proliferate as seen
by bromodeoxyuridine (BrdU) incorporation (Fausett and Goldman, 2006).
These Müller glial cells became injury-induced retinal progenitors and
expressed the multipotent progenitor marker Pax6 (paired box gene 6). The
recently dividing cells derived from Müller glia could migrate to all nuclear cell
layers and begin expressing markers for retinal neurons starting with ganglion
cells, then photoreceptors, amacrine, bipolar and Müller cells. However, as
there were still 6% of BrdU labelled cells that were not Müller glia there is the
possibility that there are other stem cells contributing to regeneration.
Similarly, a second study used transgenic zebrafish with a glial-specific
promoter for GFAP to drive GFP expression in differentiated Müller glia. After
specific retinal injury inducing photoreceptor cell death, Müller glial cells were
activated as GFAP expression increased. Müller cells then proliferated and
initially expressed Pax6. After downregulating Pax6, the photoreceptor marker
Crx was expressed, suggesting that these injury-induced progenitors take on a
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photoreceptor lineage to replace the damaged cells (Bernardos et al., 2007).
Also, because photoreceptors do not normally express GFAP but these cells
did, this indicates that the cells inherited the proteins from the Müller glia. Even
though the injury-induced Müller glia are dedifferentiating they still express
specific Müller markers indicating that they can still maintain glia characteristics
(Lenkowski and Raymond, 2014). However, the third experiment damaged the
retinal ganglion cells, which caused transgenic GFP labelled Müller glia to
downregulate GFAP and not exhibit reactive gliosis. This suggested that
increased GFAP expression in Müller glia before their proliferation is not
essential to re-enter the cell cycle (Fimbel et al., 2007).
1.9.2 Müller glia sense injury in the zebrafish
Müller glia undergo reprogramming in response to a variety of insults in order to
regenerate the retinal neurons and there are a number of ways that injured cells
communicate with Müller glia to relay this information (Goldman, 2014). This
includes secretion of signalling molecules from the damaged cells, Müller glia or
infiltrating microglia. The expression of TNF-α is increased in the damaged
retina, which is caused by initial increased secretion from dying photoreceptors
and then by Müller glia when proliferation begins. This TNF-α secretion by dying
cells is required to induce Müller glia to re-enter the cell cycle and is necessary
for maximal proliferation of Müller glia, whereas TNF-α secretion by Müller glia
themselves is needed to amplify the number of proliferating Müller glia (Nelson
et al., 2013). However, TNF-α knockdown does not completely stop
regeneration as tnf-α mutants still regenerated photoreceptors, albeit at a much
slower rate. This could be due to other cells releasing TNF-α or an alternative
delayed signal. Another secreted factor which affects Müller glia during injury is
heparin-binding epidermal-like growth factor (HB-EGF). HB-EGF works in an
autocrine manner as it is released by Müller glia and induces Müller glia to
dedifferentiate into multipotent progenitors and stimulates proliferation (Wan et
al., 2012).
Likewise, the IL-6 family of cytokines can potentially act in an autocrine and
paracrine way because cytokine expression is usually increased in response to
injury and numerous IL-6 family member genes are upregulated in injuryinduced Müller glia-derived progenitors. Knocking down the IL-6 receptor signal
transduction component Gp130, prevented expression of injury-induced ascl1a
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(achaete-scute complex-like 1a) and reduced proliferation of Müller glia (Zhao
et al., 2014). Ascl1a is a transcription factor vital for inducing Müller glia to
actively divide into retinal progenitors during regeneration (Fausett et al., 2008).
This suggests that Müller glia respond to the IL-6 family of cytokines, which can
mediate reprogramming and proliferation.
An additional mechanism that may activate Müller glia following injury is
phagocytosis of apoptotic photoreceptor cell debris. Indeed, inhibition of
phagocytosis reduced the number of proliferating Müller glia and although there
was regeneration, the number of cone photoreceptor cells was significantly
reduced (Bailey et al., 2010). It is also thought that altered contact between
Müller glia and damaged neighbouring cells may alter signalling by Notch,
which works via cell-to-cell contact (Goldman, 2014). However, this has not
been yet tested
1.9.2.1 Activation of signalling pathways in Müller glia from the zebrafish
There are many signalling cascades and pathways involved in retinal
regeneration in the zebrafish. These signalling pathways alter gene expression
needed for Müller glia cell reprogramming. Reprogramming is when the Müller
glia genome acquires retinal stem cell properties in order to produce a
proliferating population of progenitor cells.
HB-EGF mediates Müller glia dedifferentiation through activation of the MAPKERK signalling pathway by acting on the EGF-R (Wan et al., 2012). Knockdown
of HB-EGF prevents gene expression of Pax6 and Ascl1a, indicating that HBEGF acts upstream of Ascl1a and Pax6. Similarly, increased TNF-α signalling is
also required for the injury-induced expression of Ascl1a and Stat3 (Nelson et
al., 2013). Stat3 expression is activated by Ascl1 and is only required for
proliferation by a subset of Müller glia (Nelson et al., 2012).
Another signalling cascade crucial for Müller glia reprograming is the canonical
Wnt pathway. There is induction and suppression of a number of Wnt pathway
genes in injury-induce Müller glia-derived progenitor cells (Ramachandran et al.,
2011). The expression of dkk1b, which is a Wnt signalling antagonist, declines
after injury, whereas ascl1a expression increases in a mutually exclusive
fashion. Therefore, ascl1a can suppress dkk expression, which allows activation
of Wnt signalling. Further evidence that there is activation of Wnt signalling in
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the injured retina comes from increased expression of nuclear β-catenin, which
is only translocated to the nucleus when the Wnt signalling pathway is
activated. β-catenin is a protein that, once in the nucleus, acts as a coactivator
of transcription factors of the T cell factor (Tcf) and lymphoid enhancer-binding
factor (Lef) family members. Therefore, injury-induced stabilisation of β-catenin
is necessary for progenitor proliferation and retinal regeneration
(Ramachandran et al., 2011). Moreover, inhibiting Wnt signalling prevents
Müller glia re-entering the cell cycle following photoreceptor loss (Meyers et al.,
2012).
An alternative pathway that can be activated to induce Müller cell
reprogramming is the Jak/Stat (Janus kinase-Signal transducer and activator of
transcription) signalling. Injecting CNTF, a member of the IL-6 family of
cytokines, into undamaged zebrafish retina can promote Müller glia proliferation
and generation of progenitor cells (Kassen et al., 2009) but requires Stat3
expression. Indeed, Stat3 expression is increased in all Müller glia after injury
and knockdown of Stat3 produces fewer proliferating Müller glia (Kassen et al.,
2007). Moreover, Zhao et al were able to locate activated Stat3 in the Müller
glia-derived progenitors at the site of injury and inhibition of Jak/Stat signalling
suppressed progenitor formation (Zhao et al., 2014). Furthermore, Jak/Stat
inhibition prevented injury-induced expression of ascl1a as two Stat3 binding
sites were identified in the ascl1a promoter. Therefore, Jak/Stat3 signalling is
required for Müller glia gene expression reprogramming and re-entry into the
cell cycle.
1.9.2.2 Factors antagonising Müller glia proliferative response in the
zebrafish
As well as factors that stimulate Müller glia reprogramming there are factors that
promote cell differentiation and quiescence during retinal regeneration. TGF-β
and its signalling pathway are one of these factors because expression of the
TGF-β corepressors Tgif1 and Six3b is upregulated in Müller glia-derived
progenitors following retina injury (Lenkowski et al., 2013). The tgif1-/- zebrafish
have a normal number of Müller glial cells but higher expression of GFAP in
these cells suggesting that they are in a state of gliosis. After photoreceptor
destruction there is significantly decreased proliferating Müller glia-derived
progenitors and photoreceptor regeneration in tgif1-/-;six3b-/- fish. This
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suggests that regulation of TGF-β through the inhibitors Tgif1 and Six3b is
needed for retinal regeneration. Moreover, during regeneration in tgif1-/- fish,
there are significantly higher levels of Smad2/3 target genes, such as ascl1a,
indicating that in normal zebrafish retina Tgif1 acts by downregulating Smad2/3mediated TGF-β signalling in response to injury in order for Müller glia to
proliferate and form progenitors.
Unlike the TGF-β inhibitory pathway, which is downregulated after injury, the
inhibitory Notch pathway is activated as Notch signalling components and target
genes are upregulated after injury (Raymond et al., 2006). This Notch activity
has been demonstrated to be targeted to Müller glia-derived progenitor cells at
the site of injury (Wan et al., 2012). Inhibition of Notch signalling significantly
increased the number of dedifferentiating and proliferating progenitors and
expanded the area that these cells covered in the injured retina, whereas
overexpression of Notch signalling reduced the number of proliferating cells.
Additionally, injury-induced expression of ascl1a was stimulated by Notch
inhibition whilst overexpression of Notch signalling supressed ascl1a
expression. Interestingly, Notch inhibition in the uninjured retina does not cause
proliferation or dedifferentiation of Müller glia which indicates that Notch is
activated by an injury-induced signalling pathway to ensure the number of
Müller glia recruited is appropriate to the severity of the injury.

1.10 Partial retinal regeneration in the postnatal chick
The postnatal chick retina is capable of regeneration after retinal injury by
proliferation of Müller glia, however adult birds do not respond to injury.
Following chemical induced damage by N-methyl-D-aspartate (NMDA), which
selectively kills amacrine and bipolar cells in the retina, Müller glia re-enter the
cell cycle and proliferate into retinal progenitor cells expressing Pax6 and
Chx10 (Fischer and Reh, 2001). In vivo a small number of these cells
differentiate into retinal neurons expressing markers for amacrine and bipolar
cells but not photoreceptor cells or ganglion cells. Similarly, when retinas are
treated with kainite or colchicine, which destroys ganglion cells, new cells
proliferated and differentiated specifically into ganglion cells (Fischer and Reh,
2002). This suggests that, like the fish, Müller glia are the source of retinal
progenitor cells required for regeneration in the chicken and the regeneration of
the certain cell type depends on which cells have been injured. However, even
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though some retinal progenitor cells differentiate into neurons or Müller glia that
express glutamine synthetase, the majority remain as undifferentiated
progenitors. This implies that potentially the progenitor cells lack intrinsic factors
required for differentiation or/and that the mature retinal environment lacks the
appropriate signals needed for differentiation of the progenitors (Fischer, 2005).
To investigate the signals needed for Müller glia reprogramming Fischer et al
(2002) injected growth factors into postnatal chick eyes. They found that a
combination of insulin and FGF-2 at a sustained dose induced a wave of
proliferating Müller glia starting from the peripheral of the retina towards the
central regions, in a time dependent manner (Fischer et al., 2002). These
proliferating Müller cells gave rise to progenitor cells expressing Pax6 and
Chx10, but only a few cells (~4%) went on to express neuronal markers and
some (~24%) formed new Müller glia, whilst most of the cells remained in the
progenitor-like state. There were no molecular differences in the Müller glia to
account for the differences in their ability to proliferate but it has been noted that
those Müller glia with increased expression of GFAP after injury do not re-enter
the cell cycle, whilst those that do not increase GFAP take up BrdU (Fischer
and Reh, 2003).
The Mitogen-activated protein kinase (MAPK) signalling pathway is involved in
chick retina regeneration because insulin and FGF bind to receptor tyrosine
kinases which activate the MAPK-pathway. After NMDA induced retinal
damage, phosphorylated ERK1/2 (pERK1/2) and phospho-CyclicAMP
Response Element Binding-protein (pCREB), which are phosphorylated due to
signalling activation, significantly increase in proliferating Müller glia. In addition,
gene expression of Egr1 is enhanced, which is downstream of MAPK signalling
(Fischer et al., 2009). Inhibition of MAPK-signalling and blocking FGF receptor
causes suppression of Müller glia proliferation after injury and reduces
expression of pERK, pCREB and Erg1. This indicates that MAPK-signalling is
required for Müller glia-derived progenitor proliferation, which acts through
activation of both FGF receptor and ERK1/2-pathway.
Similar to regeneration in the fish, some components of the Notch signalling
pathway (Notch1 and Hes 5) are upregulated in proliferating Müller glia
following retinal injury in the postnatal chick. The inhibition of Notch signalling at
day 2 after NMDA treatment by DAPT, which is an inhibitor of γ-secretase,
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supressed the upregulation of Notch1 and Hes5 and decreased the number of
proliferating cells (Hayes et al., 2007). This suggests that Notch signalling is
necessary for Müller glia to re-enter the cell cycle and early inhibition of Notch
prevents Müller glia dedifferentiation and progenitor formation. However,
treatment with DAPT at day 4 post injury caused an increase in newly
generated neurons. This indicates that blocking Notch signalling after Müller glia
have generated progenitors causes neuronal differentiation. However, these
neurons do not persist in the retina. These observations propose two phases of
Notch signalling; an initial increased expression leading to dedifferentiation of
Müller glia into progenitor cells and sustained Notch activity inhibiting
differentiation of these progenitors into neurons which impedes regeneration of
the retina (Hayes et al., 2007).

1.11 Limited regeneration of the mammalian retina
1.11.1 Rodent retinal regeneration
It was believed that the mammalian retina did not contain retinal stem cells and
thus did not have the ability to regenerate following injury. However, pigmented
cells from the ciliary margin of the adult rodent retina were shown to proliferate
into a neurosphere colony, indicating that these cells have the capacity to selfrenew (Tropepe et al., 2000). Although the frequency of neurosphere forming
cells was very rare (~0.2%) in this study, the cells did express Chx10 and
nestin, which are markers of retinal progenitor cells. Additionally, in vitro
culturing of these sphere colonies with certain exogenous growth factors
induced them to express retinal neuronal markers, indicating that these cells are
multipotent (Ballios et al., 2012). However, furthering of these studies towards
translational medicine have not been yet repeated despite these cells having
been identified about 18 years ago.
Similar to the zebrafish and chick, reactive Müller glia increase expression of
GFAP after injury in the rodent retina, indicating a gliotic response (Xue et al.,
2006). Additionally, there is increased expression of nestin, which is an
intermediate filament initially found to be expressed in dividing cells during
development in the CNS and so has been used as a marker of neural stem cells
(Lendahl et al., 1990). There is also significantly increased expression of nestin
by Müller glia during retinal injury, induced by both chemicals and high
intraocular pressure (Xue et al., 2006, Chang et al., 2007). Therefore, the
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expression of nestin by reactive Müller cells in the mature rodent retina
suggests a dedifferentiation potential of the cells towards becoming neurogenic
progenitor cells and an attempt at regeneration (Chang et al., 2007).
Indeed, in vivo the Müller glial cells in the rodent retina are endogenous
progenitors, much like in the zebrafish and chick. Following NMDA injection
Müller glia proliferate and can differentiate into neurons because a small
proportion of cells incorporating BrdU expressed specific markers for bipolar
cells and rod photoreceptors (Ooto et al., 2004). Injection of exogenous growth
factors, such as retinoic acid, EGF and FGF plus insulin, at the same time as
injury induces differentiation into retinal neurons more effectively, indicating that
the mammalian retina has the potential for regeneration but unknown extrinsic
cues partially control this (Ooto et al., 2004, Karl et al., 2008).
In vitro culturing of rodent Müller glial cells with exogenous growth factors, such
as FGF-2, induces proliferation of neurospheres and expression of neural stem
cell markers Notch1, Sox2 and nestin (Das et al., 2006). These primary
neurospheres are self-renewing as they could produce secondary neurospheres
with multipotent ability as they expressed neuronal and glial markers. Moreover,
when these proliferating Müller glial cells were co-cultured with embryonic chick
retinal cells, which have retinal ganglion cell inducing activity, or rat retinal cells,
which can induce later born retinal neurons, they were able to differentiate into
retinal ganglion cells and bipolar and rod photoreceptor cells, respectively.
One of the factors that Müller glial cells use to proliferate in the rodent retina is
the Notch signalling pathway. After NMDA injury and EGF injection to induce
proliferation of Müller glia, gene expression of Notch1, and one of its ligands,
Delta1, are significantly upregulated in the mouse retina (Karl et al., 2008).
There is also increased expression of Notch and Wnt pathway genes in
neurotoxin-injured rodent retinas (Das et al., 2006). In mouse retinal explants,
Notch activation increased the number of proliferating Müller glial cells
expressing neural progenitor markers (Del Debbio et al., 2010). When Wnt2b,
which induces Wnt signalling, was injected with neurotoxins there were more
proliferating Müller glia, and when Notch signalling was inhibited by DAPT there
was a decrease in Pax6 and Sox2 expression (Das et al., 2006). Similarly,
when injured retinal explants were cultured with Wnt3a there was increased
proliferation of Müller glia as well as the number of retinal progenitors derived
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from Müller glia (Osakada et al., 2007). This suggests that Wnt and Notch
signalling are involved in injury-induced activation of the stem cell properties of
Müller glia ex vivo and in vivo.
Another signalling pathway that mammalian Müller glia may utilise that the bird
and fish do not is the Sonic hedgehog (Shh) pathway. Shh is a signalling
molecule that regulates progenitor cell proliferation in the adult CNS (Machold
et al., 2003) and in vitro can induce the proliferation of retinal progenitor cells
(Levine et al., 1997). Treating Müller glia in vitro with Shh significantly increases
proliferation, and inhibition of Shh by cyclopamine reduces Müller glia
proliferation (Wan et al., 2007). Additionally, culture with exogenous Shh
induced expression of Pax6, Sox2 and nestin, indicating that Müller glia
differentiate into progenitor cells. After further days in culture without Shh, these
cells expressed Nrl, Crx and rhodopsin, which are found in rod photoreceptors,
suggesting Müller glia-derived progenitors have neurogenic potential. In vivo,
after chemical induced injury, Shh injection can stimulate Müller glia to
proliferate and form retinal progenitor cells but only a few Müller glia-derived
cells expressed markers for rhodopsin but no other neuronal markers.
Therefore, Müller glial cells have the possible ability to act as stem cells in the
mammalian retina, which is enhanced by Shh.
It has also been proposed that regeneration in mammals is age dependent
because in mouse retinal explants post damage and mitogen stimulation, Müller
glial cell cycle re-entry and proliferation significantly declined with increasing
mouse age (Löffler et al., 2015). It could be that regeneration is more likely
when Müller glia are young in the developmental progenitor stage and that
reactive gliosis in adult mammals may be a mis-regulated or incomplete
regenerative program.
1.11.2 Human retinal regeneration
In the human foetal retina, neural progenitor cells express nestin along with
CRALBP, suggesting that Müller glia and progenitor cells are the same class
during development (Walcott and Provis, 2003). In the adult human eye,
expression of nestin is co-localised with the Müller glia markers vimentin,
CRALBP and GFAP mainly in the anterior neural retina and not the ciliary
margin like the neural stem cells found in other species (Bhatia et al., 2009). A
small subpopulation of these Müller glial cells expressing nestin also expressed
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Chx10 and Sox2, indicating that there are Müller glial cells that express neural
progenitor markers in situ. These cells can be isolated from human neural retina
and become spontaneously immortalised. A cell line derived from the adult
human retina and named Moorfields/Institute of Ophthalmology–Müller 1 (MIOM1) has been thoroughly characterised (Limb et al., 2002). In the presence of
foetal calf serum (FCS) these cells can grow to a confluent monolayer in vitro
and exhibit a characteristic Müller cell morphology. This cell line is
morphologically identical to a primary Müller cell culture, as characterised by
scanning and transmission electron microscopy and expression of Müller glial
cell markers vimentin, CRALBP and glutamine synthetase (Limb et al., 2002).
Because these cells became spontaneously immortalised, which is a main
property of stem cells, it was further investigated if these cells had stem cell
potential. Indeed, in vitro these cells express retinal stem cell markers Sox2,
Pax6, Chx10, and Notch 1 (Lawrence et al., 2007). When cultured on
extracellular matrix proteins with neurogenic factors FGF or retinoic acid,
between 10 to 20% of individual Müller cells formed neurospheres, expressed
nestin and acquired neural morphology. Further culturing with FGF or retinoic
acid differentiated the cells into mature retinal neurons as there was increased
expression of the ganglion cell marker HuD, the bipolar cell marker PKC and
the photoreceptor marker peripherin whilst showing a significant decrease in the
Müller glia marker CRALBP. Cells cultured without growth factors maintained
expression of Sox2 but only a very small proportion expressed makers of retinal
neurons (Lawrence et al., 2007). This indicates that in vitro human Müller glial
cells are sources of retinal progenitors but certain extracellular matrix proteins
and growth factors are required to promote their neural differentiation. However,
there is no evidence of neural differentiation in the human retina in vivo where
instead, Müller glial cells cause gliosis. When these differentiated cells are
transplanted into rodent retinal degeneration models, integration does not
occur, indicating that these cells may need developmental cues to survive.
When these same cells were differentiated in vitro into retinal ganglion cell
precursors and then transplanted into rats depleted of retinal ganglion cells they
migrated into the GCL and formed synapses with host cells but did not extend
axons into the optic nerve (Singhal et al., 2012). In addition, the transplanted
cells partially restored retinal ganglion cell function. Nonetheless, migration of
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the grafted cells had to be promoted by anti-inflammatory immunosuppressant
drugs and local extracellular matrix degradation therapy (Singhal et al., 2008).
Although there has been a lot of research into stem cell based therapies in
animal models of retinal degeneration there are no therapies available for
patients yet. This is mainly due to the barriers encountered with transplantation;
major issues that prevent successful transplantation include the host immune
response, abnormal extracellular matrix accumulation in retinal degeneration,
glial scarring, and possibly the developmental age of the transplanted cells
(Jayaram et al., 2011, MacLaren et al., 2006). If we can find a method to
promote the host’s Müller glia to self-repair and control reactive gliosis with
chemical compounds rather than transplant, it would be a much-preferred
option. Therefore, promoting endogenous regeneration of the retina may be a
better treatment to restore vision.

1.12 Objectives of this thesis
Current knowledge indicates that Müller glial cells can regenerate the zebrafish
retina throughout life and that the human retina harbours Müller glia that exhibit
stem cell characteristics in vitro. However, human retina does not have the
ability to regenerate in vivo, but upon injury or disease, the main feature that
characterises retinal degeneration is Müller cell gliosis. It has been
hypothesised that gliosis may prevent regeneration, therefore the present
research aimed to investigate some aspects of the proliferative and neurogenic
ability of Müller glia upon induction of gliotic features in vitro. The objectives of
this thesis were:
1. To investigate the role that inflammatory cytokines may play in regulating
Müller cell gliosis-associated proteins and the implications that this could
have on the neurogenic ability of Müller glia in vitro.
2. To investigate how TNF-α signalling and downstream activation of the
transcription factor NFκB regulates GFAP expression in Müller cells in
vitro.
3. To investigate in vitro methods to overexpress GFAP in Müller glial cells
and to study the effects that this intermediate filament has on Müller cell
proliferation, viability and rod photoreceptor precursor differentiation in
vitro.
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4. To examine how overexpression of GFAP in Müller glia may be regulated
by TNF-α and the implications for the neurogenic ability of these cells in
vitro.
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Chapter 2

Effect of inflammatory cytokines on

expression of gliosis-associated proteins and on the
differentiation of the Müller glial cell line MIO-M1 into
rod photoreceptor precursors
2.1 Introduction
Proteomic studies using animal models of retinal diseases have identified
various upregulated proteins associated with gliosis. An in vivo ischemic
retinopathy model revealed that several protein markers of Müller cell gliosis
were upregulated, including GFAP, vimentin, galectin and tenascin (Kim et al.,
2012). A comparative investigation of the proteomic profiles of gliotic and
normal human retina and the contribution of Müller glia to these profiles were
undertaken in our lab previously. A number of proteins in the retina which were
upregulated during gliosis in patients with PVR as compared to healthy normal
retina were identified. Of these proteins, five were selected for investigation in
this study. They were GFAP, vimentin, galectin, tenascin and procollagen
galactosyltransferase. Study of proteins associated with gliosis may provide
insight into mechanisms that may be targeted to induce endogenous
regeneration of the retina following disease or injury.
2.1.1 Intermediate filament proteins in the gliotic retina
Even though Müller glia provide homeostatic support within the retina, they
rapidly react to environment changes caused by injury or cell death. Reactive
gliosis is characterised by Müller glia over-production of proteins such as
intermediate filaments (IFs) and cell proliferation and hypertrophy, that leads to
degeneration of the retina. The most prominent IFs in Müller glia are GFAP and
vimentin and increase in expression of these proteins in the retina is a universal
hallmark for reactive gliosis (Sarthy, 2007). IFs are components of the cell
cytoskeleton, along with actin and microtubules and the term intermediate
simply refers to their size (Pekny, 2001). In the normal retina, these IFs are
localised to the Müller glia endfeet and they can be independent or co-localise
with each other. However, they are present in low amounts (Lewis and Fisher,
2003). In virtually all models studied there is dramatic increase in Müller glia
GFAP and vimentin expression when the retina is under stress, such as retinal
detachment, PVR, photoreceptor damage and inherited retinal dystrophies
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(Dahl, 1979, Erickson et al., 1987, Eisenfeld et al., 1984, Okada et al., 1990,
Lewis et al., 1995, Kuo et al., 2012). After trauma and injury, accumulation is
rapid, whereas in degenerative disease and ageing it can be gradual (Lewis and
Fisher, 2003). However, vimentin also has a role in regeneration because
vimentin deficient mice have reduced wound healing in vivo and fibroblasts from
these animals have impaired migration (Eckes et al., 2000, Eckes et al., 1998,
Chernoivanenko et al., 2013). After optic nerve damage in goldfish, vimentin
positive glial cells migrate to the injury site to regenerate the nerve axons
(Cohen et al., 1994).
2.1.2 Extracellular matrix in the gliotic retina
Within the extracellular matrix, collagen is the most abundant protein in gliotic
retina. It normally undergoes significant posttranslational modification by
enzymes such as procollagen galactosyltransferase to form collagen fibril
bundles. This collagen fibre network is required in normal homeostasis of the
extracellular matrix, maintaining structural and functional integrity. Inflammation
can modify this network and induce stiff scar formation (Frantz et al., 2010).
Tenascin, another extracellular matrix protein, is expressed in the developing
retina and in the adult retina tenascin is produced by retinal neurons such as
horizontal and amacrine cells, as well as Müller glia (Siddiqui et al., 2009,
Reinhard et al., 2017, Klausmeyer et al., 2007). In the CNS, astrocytes
upregulate tenascin production in response to TGF-β1 released from activated
macrophages, suggesting a role of tenascin in inflammation (Smith and Hale,
1997). In injury models, tenascin is found highly expressed within the glial scar
along with GFAP and this correlates to the reduced ability of axon regeneration
in vivo and inhibited neurite outgrowth in vitro (McKeon et al., 1991). After
cerebral stab wound injury in tenascin deficient mice, astrogliosis is delayed and
inflammatory cytokines TNF-α and IL-6 expression is increased in astrocytes
(Ikeshima-Kataoka et al., 2008). Tenascin, is also highly upregulated in retinal
degenerative diseases such as PVR, diabetic retinopathy and glaucoma, where
it is associated with reactive gliosis (To et al., 2013, Pena et al., 1999a, Ioachim
et al., 2005). Tenascin is implicated in glaucoma disease pathology because in
vivo models of raised IOP found increased tenascin in damaged optic nerve
heads (Johnson et al., 2007). Therefore, tenascin may not only promote gliosis
but also modulate cytokine production to inhibit inflammation in the injured brain
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(Jakovcevski et al., 2013). Moreover, tenascin is associated with a regulatory
role in stem cell environments and glial progenitor cell proliferation in the CNS
(Faissner et al., 2017). When Müller glia from tenascin knockout mice were
induced to de-differentiate by addition of FGF-2 to the culture medium, there
was reduced cell proliferation and impaired production of progenitor cells and
newly generated neurons (Besser et al., 2012). This suggests tenascin is an
important protein in regulating endogenous regeneration by modulating the
responsiveness of retinal progenitor cells and supporting de-differentiation of
Müller glia (Reinhard et al., 2015).
2.1.3 Galectins in the gliotic retina
Galectins belong to the family of carbohydrate binding molecules of lectins with
affinity for β-galactosides and have both intracellular and extracellular functions,
including regulation of cell cycle, apoptosis and proliferation (Camby et al.,
2006, Liu et al., 2002). Galectins are involved in pathological fibrosis and scar
formation in various tissues, including galectin-1 in the liver and galectin-3 in the
lungs, where it induces production of pro-inflammatory cytokines TNF-α and IL8 by invading macrophages (Nishi et al., 2007, Smetana et al., 2015,
Bacigalupo et al., 2013). Galectin-1 is also extensively studied in cancer
progression and is known to inhibit the immune response by causing T cell
apoptosis, as well as promote tumour angiogenesis and encourage metastasis,
contributing to a tumour pro-growth microenvironment (Ito et al., 2012). In vitro,
galectin-1 can induce astrocyte differentiation and inhibit proliferation whilst
promoting production of brain-derived neurotrophic factor (BDNF) (Sasaki et al.,
2004). This suggests that galectin-1 has a protective neurotrophic role, which
could be harnessed to prevent neuron loss after CNS injury. In the mammalian
retina, galectin-1 has a role in mediating retinal adhesion because injection of
anti-galectin-1-antibody causes retinal detachment (Uehara et al., 2001).
Galectins are also implicated in gliosis as they are found in human PVR
samples and the trabecular meshwork of patients with glaucoma (Alge et al.,
2006, Fautsch et al., 2003).
2.1.4 Gliosis versus endogenous regeneration
In light-damaged zebrafish retina, Müller glia re-enter the cell cycle to produce
neural progenitor cells, which proliferate and migrate to the INL to differentiate
into photoreceptors. Interestingly the pro-inflammatory cytokines implicated in
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human disease can play a part in endogenous regeneration in zebrafish. When
CNTF is injected into this model, Müller glia proliferation and production of
neural progenitor cells is inhibited, likely a consequence of reduced
photoreceptor degeneration, suggesting that Müller glia respond to this cell
death signal in the zebrafish retina (Kassen et al., 2009). Indeed, it has been
shown that the release of TNF-α from dying photoreceptors is necessary to
promote Müller glia proliferation in this experimental model (Nelson et al.,
2013). Additionally, inhibiting Notch signalling after photoreceptor damage,
increases the number of proliferating Müller glia that express the
dedifferentiation marker Ascl1a (Conner et al., 2014). This expression was
enhanced when zebrafish were exposed to TNF-α as well as Notch inhibitor and
acted synergistically to stimulate proliferation of neural progenitor cells and
commitment of these cells into neural lineage. These observations suggest that
it is necessary to have both activation of TNF-α and elimination of the Notch
inhibitory signal for maximal regeneration by Müller glial cells in zebrafish.
Proteins associated with gliosis in mammalian retina have been shown to be
involved in zebrafish regeneration. The zebrafish galectin-like protein Drgal1-L2,
is expressed by proliferating Müller glia after light-induced photoreceptor
damage and knock-down of this protein decreases rod photoreceptor
regeneration (Craig et al., 2010). Supporting these observations, Eastlake et al
found that mRNA and protein expression of galectin increased in the Ouabain
damaged zebrafish retina preceding regeneration (Eastlake et al., 2017). This
indicates that galectin has a regulatory role during Müller glia regeneration in
zebrafish.
The retina of the postnatal chick has potential to regenerate because induced
damage causes Müller glia to re-enter the cell cycle but only a small number of
these cells differentiate into neurons. Most cells remain as progenitor-like cells
that could be harnessed to stimulate endogenous regeneration (Fischer and
Bongini, 2010). The regenerative capacity of Müller glia in the chick retina
changes with age as Müller glial cells of younger animals can proliferate in the
central retina, whilst older animals only have residual activity in the peripheral
retina (Fischer and Reh, 2003). It may be that in the chick, Müller glia can only
undergo dedifferentiation for a limited period. Additionally, it was observed that
Müller glia that upregulate GFAP in response to retinal damage do not re-enter
the cell cycle, which may explain the heterogeneity of these cells in the avian
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retina. Injection of insulin and FGF-2 into undamaged chick retinas depleted of
microglia have fewer Müller glia progenitor cells, suggesting reactive microglia
may be necessary for regeneration in the avian retina (Fischer et al., 2014).
This evidence indicates that a pro-inflammatory environment may provide
signals for endogenous regeneration.
It is possible that the local retinal environment in the mammalian retina plays a
significant role in preventing Müller glia from regenerating neurons. Reactive
mouse microglia co-cultured in vitro with mouse Müller glia induced production
of inflammatory cytokines such as IL-6 by Müller cells, which resulted in
activation of other microglia (Wang et al., 2011). It is possible that this early
response to injury serves to spread the inflammatory response across all layers
of the retina and create an environment that prevents regeneration. Mammalian
retinae have been shown to have regenerative potential in vitro. Extracted
rodent Müller glia grown in the presence of FGF-2 form neurospheres and
express neural progenitor markers (Das et al., 2006). However, when enriched
Müller cells were transplanted into rodent eyes, the cells did not acquire
photoreceptor morphology and rarely expressed photoreceptor-specific
markers. This indicates that a permissive environment is needed for mammalian
Müller glia to regenerate retinal neurons, which is achievable in vitro but lacking
in vivo. It suggests that mammalian Müller glia have an inherent but dormant
ability to regenerate.
In humans, Müller glial cells do not regenerate retinal neurons as that seen in
lower vertebrates. Instead, Müller glial cells establish a glial scar, which acts as
a physical barrier to halt inflammation but also prevents endogenous
regeneration (Vecino et al., 2016). In vivo photoreceptor degeneration reveals
that reactive Müller cells form a glial scar which contributes to negative retinal
remodelling (Jones et al., 2003). Remodelling is when neurons reposition within
the neural retina causing disrupted rewiring and cell loss meaning the retina
cannot process visual information correctly and the function is lost. Glial
scarring may also inhibit regeneration by blocking progenitor cell migration and
new synapse formation (Belecky-Adams et al., 2013). However, in the CNS,
reactive astrogliosis and scarring can prevent infiltration of pro-inflammatory
cytokines and cells, maintain the blood-brain barrier after injury and preserve
tissue function (Sofroniew, 2015a, Faulkner et al., 2004, Bush et al., 1999).
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Therefore, complete scarring prevention may not be the right approach to
promote endogenous regeneration of the mammalian retina.
The human MIO-M1 Müller glial stem cell line can be induced to differentiate
into neuronal photoreceptor precursor cells in vitro through a combination of
growth and differentiation factors as previously described (Jayaram et al.,
2014). These factors include human basic fibroblast growth factor 2 (FGF-2),
taurine, retinoic acid and insulin-like growth factor 1 (IGF-1). Upon culture with
these factors MIO-M1 cells acquire characteristic photoreceptor morphology in
vitro and express gene and protein markers of rod photoreceptor precursors.
Therefore, this cell line was used to better understand the potential role of
inflammatory cytokines and gliosis-associated proteins on the regenerative
ability of human Müller glia. In designing methods to modulate the expression of
these molecules, pharmacological interventions could promote endogenous
regeneration within the retina.

2.2 Objectives
After injury in zebrafish Müller glial cells spontaneously repair the retina by
producing new neurons. However, this endogenous regeneration is not seen in
humans. Instead, inflammation in the human retina causes activation of Müller
glial cells, causing their uncontrolled proliferation, with consequent retinal
degeneration and glial scarring. Yet there is a subset of Müller glial cells with
stem cell characteristics in the human retina, which have the ability to
differentiate into neurons in vitro, suggesting that these cells have the potential
for regeneration in vivo. However, we need to identify the factors in the human
diseased retina that prevent Müller glia from proliferating and differentiating into
retinal neurons. The aims of this chapter were therefore to examine the
influence that inflammatory cytokines have on reactive gliosis in MIO-M1 cells
and to investigate gliosis-associated proteins for their ability to inhibit neuronal
differentiation of MIO-M1 cells in vitro.
The objectives of this chapter were:
1. To investigate the effect of the inflammatory cytokines TGF-β1, TNF-α,
IL-6 and CNTF (found upregulated in human gliotic retina) on the
expression of gliosis-associated proteins in MIO-M1 cells in vitro.
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2. To examine the effect of these inflammatory cytokines on the ability of
MIO-M1 cells to differentiate into rod photoreceptor precursors in vitro.
3. To assess the expression of GFAP in MIO-M1 cells treated with these
inflammatory cytokines in the absence or presence of factors that induce
rod photoreceptor precursor differentiation of these cells in vitro.
Experimental design:
I.

RNA extracted from MIO-M1 cells cultured with the inflammatory
cytokines TGF-β1, TNF-α, IL-6 and CNTF at concentrations previously
determined in the host laboratory, was used to examine expression of
mRNA coding for the gliosis-associated proteins GFAP, vimentin,
galectin-1, tenascin and procollagen galactosyltransferase.

II.

MIO-M1 cells were cultured for 6 days in the absence or presence of the
inflammatory cytokines TGF-β1, TNF-α, IL-6 and CNTF in a doseresponse experiment. Expression of mRNA GFAP and protein coding for
GFAP was analysed using RT-PCR and western blot protocols
established in our laboratory.

III.

To assess the viability and proliferation of MIO-M1 cells cultured with the
inflammatory cytokine TNF-α, LIVE/DEAD and hexosaminidase assays
were undertaken.

IV.

MIO-M1 cells were cultured with FGF-2, taurine, retinoic acid and IGF-1
(FTRI) to induce rod photoreceptor precursor differentiation in the
absence or presence of the inflammatory cytokines. Isolated RNA was
used in RT-PCR and qPCR using corresponding primers to examine
expression of the rod photoreceptor markers NR2E3 and recoverin,
whilst protein was analysed by western blot using antibodies against
NR2E3 and GFAP. Protocols were previously established in our
laboratory.

V.

Semi-quantitative statistical analysis was done using ImageJ and
GraphPad Prism.
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2.3 Results
2.3.1 Effect of TGF-β1, TNF-α, IL-6 and CNTF on mRNA expression of
gliosis-associated proteins by MIO-M1 cells
Preliminary work, carried out with RNA from other lab members, revealed that
recombinant TGF-β1 at a final concentration of 50ng/ml did not modify mRNA
expression of vimentin, galectin or procollagen galactosyltransferase in Müller
glial cell line MIO-M1 when compared to control untreated cells (Figure 2-1).
However, there was a significant downregulation of tenascin and GFAP mRNA
expression in cells cultured with TGF-β1 as compared to controls (p<0.01)
(Figure 2-2).
mRNA obtained from MIO-M1 cells cultured with 50ng/ml of recombinant TNF-α
showed that expression of vimentin, galectin, procollagen galactosyltransferase
or tenascin was not modified by this cytokine (Figure 2-3). However, the mRNA
expression of GFAP was significantly downregulated by culturing MIO-M1 cells
with TNF-α when compared to control untreated cells (p<0.05) (Figure 2-4).
mRNA obtained from MIO-M1 cells cultured with 10ng/ml of recombinant IL-6
showed that there was no difference in mRNA expression of vimentin, galectin,
procollagen galactosyltransferase or tenascin between control untreated cells
and cells cultured with this cytokine (Figure 2-5). Conversely, there was a
significant increase in mRNA expression of GFAP in MIO-M1 cells cultured with
IL-6 compared to control untreated cells (p<0.01) (Figure 2-6).
When MIO-M1 cells were cultured with 10ng/ml of recombinant CNTF the
mRNA expression of vimentin, galectin, procollagen galactosyltransferase,
tenascin or GFAP were not modified when compared to control untreated cells
(Figure 2-7).
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Figure 2-1: Expression of mRNA coding for proteins associated with gliosis by MIO-M1
cells cultured in the absence or presence of TGF-β1.
Bar chart shows relative expression of mRNA normalised to β-actin (mean +/- SEM) of (A)
vimentin, (B) galectin and (C) procollagen galactosyltransferase. There was no significant
difference in mRNA expression between control untreated cells and cells cultured with TGF-β1.
Paired student’s T-test (p>0.05 vs. control). Vimentin and galectin N=4, procollagen
galactosyltransferase N=3.

Figure 2-2: Expression of mRNA coding for (A) tenascin and (B)
GFAP by MIO-M1 cells cultured in the absence or presence of TGFβ1.
Bar chart shows relative expression of mRNA normalised to β-actin
(mean +/- SEM). Both genes were significantly downregulated by TGF-β1
in Müller glial cells. Paired student’s T-test (p< 0.05 vs. control). GFAP
N=12, Tenascin N=7.
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Figure 2-3: Expression of mRNA coding for proteins associated with
gliosis by MIO-M1 cells cultured in the absence or presence TNF-α.
Bar chart shows relative expression of mRNA normalised to β-actin (mean
+/- SEM) of (A) vimentin, (B) galectin, (C) procollagen galactosyltransferase
and (D) tenascin. Culturing MIO-M1 cells with TNF-α did not modify the
mRNA expression of these proteins when compared to untreated control
cells. Paired student’s T-test (p>0.05 vs. control). N= 5.
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Figure 2-4: mRNA expression of
GFAP by MIO-M1 cells cultured in
the presence of TNF-α.
Bar chart shows relative expression of
mRNA normalised to β-actin (mean
+/- SEM). GFAP expression was
significantly decreased when cells
were cultured with TNF-α when
compared to control untreated cells.
Paired student’s T-test (p<0.05 vs.
control). N= 5.

TNF-
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Figure 2-5: Expression of mRNA coding for proteins associated with
gliosis by MIO-M1 cells cultured in the absence or presence of IL-6.
Bar chart shows relative expression of mRNA normalised to β-actin (mean
+/- SEM) of (A) vimentin, (B) galectin, (C) procollagen galactosyltransferase
and (D) tenascin. Culturing MIO-M1 cells with IL-6 did not modify
expression of these genes when compared to untreated control cells. Paired
student’s T-test (p>0.05 vs. control). N=5.
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Figure 2-6: mRNA expression of
GFAP by MIO-M1 cells cultured in
the presence of IL-6.
Bar chart shows relative expression of
mRNA normalised to β-actin (mean
+/- SEM). GFAP expression was
significantly increased when cells
were cultured with IL-6 when
compared to control untreated cells.
Paired student’s T-test (p<0.01 vs.
control). N= 5.
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Figure 2-7: Expression of mRNA coding for proteins associated with gliosis by MIO-M1
cells cultured in the absence or presence of CNTF.
Bar chart shows relative expression of mRNA normalised to β-actin (mean +/- SEM). There was
no change in mRNA expression of (A) vimentin, (B) galectin, (C) procollagen
galactosyltransferase, (D) tenascin and (E) GFAP when MIO-M1 cells were cultured with CNTF
as compared to untreated control cells. Paired student’s T-test (p>0.05 vs. control). N=3.
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2.3.2 Regulation of GFAP expression by inflammatory cytokines in MIOM1 cells
Based on the above data that mRNA expression of GFAP was significantly
downregulated in MIO-M1 cells cultured in the presence of TGF-β1 and TNF-α,
whilst being significanly upregulated by the presence of IL-6, further work was
focused on the investigation of GFAP regulation by these cytokines. Culture of
MIO-M1 cells with these cytokines was repeated to confirm what was observed
using RNA supplied by other lab members.
2.3.2.1 TGF-β1 downregulated GFAP expression
MIO-M1 cells were cultured with increasing concentrations of recombinant TGFβ1 in a dose-response manner. The results showed that there was a significant
downregulation of GFAP mRNA expression when MIO-M1 cells were cultured
with 1ng/ml and 100ng/ml of TGF-β1 when compared to control untreated cells
(p<0.05) (Figure 2-8). There was no change in GFAP mRNA expression
between control untreated cells and cells cultured with TGF-β1 concentrations
of 0.1ng/ml and 10ng/ml. Furthermore, GFAP expression was significantly
different between cells cultured with 0.1ng/ml of TGF-β1 and cells cultured with
10ng/ml and 100ng/ml (p<0.05).
The protein expression of GFAP confirmed the downregulation of GFAP
expression by TGF-β1 (Figure 2-9). GFAP protein was significantly
downregulated by 1ng/ml and 100ng/ml of TGF-β1 (p<0.05).
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Figure 2-8: mRNA expression of GFAP by MIO-M1 cells cultured with
increasing concentrations of TGF-β1.
Representative image of PCR bands for GFAP and β-actin are shown above the
bar chart. Bar chart shows the relative expression of mRNA normalised to β-actin
(mean +/- SEM). There was a significant downregulation of GFAP mRNA
expression in cells cultured with 1ng/ml and 100ng/ml TGF-β1 as compared to
control untreated cells. There was also a significant difference between cells
cultured with 0.1ng/ml and cells cultured with the two highest concentrations of
TGF-β1 used. One-way repeated-measures ANOVA and Tukey’s post-test p<0.05,
N=3.

Figure 2-9: Protein expression of GFAP by MIO-M1 cells cultured with
increasing concentrations of TGF-β1.
Representative western blot bands of GFAP and β-actin are shown above the bar
chart. Bar chart shows the relative GFAP protein expression normalised to β-actin
(mean +/- SEM). Cells cultured with 1ng/ml and 100ng/ml of TGF-β1 had GFAP
protein expression significantly downregulated when compared to control untreated
cells. One-way repeated-measures ANOVA and Tukey’s post-test, p<0.05, N=3.
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2.3.2.2 TNF-α downregulated GFAP expression
MIO-M1 cells cultured with increasing concentrations of recombinant TNF-α
showed a decrease in mRNA expression of GFAP in a dose-response manner
(Figure 2-10). There was a significant downregulation of GFAP mRNA in MIOM1 cells treated with 5ng/ml, 50ng/ml and 500ng/ml of TNF-α when compared
to control untreated cells (p<0.01). There was no difference in GFAP mRNA
expression between control cells and cells treated with 0.1% BSA, which was
the vehicle used to dilute the TNF-α, or cells treated with 0.5ng/ml of TNF-α.
Furthermore, there was a significant difference in GFAP mRNA expression
between cells treated with the BSA vehicle control and 5 ng/ml, 50 ng/ml and
500ng/ml of TNF-α (p<0.05).
Western blot analysis of cell lysate protein from MIO-M1 cells cultured with
TNF-α showed that the expression of GFAP protein also decreased significantly
when cells were treated with 5ng/ml, 50 ng/ml and 500ng/ml of TNF-α as
compared to control cells and cells treated with BSA vehicle control (p<0.01)
(Figure 2-11). However, GFAP protein expression in cells cultured with 0.5ng/ml
TNF-α was not significantly changed when compared to untreated control cells.
2.3.2.3 IL-6 and CNTF did not modify GFAP expression
MIO-M1 cells were cultured with increasing concentrations of recombinant IL-6
and CNTF and analysed for mRNA and protein expression of GFAP. The
results showed that mRNA expression of GFAP was not modified in MIO-M1
cells cultured with increasing concentrations of IL-6 (Figure 2-12). Similarly,
culturing cells with CNTF did not modify the expression of mRNA coding for
GFAP by these cells (Figure 2-14). However, there was a significant increase in
GFAP mRNA expression in cells cultured with 100ng/ml of IL-6 or CNTF when
compared to cells cultured with BSA vehicle (p<0.05), suggesting that
physiologically higher concentrations of these cytokines may cause significant
upregulation of GFAP mRNA.
Western blot analysis of protein from MIO-M1 cells cultured with IL-6 confirmed
that protein expression of GFAP was not modified in cells cultured with
increasing concentrations of IL-6 (Figure 2-13). Protein expression of GFAP
was not examined in cells treated with CNTF.
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Figure 2-10: mRNA expression of GFAP by MIO-M1 cells cultured with
increasing concentrations of TNF-α.
Representative PCR bands of GFAP and β-actin are shown above bar chart. Bar
chart shows relative expression of GFAP mRNA normalised to β-actin (mean +/SEM). There was a significant decrease in GFAP mRNA expression in cells
cultured with 5ng/ml, 50ng/ml and 500ng/ml of TNF-α when compared to control
untreated cells. There was also a significant difference in GFAP mRNA expression
between cells cultured with the vehicle BSA and cells cultured with 5ng/ml, 50ng/ml
and 500ng/ml of TNF-α. One-way repeated measures ANOVA and Tukey’s posttest, p<0.05, N=3.

Figure 2-11: Protein expression of GFAP by MIO-M1 cells cultured with
increasing concentrations of TNF-α.
Representative western blot bands of GFAP and β-actin are shown above bar
chart. Bar chart shows relative GFAP protein expression normalised to β-actin
(mean +/- SEM). There was a significant decrease in GFAP protein expression
between cells cultured with 5ng/ml, 50ng/ml and 500ng/ml TNF-α and control
untreated cells. One-way repeated measures ANOVA and Tukey’s post-test,
p<0.05, N=3.
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Figure 2-12: mRNA expression of GFAP by MIO-M1 cells cultured with
increasing concentrations of IL-6.
Representative PCR bands of GFAP and β-actin are shown above bar chart. Bar
chart shows relative expression of GFAP mRNA normalised to β-actin (mean +/SEM). There was no difference in GFAP mRNA expression between untreated
control cells and cells cultured with IL-6. One-way repeated measures ANOVA and
Tukey’s post-test, p>0.05, N=7.

Figure 2-13: Protein expression of GFAP by MIO-M1 cells cultured with
increasing concentrations of IL-6.
Representative image of western blot bands for GFAP and β-actin are shown
above the bar chart. Bar chart shows relative expression of GFAP protein
normalised to β-actin (mean +/- SEM). There was no significant difference in GFAP
protein expression between control untreated cells and cells cultured with IL-6 at
any concentration. One-way repeated measures ANOVA and Tukey's post-test,
p>0.05, N=3.
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Figure 2-14: mRNA expression of GFAP by MIO-M1 cells cultured with
increasing concentrations of CNTF.
Representative image of PCR bands for GFAP and β-actin are shown above bar
chart. Bar chart shows relative expression of GFAP mRNA normalised to β-actin
(mean +/- SEM). There was no significant difference between control cells and
cells cultured with increasing concentrations of CNTF. There was a significant
difference between cells cultured with BSA vehicle and cells cultured with 100ng/ml
of CNTF. One-way repeated measures ANOVA and Tukey's post-test, p<0.05,
N=3.
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2.3.3 Effect of TNF-α on the cell viability and proliferation of MIO-M1 cells
Based on previous observations that TNF-α induced downregulation of GFAP
mRNA and protein in MIO-M1 cells cultured with this cytokine, it was important
to rule out the possibility that this effect was due to TNF-α causing cell death or
altering cell proliferation.
2.3.3.1 TNF-α did not affect viability of MIO-M1 cells
To determine whether cell viability was affected by the concentrations of TNF-α
used in the dose-response experiment, a cytotoxicity test was carried out. After
culturing cells with increasing concentrations of TNF-α, a LIVE/ DEAD assay
was used. This test simultaneously stains live and dead cells with two different
fluorescent dyes. Live cells are stained green by calcein and dead cells are
stained red by ethidium homodimer-1 (Figure 2-15). The proportion of red and
green fluorescent cells was analysed under confocal fluorescence microscopy.
Quantification of the number of positive cells for each marker revealed that an
average of less than 3% cell death was observed across all samples. There
was no significant difference in cell death when MIO-M1 cells were cultured with
increasing concentrations of TNF-α ranging from 0.5 to 500 ng/ml (Figure 2-16)
2.3.3.2 TNF-α did not alter the proliferation rate of MIO-M1 cells
To investigate whether different concentrations of TNF-α influenced cell
proliferation when MIO-M1 cells were cultured with this cytokine, a proliferation
assay using hexosaminidase was performed. Hexosaminidase is a lysosomal
enzyme, the total activity of which is directly proportional to the number of living
cells in a homogenous population. This assay is a robust method of measuring
cell proliferation over time because relative absorbance readings are directly
proportional to cell numbers. Over 6 days the untreated MIO-M1 cells increased
1.3-fold, equating to a 17% increase in the number of cells per day (Figure 217). Addition of TNF-α at varying concentrations from 0.5ng/ml to 500ng/ml did
not have a significant effect on MIO-M1 cell proliferation (Figure 2-18).
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Figure 2-15: LIVE/DEAD cell cytotoxicity assay in MIO-M1 cells cultured with
increasing concentrations of TNF-α.
Live cells fluoresce green and dead cells fluoresce red. The majority of cells cultured
with BSA, 0.5ng/ml, 5ng/ml, 50ng/ml an 500ng/ml of TNF-α showed to be viable
(green) whilst only occasional cells were shown to be dead (red, white arrow). Scale
bar represents 35μm.
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Figure 2-16: Müller glial cell viability following culture with increasing
concentrations of TNF-α.
Bar chart represents the percentage of dead red cells (mean +/- SEM). There was no
significant difference in cell death in cells cultured with various concentrations of TNF-α
when compared to untreated control cells. One-way ANOVA and Tukey’s post-test, p>
0.05, N=3.

76

Relative Absorbance

3

2

1

0
0

3

6

Days

Figure 2-17: Proliferation of MIO-M1 cells as measured by
hexosaminidase assay.
Bar chart shows relative absorbance (mean +/- SEM), which
represents the number of MIO-M1 cells at day 0, 3 and 6 of
culturing under standard conditions. Rate of proliferation was
17% per day (N=4).
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Figure 2-18: Proliferation rate of MIO-M1 cells cultured with
increasing concentrations of TNF-α as determined by
hexosaminidase assay.
Coloured lines represent the different concentrations of TNF-α.
There was no significant effect on cell proliferation at 3 and 6
days in culture. Two-way ANOVA and Bonferroni post-test,
p>0.05, N=4.
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2.3.4 Effect of inflammatory cytokines on the rod photoreceptor
precursor differentiation of MIO-M1 cells
To better understand the potential role of inflammatory cytokines on the
neurogenic ability of Müller glia, MIO-M1 cells were induced to differentiate into
rod photoreceptor precursors by culture on matrigel in the presence of FGF-2,
taurine, retinoic acid and IGF-1 (hereafter referred to as FTRI) for 6 days in the
presence or absence of TGF-β1, TNF-α, IL-6 or CNTF.
2.3.4.1 Validation of the method used to induce rod photoreceptor
precursor differentiation of MIO-M1 cells
Morphological changes of MIO-M1 cells in response to culture with FTRI
Culturing MIO-M1 cells on matrigel and FTRI for 6 days, caused a distinct
change in cell morphology that resemble photoreceptors in vitro (Figure 2-19).
Whereas untreated control cells had a glial morphology, the majority of cells
cultured with FTRI acquired condensed, rounder cell bodies with more
prominent nuclei and short neurite-like processes, confirming the morphology
previously observed using this protocol (Jayaram et al., 2014).
MIO-M1 cell proliferation in response to culture with FTRI
Culturing MIO-M1 Müller glial cells on matrigel in the presence of FTRI slightly
increased their proliferation rate but this was not significant compared to control
untreated cells, as analysed by hexosaminidase assay (Figure 2-20).
Expression of rod photoreceptor precursor genes NR2E3 and recoverin and
NR2E3 protein by MIO-M1 cells in response to culture with FTRI
To further examine MIO-M1 cell response to FTRI, gene expression of NR2E3
and recoverin were examined in MIO-M1 cells after 6 days of culture with these
factors. These genes are associated with rod photoreceptor development.
Using RT-PCR, cDNA of cells cultured in the absence or presence of FTRI were
analysed. When compared to control, cells cultured with FTRI showed a small
upregulation of both NR2E3 and recoverin mRNA (Figure 2-21). However, this
was not statistically significant. When cDNA was analysed by qPCR to validate
these results, cells cultured with FTRI had a 1.09-fold increase in NR2E3 gene
expression compared to untreated cells (Figure 2-22), which confirmed that
there were no significant changes in gene expression of NR2E3 by these cells.
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Western blot analysis was performed on cell lysates to examine the protein
expression of NR2E3. The results showed that MIO-M1 cells cultured with FTRI
had a significant increase in NR2E3 protein expression compared to untreated
control cells (p<0.01) (Figure 2-23).
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A

B

Figure 2-19: Phase contrast microscope images of (A) control untreated MIO-M1 cells
and (B) cells cultured with differentiation factors FGF-2, taurine, retinoic acid and IGF-1
(FTRI).
Cells cultured without differentiation factors have elongated glia morphology, whilst cells
cultured with FTRI acquired a characteristic photoreceptor morphology in vitro with condensed
cell bodies, round bulging nuclei and short projections (indicated by white arrow). Scale bar
represents 100μm.
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Figure 2-20: Proliferation rate of MIO-M1 cells cultured in
the absence or presence of FTRI as determined by
hexosaminidase assay.
Pink coloured line represents untreated control cells and orange
line represents FTRI treated cells after 6 days in culture (mean
+/- SEM). Rod photoreceptor precursor differentiation caused a
slight increase in cell proliferation, which was not significant at 3
and 6 days in culture. Two-way ANOVA and Bonferroni posttest, p>0.05, N=4.
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Figure 2-21: mRNA expression of rod photoreceptor markers by MIO-M1 cells
cultured with FTRI as determined by RT-PCR.
Representative images of PCR bands for gene of interest and β-actin shown above
bar charts. Bar charts represent mRNA expression of rod photoreceptor genes
normalised to β-actin (mean +/- SEM). (A) NR2E3 mRNA is slightly increased in
cells induced to differentiate into photoreceptor precursors (N=11). (B) Recoverin
mRNA expression also showed a small increase in the presence of FTRI (N= 12).
Although both genes slightly increased expression in cells cultured with
differentiation factors compared to untreated control cells, this was not statistically
significant. Paired student’s T-test, p>0.05.
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Figure 2-22: qPCR analysis of NR2E3 gene expression by MIO-M1 cells
cultured in the absence or presence of FTRI.
Bar chart represents relative expression of NR2E3 (mean +/- SEM). Results
confirmed a non-significant increase of NR2E3 gene expression in cells cultured in
the presence of FTRI when compared to untreated control cells. Paired student’s
T-test p>0.05, N=3.
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Figure 2-23: Protein expression of NR2E3 by MIO-M1 cells cultured with FTRI.
Representative western blot bands for NR2E3 and β-actin shown above the bar
chart. Bar chart represents NR2E3 protein expression normalised to β-actin (mean
+/- SEM). There was a significant increase in NR2E3 protein expression in cells
cultured with FTRI compared to untreated control cells. Paired student’s T-test p<
0.01, N=3.
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2.3.5 Expression of NR2E3 mRNA in MIO-M1 cells cultured with FTRI in
the presence of inflammatory cytokines
High variability in the FTRI protocol was observed throughout the experiments.
Although a slight increase in the expression of NR2E3 mRNA was previously
observed in cells cultured with FTRI alone, there was no significant difference in
expression of this marker in MIO-M1 cells cultured with FTRI in further
experiments investigating the effect of cytokines on the rod photoreceptor
precursor differentiation of these cells (Figure 2-24).
Culture of these cells with either TGF-β1 (Figure 2-24A) or CNTF (Figure 224B) alone did not modify the expression of NR2E3 mRNA when compared to
untreated control cells. In addition, the expression of this marker was not
modified when Müller glia were cultured with FTRI in the presence of TGF-β1 or
CNTF when compared to untreated control cells. Similarly, culture of these cells
with TNF-α alone or with FTRI in the presence of this cytokine did not alter the
expression of NR2E3 mRNA when compared to controls (Figure 2-24C). Whilst
culture of cells with IL-6 alone showed a slight decrease in NR2E3 mRNA
expression as compared to control cells, this was not statistically significant.
Addition of IL-6 to cells cultured with FTRI did not modify the mRNA expression
of NR2E3 when compared to control cells (Figure 2-24D).
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Figure 2-24: NR2E3 mRNA expression by MIO-M1 cells cultured with
FTRI alone, FTRI combined with inflammatory cytokines or cytokines
alone.
Bar charts represent NR2E3 mRNA expression normalised to β-actin (mean
+/- SEM) (A) Culture of Müller glia with FTRI in the presence of TGF-β1 or (B)
CNTF did not modify the expression of NR2E3 mRNA when compared to
untreated control cells. Addition of (C) TNF-α or (D) IL-6 to cells cultured with
FTRI did not change expression of NR2E3 mRNA when compared to
controls. Two-way ANOVA and Tukey post-test, p>0.05, N= 4.
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2.3.6 Expression of recoverin mRNA in MIO-M1 cells cultured with FTRI
in the presence of inflammatory cytokines
As previously observed, there was not a significant difference in mRNA
expression of recoverin in cells cultured with FTRI when compared to untreated
control cells (Figure 2-25). Like NR2E3 expression, MIO-M1 cells cultured with
FTRI in combination with TGF-β1 (Figure 2-25A) or CNTF (Figure 2-25B) did
not show change in the mRNA expression of recoverin when compared to
controls. Culture of cells with TGF-β1 or CNTF alone also did not alter the
mRNA expression of this gene. Likewise, culture of MIO-M1cells with IL-6 alone
or with the addition of this cytokine to cells cultured with FTRI did not modify
recoverin mRNA expression when compared to untreated control cells (Figure
2-25D).
However, there was a significant increase in recoverin mRNA expression in
MIO-M1 cells cultured with FTRI in the presence of TNF-α when compared to
control untreated cells (p<0.001) (Figure 2-25C). The mRNA expression of
recoverin in cells cultured with FTRI in the presence of TNF-α was significantly
higher than cells cultured with FTRI (p<0.05) or TNF-α alone (p<0.001).
Furthermore, the mRNA expression of recoverin was unchanged in MIO-M1
cells cultured with TNF-α alone compared to untreated control cells and was
significantly lower than in cells cultured with FTRI alone (p<0.05). This suggests
that TNF-α is not causing the increase in recoverin expression but may be
indirectly potentiating the differentiation of MIO-M1 cells by FTRI. It would
therefore be interesting to investigate the downstream signalling of TNF-α in
MIO-M1 cells.
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Figure 2-25: Recoverin mRNA expression by MIO-M1 cells cultured with
FTRI alone, FTRI combined with inflammatory cytokines and cytokines
alone.
Bar charts represent recoverin mRNA expression normalised to β-actin (mean
+/- SEM). Culture of cells with FTRI alone or in combination with (A) TGF-β1,
(B) CNTF or (D) IL-6 did not modify mRNA expression of recoverin when
compared to untreated control cells. (C) Although there was not a significant
increase in recoverin mRNA expression in cells cultured with FTRI alone,
there was a significant increase in the expression of this gene when cells
were cultured with FTRI in conjunction with TNF-α as compared to control
cells. Two-way ANOVA and Tukey post-test, p<0.05, N= 5.
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2.3.7 Expression of NR2E3 protein in MIO-M1 cells cultured with FTRI in
the presence of inflammatory cytokines
Because mRNA expression was variable, protein from extracted lysates of cells
cultured with FTRI was also examined. Western blot analysis was performed to
examine protein expression of NR2E3 in cells cultured with FTRI in the absence
or presence of TGF-β1, CNTF, TNF-α and IL-6. In all sets of experiments, there
was a significant increase in NR2E3 protein expression when MIO-M1 cells
were cultured with FTRI when compared to untreated control cells (p<0.01)
(Figure 2-26).
The protein expression of NR2E3 was not modified in cells cultured with TGFβ1 alone or in combination with FTRI when compared to control (Figure 2-26A).
However, when compared to cells cultured with FTRI alone, cells cultured with
FTRI in the presence of TGF-β1 showed downregulation of NR2E3 protein
expression (p<0.01). This suggests that the addition of TGF-β1 to cells cultured
with FTRI prevents MIO-M1 cells from differentiating into rod photoreceptor
precursors.
When MIO-M1 cells were cultured with CNTF alone (p<0.05) or FTRI in the
presence of CNTF (p<0.01) the protein expression of NR2E3 increased
compared to untreated control (Figure 2-26B). There was no difference in
expression of this protein between cells cultured with CNTF alone or cells
cultured with FTRI combined with CNTF. This suggests that CNTF can increase
expression of NR2E3 by itself but does not potentiate the effect of FTRI.
The expression of NR2E3 protein in cells cultured with FTRI in the presence of
TNF-α was increased when compared to untreated control cells (p<0.05)
(Figure 2-26C). However, there was no difference in NR2E3 protein expression
between cells cultured with FTRI in the absence or presence of TNF-α and the
expression of this protein was not modified by culturing cells with TNF-α alone.
This suggests that TNF-α does not inhibit the rod photoreceptor precursor
differentiation of MIO-M1 cells induced by FTRI.
Likewise, cells cultured with FTRI in the presence of IL-6 showed a similar
increased expression of NR2E3 protein when compared to untreated control
cells (p<0.01) (Figure 2-26D). NR2E3 protein expression was not altered in cells
cultured with IL-6 alone as compared to untreated control cells. This suggests
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that IL-6 does not affect the induced differentiation of MIO-M1 cells into rod
photoreceptor precursors by FTRI.
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Figure 2-26: Protein expression of NR2E3 by MIO-M1 cells cultured with
FTRI in the presence or absence of inflammatory cytokines.
Representative western blot bands showing NR2E3 and β-actin expression
shown above bar charts. Bar charts represent NR2E3 protein normalised to βactin (mean +/- SEM). (A) Cells cultured with FTRI in the presence of TGF-β1
showed decreased NR2E3 protein expression when compared to cells cultured
with FTRI alone. (B) Cells cultured with CNTF alone or FTRI combined with
CNTF showed increased NR2E3 protein expression as compared with untreated
control cells. (C) Addition of TNF-α to cells cultured with FTRI did not modify
protein expression of NR2E3 induced by FTRI alone. (D) Müller glia cultured with
FTRI in the presence of IL-6 showed a similar increased NR2E3 protein
expression as in cells cultured with FTRI alone. One-way ANOVA and Tukey
post-test, p<0.05, N= 3.
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2.3.8 GFAP expression in MIO-M1 cells cultured with FTRI
mRNA and protein expression of GFAP was investigated in MIO-M1 cells after
6 days culture with FTRI, used to induce differentiation of these cells into rod
photoreceptor precursors. There was a statistically significant decrease in
GFAP mRNA expression in cells cultured with FTRI when compared to
untreated control cells (p<0.001) (Figure 2-27). Protein expression of GFAP
was also decreased in cells cultured with FTRI compared to untreated control
cells but this was not statistically significant (Figure 2-28)

Figure 2-27: mRNA expression of
GFAP by untreated control cells
and cells cultured with FTRI.
Representative PCR bands showing
GFAP and β-actin expression above
bar chart. Bar chart represents GFAP
mRNA expression normalised to βactin (mean +/- SEM). There was a
significant downregulation of GFAP
mRNA in cells induced to differentiate
by FTRI as compared to control cells.
Student’s T-Test, p< 0.001, N= 17.

Figure 2-28: Protein expression of
GFAP by MIO-M1 cells induced to
differentiate into photoreceptor
precursors by FTRI.
Representative western blot bands
showing GFAP and β-actin
expression above bar chart. Bar chart
represents GFAP protein expression
normalised to β-actin (mean +/- SEM).
Expression of GFAP protein was
decreased in cells cultured with FTRI
although this was not significant.
Student’s T-test, p>0.05, N=3.
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2.3.9 Effect of inflammatory cytokines on GFAP expression by MIO-M1
cells cultured with FTRI
Because there was evidence of GFAP regulation in MIO-M1 cells cultured with
FTRI, it was investigated whether the mechanisms of GFAP downregulation
could be potentiated or inhibited by the inflammatory cytokines. For this
purpose, Müller glia were cultured in the presence of FTRI alone, FTRI in
combination with TGF-β1, IL-6, TNF-α or IL-6 and each cytokine alone.
2.3.9.1 Expression of GFAP mRNA in MIO-M1 cells cultured with FTRI in
the presence of inflammatory cytokines
As previously observed, there was a significant downregulation of GFAP mRNA
expression when MIO-M1 cells were cultured with FTRI alone when compared
to untreated control cells (p<0.05) (Figure 2-29).
When MIO-M1 cells were cultured with TGF-β1 alone there was no change in
GFAP mRNA expression as compared to untreated control cells (Figure 2-29A).
However, when these cells were induced to differentiate in the presence of
TGF-β1 there was a significant decrease in GFAP mRNA expression compared
to untreated control cells (p<0.05). In this experiment, cells cultured with FTRI
alone showed downregulation of GFAP mRNA expression although this was not
statistically significant when compared to untreated control cells. Yet, there was
no difference in GFAP mRNA expression between cells cultured with FTRI in
the absence or presence of TGF-β1, which suggests the that induced
differentiation into photoreceptor precursors is responsible for the GFAP
downregulation regardless of TGF-β1 presence.
Experiments in which MIO-M1 cells were cultured with CNTF (Figure 2-29B) or
IL-6 (Figure 2-29D) alone, showed that GFAP mRNA expression was not
modified when compared to untreated controls. This correlated with previous
results. When cells were cultured with FTRI in the presence of CNTF or IL-6
there was a significant decrease in GFAP mRNA expression similar to that seen
in cells cultured with FTRI alone when compared to untreated controls (p<0.05).
This suggests that induction of MIO-M1 cell differentiation into photoreceptor
precursors modifies GFAP mRNA expression irrespective of the presence of
these cytokines.
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MIO-M1 cells cultured with TNF-α alone showed a significant downregulation of
GFAP mRNA expression when compared to untreated control cells (p<0.01)
(Figure 2-29C). Also, when cells were cultured with FTRI in combination with
TNF-α there was a significant decrease in GFAP mRNA expression compared
to untreated control cells (p<0.01). However, there was no difference in mRNA
expression of GFAP between cells cultured with FTRI alone or cells cultured
with FTRI in the presence of TNF-α, suggesting that the two mechanisms of
GFAP downregulation by these factors may be driven by separate pathways.
2.3.9.2 Expression of GFAP protein in MIO-M1 cells cultured with FTRI in
the presence of inflammatory cytokines
GFAP protein expression was also investigated in MIO-M1 cells cultured with
FTRI in the absence and presence of TGF-β1, IL-6, TNF-α or CNTF. Results
showed that although GFAP protein expression was downregulated in MIO-M1
cells cultured with FTRI alone, this was not statistically significant in all
experiments (Figure 2-30).
When MIO-M1 cells were cultured with FTRI combined with TGF-β1 there was
a significant decrease in GFAP protein expression when compared to untreated
control cells (p<0.05) (Figure 2-30A). The downregulation of GFAP protein was
also observed in cells cultured with TGF-β1 alone when compared to controls,
which does not correlate with that seen in mRNA expression.
MIO-M1 cells cultured with CNTF alone significantly upregulated GFAP protein
expression when compared to cells cultured with FTRI alone (p<0.05) but not
when compared to control untreated cells (Figure 2-30B). Culturing these cells
with FTRI in the presence of CNTF caused a decrease in protein expression of
GFAP when compared to controls, similar to that seen in mRNA expression, but
this was not statistically significant.
Similar to that observed with mRNA expression, GFAP protein expression was
significantly downregulated by FTRI in the presence of TNF-α when compared
to untreated control cells (p<0.05) and did not differ from that seen in cells
cultured with TNF-α alone (Figure 2-30C). There was no difference in GFAP
protein expression when cells were cultured with FTRI in the absence or the
presence of TNF-α.
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When MIO-M1 cells were cultured with FTRI in the presence of IL-6, GFAP
protein expression was slightly decreased when compared to untreated control
cells (Figure 2-30D). Although not significant, this observation matched what
was seen with GFAP mRNA expression. Cells cultured with IL-6 alone did not
show any changes in GFAP protein expression compared to control cells,
similar to previous observations.
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Figure 2-29: GFAP mRNA expression by MIO-M1 cells cultured with FTRI in
the absence or presence of inflammatory cytokines.
Bar charts represent GFAP mRNA expression normalised to β-actin (mean +/SEM). (A) Cells cultured with FTRI in the presence of TGF-β1 showed decreased
GFAP mRNA expression when compared to control untreated cells. Culture with
TGF-β1 alone did not modify expression of GFAP mRNA (N=4). (B) Cells cultured
with FTRI in the presence of CNTF showed decreased GFAP mRNA expression
when compared to untreated control cells, similar to that seen in cells cultured with
FTRI alone. Cells cultured with CNTF alone showed no change in GFAP mRNA
expression as compared to control cells (N=4). (C) MIO-M1 cells cultured with
FTRI in the presence of TNF-α showed significant downregulation of GFAP mRNA
expression when compared to untreated control cells. Additionally, cells cultured
with TNF-α alone showed significant decrease in mRNA expression of GFAP when
compared to control cells (N= 5). (D) Cells cultured with FTRI in the presence of IL6 also showed a significant decrease in mRNA expression of GFAP when
compared to untreated control cells. However, GFAP mRNA expression was not
modified in cells cultured with IL-6 alone (N=5). One-way ANOVA and Tukey posttest, p<0.05.
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Figure 2-30: Protein expression of GFAP by MIO-M1 cells cultured with FTRI in the
absence or presence of inflammatory cytokines.
Representative western blot bands show GFAP and β-actin expression shown above bar
charts. Bar charts represent GFAP protein normalised to β-actin (mean +/- SEM). (A) Cells
cultured with FTRI in the presence of TGF-β1 showed decreased GFAP protein expression
when compared to control untreated cells. Culture with TGF-β1 alone also significantly
decreased GFAP protein expression. (B) Cells cultured with FTRI in the presence of CNTF
showed slightly decreased GFAP protein expression when compared to untreated control cells.
Cells cultured with CNTF alone showed no change in GFAP protein expression as compared to
control cells. (C) MIO-M1 cells cultured with FTRI in the presence of TNF-α showed significant
downregulation of GFAP protein expression when compared to untreated control cells.
Additionally, cells cultured with TNF-α alone showed significant decrease in protein expression
of GFAP when compared to control cells. (D) Cells cultured with FTRI in the presence of IL-6
showed a decrease in protein expression of GFAP when compared to untreated control cells,
although this was not significant. GFAP protein expression was not modified in cells cultured
with IL-6 alone. One-way ANOVA and Tukey post-test, p<0.05, N=3.
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2.4 Discussion
2.4.1 Pro-inflammatory cytokines modulate expression of gliosisassociated proteins in MIO-M1 cells
Of the gliosis-associated proteins investigated for modulation by proinflammatory cytokines in the MIO-M1 cell line, only GFAP was downregulated
by TNF-α. Culture of MIO-M1 cells with increasing concentrations of TNF-α
significantly downregulated gene and protein expression of GFAP in a dosedependent manner. This was surprising because TNF-α is implicated in gliosis
in mammals and is increased in retinal diseases such as glaucoma (Tezel et al.,
2001) and diabetic retinopathy (Demircan et al., 2006). Other studies have
shown that when rat cerebral astrocytes are cultured with TNF-α there is a
powerful upregulation of GFAP, caused by activation of mitogen activated
protein kinase Erk2 (Zhang et al., 2000). Additionally, porcine retinal explants
treated with TNF-α have shown an increased GFAP expression in the cell
bodies and processes of Müller cells which extended across the entire retina
(Fernandez-Bueno et al., 2013). However, the present results suggest that in
MIO-M1 cells, TNF-α may not be promoting gliosis. This is in accordance to that
observed in rat brain astrocytes, in which TNF-α reduces protein expression of
GFAP in vitro and may not be responsible for reactive changes in astrocytes
during neurodegenerative diseases (Edwards and Robinson, 2006). This
downregulation of GFAP induced by TNF-α in MIO-M1 cells may also resemble
the anti-gliotic properties of this cytokine observed in zebrafish, in which TNF-α
induces Müller glia to re-enter the cell cycle (Nelson et al., 2013). In this present
study, it was found that TNF-α is not cytotoxic for MIO-M1 cells. This is in
agreement with observations by others that TNF-α does not affect viability of
astrocytes (Edwards and Robinson, 2006). Proteomic analysis of human
glaucomatous retina detected not only apoptotic and cell death signals, but
activation of NFκB, which promotes cell survival and can protect cells from TNFα cytotoxicity (Beg and Baltimore, 1996, Yang et al., 2011). On this basis, it
would be important to investigate the downstream targets of TNF-α in MIO-M1
cells and this was explored later in this thesis.
The present results show that MIO-M1 cells cultured with TGF-β1 caused
downregulation of both mRNA and protein expression of GFAP, which conflicts
with existing literature. Stimulation of bovine Müller glia in vitro with exogenous
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TGF-β1 has been shown to increase GFAP expression in a dose-dependent
manner (Hisatomi et al., 2002). This cytokine has also been shown to have an
important role in scar formation in rodent CNS as brain lesions are associated
with an increase in TGF-β1 and GFAP expression in vivo. In addition, infusion
of TGF-β1 into the uninjured rat lateral ventricle, induced GFAP mRNA
expression in a dose-dependent manner (Laping et al., 1994). This suggests
that TGF-β1 plays a role in promoting gliosis and inducing GFAP expression,
which was not seen in MIO-M1 cells cultured with TGF-β1 in vitro.
TGF-β1 is also known to regulate expression of the IF protein vimentin within
the retina. Induction of PVR in rabbits results in increased TGF-β1 in the
aqueous humor and vitreous, with a correlated increase in vimentin protein
expression in the retina (Hoerster et al., 2014). Additionally, neurotoxin damage
to rodent retinae has shown to increase vimentin protein expression in Müller
glia (Das et al., 2006). However, Wu et al found that the human vimentin gene
does not contain a canonical TGF-β1 response element (Wu et al., 2007), which
could explain why vimentin is not modified by TGF-β1 in MIO-M1 cells.
Extensive research has been carried out on GFAP/vimentin knockout mice to
better understand the roles of these two IFs. Double knockout astrocytes can
encourage neuronal proliferation in vitro and in vivo in mouse retinas lacking
GFAP and vimentin, significantly improves migration and integration of
transplanted retinal cells (Menet et al., 2001, Kinouchi et al., 2003). This
suggests that regulation of vimentin, as well as GFAP, would be beneficial for
regeneration but this was not observed in MIO-M1 cells cultured with any of the
inflammatory cytokines investigated.
Of the pro-inflammatory cytokines tested, TNF-α and TGF-β1 downregulated
the expression of the gliosis-associated protein tenascin in MIO-M1cells.
Genetically modified mice lacking tenascin had significantly reduced Müller glia
and inducing Müller glia from these animals to de-differentiate by FGF-2
showed reduced proliferation in vitro (Besser et al., 2012). This suggests that
tenascin influences Müller glia behaviour of retinal progenitor cells. It was
surprising that TGF-β1, which is significantly elevated in gliosis (Prendes et al.,
2013), downregulated tenascin expression in MIO-M1 cells because in
astrocytes this cytokine robustly increases tenascin expression (Smith and
Hale, 1997). Additionally, astrocytes cultured with IL-6, CNTF or TNF-α did not
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show changes in tenascin expression. This correlates with the current results in
which IL-6 and CNTF did not modify tenascin expression in MIO-M1 cells, whilst
it also does not correlate with the results in which TNF-α downregulates
tenascin expression. However, in a rat glaucoma model, tenascin upregulation
occurs before Müller cell gliosis, suggesting that pro-inflammatory cytokines
associated with gliosis may not regulate this protein in the retina (Reinehr et al.,
2016). Alternatively, it may be that other mechanisms control the production of
tenascin in Müller glial cells.
Expression of IL-6 increases in patients with glaucoma and in animal models of
retinal neurodegeneration (Chen et al., 1999, Sims et al., 2012) and it is
possible that Müller glia are a source of local IL-6 production in the retina
(Yoshida et al., 2001). It has been previously shown that culture of human
astrocytes with IL-6 significantly increased expression of GFAP and vimentin
(Pogue et al., 2010). In this investigation, culturing MIO-M1 cells with
exogenous IL-6 did not modify the expression of gliosis-associated proteins
tenascin, vimentin, procollagen galactosyltransferase or galectin. Studies by
others showed that in the chick retina, intraocular injection of IL-6 did not
activate Müller glia and did not modify GFAP expression (Fischer et al., 2014).
Furthermore, IL-6 injection into mouse eyes caused a weak upregulation of
GFAP in Müller glia (Wang et al., 2002) and immunohistochemical staining of
mouse retina revealed a spatial variation in IL-6 signalling. Sims et al found that
there was a mosaic staining of IL-6 and its receptor within the different cell
layers of the retina, which is of interests as in animal models with raised IOP,
RGCs are the main target of IL-6 signalling (Sims et al., 2012). From the
present results and observations by others, it may be possible to suggest that
MIO-M1 cells do not respond to IL-6 during reactive gliosis. However, the
current study only used one reference gene (β-actin) in the semi-quantitative
analysis, which may not maintain a constant level of expression in MIO-M1 cells
in the different culture conditions, in particular TNF-α, which has been
previously reported to affect its expression in other conditions (Kohno et al.,
1993). As such, the data presented here would be strengthened by validating
the expression of both the genes of interest and β-actin against a second
reference gene.
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As CNTF is a member of the IL-6 family of pro-inflammatory cytokines, the
effect of CNTF on gliosis-associated proteins was also examined. In the mouse
retina in vivo injection of CNTF can increase GFAP expression throughout the
retina and specifically induces GFAP gene expression in Müller glia through
Stat3-phosphorylation (Wang et al., 2002). However, culture of MIO-M1 cells
with CNTF did not upregulate GFAP mRNA expression. This contrasts with
other reports that found that retinal progenitor cells show specific concentrationdependent increase in GFAP expression by CNTF (Bhattacharya et al., 2008).
In these studies, only concentrations of CNTF above 100ng/ml caused
increased expression of GFAP and vimentin. In the present study the highest
concentration of CNTF used was 100ng/ml, so it may be that higher doses are
required to induce changes in the expression of gliosis-associated proteins in
MIO-M1 cells. Another explanation could be that CNTF does not affect gliosis
but instead promotes neuroprotection in the retina. This is suggested by
observations that human CNTF expressed in mouse retina acts directly on
Müller glia to induce production of neurotrophic factors that promote
photoreceptor survival (Rhee et al., 2013).
None of the inflammatory cytokines examined showed any effect on the
expression of the gliosis-associated protein galectin-1. In the zebrafish retina,
galectin-1-like protein Drgal1-L2 becomes increased in proliferating Müller glia
and neural progenitors after photoreceptor damage (Craig et al., 2010). In rats,
photoreceptor degeneration caused by constant light exposure has also been
reported to increase the expression of galectin-1 in Müller glia (Uehara et al.,
2001). Exogenous TGF-β1 can also induce galectin expression in HKC cells, an
immortalized human renal epithelial cell line (Okano et al., 2010). In addition,
human lung fibroblasts treated in vitro with TGF-β1 showed increased
expression of galectin-1, accelerating fibrosis (Jin Lim et al., 2014). It is of
interest however, that neither TGF-β1 or any of the inflammatory cytokines
investigated in this study had any effect on galectin-1 expression in MIO-M1
cells.
2.4.2 Rod photoreceptor precursor differentiation of MIO-M1 cells
When MIO-M1 cells were induced to differentiate into rod photoreceptor
precursors by culturing with FGF-2, taurine, retinoic acid and IGF-1 (FTRI) there
was an obvious morphological difference in the treated cells as compared to
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controls. However, it was not possible to show that mRNA expression of NR2E3
and recoverin, which are genes associated with photoreceptor development,
significantly increased after FTRI treatment. Even though the PCR primers were
designed based on their specificity to each gene and rigorously tested to
optimise the PCR method, PCR tests performed on different occasions showed
inconsistent results. On this basis, real-time qPCR was performed as it is a
more robust method. However, significant changes in expression of these
genes were not observed. It may be that these genes of interest are very
sensitive to the PCR methods used or they may be constitutively expressed at
high levels and therefore it is difficult to assess changes using PCR methods.
Nonetheless, protein expression of NR2E3 significantly increased in MIO-M1
cells cultured with FTRI, which is in agreement with previous studies (Jayaram
et al., 2014). Recoverin protein expression was not tested.
In this study it was also observed that GFAP mRNA and protein expression
significantly decreased in MIO-M1 cells cultured with FTRI. Fischer and Reh
noted that after retinal damage in postnatal chick, those Müller glial cells which
do not increase GFAP expression are the ones which re-enter the cell cycle
(Fischer and Reh, 2003). It could be possible that when Müller glial cells are
induced to differentiate they downregulate GFAP expression to allow entry into
the cell cycle. Furthermore, as GFAP is not expressed in photoreceptor cells in
the retina and the MIO-M1 cells showed reduction in GFAP expression following
FTRI treatment, this may indicate that these cells were differentiating.
Additionally, cells induced to differentiate in the presence of TGF-β1 or TNF-α
also showed downregulation of GFAP mRNA and protein expression compared
to untreated control cells. This decreased GFAP expression was similar in cells
treated with FTRI alone or with TNF-α or TGF-β1 alone. This suggests that
these inflammatory cytokines and FTRI treatment do not act synergistically to
regulate GFAP. Even though differentiation in the presence of IL-6 or CNTF
decreased protein expression of GFAP in MIO-M1 cells, this was not statistically
significant, indicating cytokine specific functions in gliosis.
Examination of cells cultured with FTRI in conjunction with the inflammatory
cytokines TGF-β1, TNF-α, IL-6 or CNTF did not significantly modify NR2E3
mRNA expression. Recoverin mRNA expression was also not modified in cells
cultured with FTRI in the presence of TGF-β1, IL-6 or CNTF. However, when
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Müller glial cells were cultured with FTRI in the presence of TNF-α there was a
significant increase in recoverin mRNA expression compared to controls. This
suggests that TNF-α may be potentiating the differentiation of Müller glial stem
cells by FTRI. In zebrafish, in vivo co-injection of TNF-α and a Notch inhibitor
into undamaged retina, significantly increased the number of proliferating Müller
glia which re-entered the cell cycle (Conner et al., 2014). This combination
produced neuronal progenitors that differentiated into some but not all retinal
neurons, mimicking the regenerating retina. As TNF-α also caused down
regulation of GFAP, it may allow the MIO-M1 cells to adopt a neural lineage in
the presence of FTRI, in a similar way to that seen in the zebrafish.
When examining protein expression of MIO-M1 cells cultured with FTRI in the
presence of inflammatory cytokines, there was a significant increase in NR2E3
expression. Cells induced to differentiate into rod photoreceptor precursors in
the presence of TNF-α, CNTF and IL-6 also significantly increased protein
expression of NR2E3, suggesting that these cytokines are not inhibiting Müller
glia differentiation induced by FTRI. In contrast, protein expression of NR2E3
was significantly downregulated in cells cultured with FTRI in the presence of
TGF-β1 when compared to cells cultured with FTRI alone. This suggests that
TGF-β1 inhibits rod photoreceptor precursor differentiation of Müller glia
induced by FTRI, and this confirms previous published studies (Angbohang et
al., 2015).
Interestingly, compared to controls, cells cultured with CNTF alone showed
increased NR2E3 protein expression, suggesting that CNTF alone has the
ability to induce a degree of rod photoreceptor precursor differentiation in MIOM1 cells. However, this is not as marked as differentiation induced by FTRI
alone. In early postnatal mouse retina, CNTF has been shown to regulate rod
photoreceptor differentiation (Rhee et al., 2004) supporting the suggestion that
CNTF may cause rod photoreceptor precursor differentiation of MIO-M1 cells in
vitro.
In conclusion, this chapter has shown that GFAP is significantly downregulated
by TNF-α and TGF-β1 but only TNF-α does not prevent induced rod
photoreceptor precursor differentiation of MIO-M1 cells. These results suggest a
role of TNF-α in MIO-M1 cell GFAP regulation and further investigation of this
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mechanism is required. Downstream signalling of TNF-α was studied further in
the next chapter of this thesis.
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Chapter 3

TNF-α signalling in Müller glial MIO-M1

cells
3.1 Introduction
3.1.1 Role of TNF-α in gliosis and neurodegenerative disease
The inflammatory cytokine TNF-α may have degenerative properties in the
retina. TNF-α is found upregulated in the retina from patients with many retinal
degenerative diseases including PVR, diabetic retinopathy, retinitis pigmentosa
and glaucoma (Eastlake et al., 2016, Limb et al., 1996, Ghanem AA, 2010,
Martínez-Fernández de la Cámara et al., 2014). Chronic high IOP in mouse
models has shown to cause rapid upregulation of TNF-α leading to loss of
RGCs, whilst injection of TNF-α into normal eyes induces significant RGC loss,
implicating TNF-α and inflammation in the pathogenesis of glaucoma
(Nakazawa et al., 2006b). After in vivo optic nerve crush injury leading to RGC
cell death, astrocytes increase expression of TNF-α along with GFAP, further
suggesting a role for this cytokine in retinal degenerative gliotic responses
(Tezel et al., 2004). TNF-α can act directly on Müller glial cells, as demonstrated
by studies in which porcine retinal explants cultured with exogenous TNF-α
showed marked upregulation of GFAP in Müller glial cells. This coincided with
extensive photoreceptor disorganisation, indicating that TNF-α plays an integral
part in reactive retinal gliosis (Fernandez-Bueno et al., 2013).
Explant studies in which retinitis pigmentosa, characterised by retinal
degeneration and reactive Müller cell gliosis, is induced, blocking TNF-α with
Infliximab significantly reduced Müller glia expression of GFAP and prevented
photoreceptor cell death (Martínez-Fernández de la Cámara et al., 2014).
Moreover, in vitro stimulation of mouse Müller glia with TNF-α resulted in
increased expression of genes coding for pro-inflammatory cytokines,
neurotoxic chemokines and enzymes producing reactive oxygen and nitrogen
species, which all contribute to cell death (Dvoriantchikova and Ivanov, 2014).
During gliosis, Müller glial cells can also be a source of elevated TNF-α (Xue et
al., 2011, Kumar and Shamsuddin, 2012, Eastlake et al., 2016). Indeed,
glaucoma-related induced stress of rat Müller glia in vitro does not affect cell
death but amplifies secretion of TNF-α (Tezel and Wax, 2000). This production
of TNF-α by Müller glia can target other retinal cell types.
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Another TNF-α regulated signalling cascade involved in neurodegeneration is
through production of reactive nitrogen species; TNF-α activation of Müller glia
induces nitric oxide expression which is cytotoxic to retinal neurons (Agarwal
and Agarwal, 2012). An enzyme that produces reactive nitrogen species is nitric
oxide synthase-2 (NOS2) and Müller glia from TNF-α knockout mice produce
less NOS2 after stimulation. This suggests that endogenous TNF-α production
by Müller glia causes a detrimental inflammatory response in the retina
(Goureau et al., 1997).
TNF-α and TNF-α regulated signalling is capable not only of mediating
neurotoxicity and degeneration, but also neuroprotection. In mammalian CNS
astrocytes, TNF-α reduces GFAP expression and does not affect viability in
vitro (Edwards and Robinson, 2006). In addition, in vivo injury-induced gliosis
does not require elevated expression of TNF-α in rodents (Little et al., 2002).
This suggests that TNF-α may not cause reactive astrogliosis in
neurodegenerative diseases. In human glaucomatous retinal samples, the
survival-promoting pathways of TNF-α signalling are also activated indicating a
protective role of TNF-α (Yang et al., 2011). Additionally, TNF-α deficient Müller
glia in zebrafish have reduced proliferation suggesting that TNF-α produced by
Müller glial cells themselves may encourage cell-cycle re-entry (Nelson et al.,
2013). This identifies TNF-α signalling as essential in endogenous regeneration
in the zebrafish and potentially protective in the mammalian retina.
3.1.2 TNF-α signalling pathway
It is apparent that TNF-α can have both neuroprotective and neurodegenerative
effects depending on signalling through its two receptor (TNFR1 or TNFR2)
(Agarwal and Agarwal, 2012). TNFR1 is proapoptotic in neurodegenerative
diseases, where activation of TNFR1 recruits Fas-Associated Death Domain
(FADD) and TNF Receptor-Associated Death Domain (TRADD) and
downstream caspase 8 and subsequently caspase 3 are activated, which have
a crucial role in initiating the proteolysis cascade, resulting in apoptosis (Figure
3-1). Using an in vivo retinal ischemia model, upregulation of TNF-α and both
receptors TNFR1 and TNFR2 has been shown to precede neuronal cell death
(Fontaine et al., 2002). In human glaucomatous eyes TNF-α immunostaining is
localised to Müller glial cell bodies and processes, whereas TNF-α receptor-1
(TNFR1) is mainly localised to the RGC layer (Tezel et al., 2001). When
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conditioned medium of cultured Müller glia was used to culture RGCs there was
increased RGC apoptosis (Tezel and Wax, 2000). Furthermore, mice deficient
in TNFR1 when subjected to optic nerve crush injury show well-preserved
retinal structure, minimal axonal degeneration and reduced RGC loss compared
to wild type mice (Tezel et al., 2004). This implicates TNFR1 signalling in
neurodegeneration.
Cell death after injury in TNF-α deficient mice surprisingly was not altered
compared to wild type controls, but TNFR1 deficiency reduced cell death whilst
TNFR2 knockout enhanced cell death (Fontaine et al., 2002). This indicates that
TNF-α itself does not cause retinal neurodegeneration but the receptor it signals
through can regulate injury-induced damage. TNFR2 promotes neuroprotection,
as shown by evidence that TNFR2 causes release of the inhibitory protein
Silencer of Death Domain (SODD) and allows it to be bound by TRADD,
recruiting TNF Receptor Associated Factor 2 (TRAF2) and Receptor Interacting
Protein (RIP). This leads to downstream activation of the transcription factor
Nuclear Factor Kappa-light-chain-enhancer of activated B cells (NFκB) (Figure
3-1). NFκB activation by TNF-α induces genes involved in cell survival and cell
proliferation (Agarwal and Agarwal, 2012, Beg and Baltimore, 1996).
The mammalian NFκB family consists of five subunits: NFκB1/p105, NFκB2/p100, NFκB p65 (also known as RelA), RelB and c-Rel and these can form
homodimers or heterodimers. The NFκB1/p105 and NF-κB2/p100 proteins are
cytoplasmic inhibitory precursors and their degradation leads to formation of the
active NFκB p50 and p52 proteins respectively (Albert S. Baldwin, 1996).
Normally these active subunits are sequestered in the cytoplasm by complexing
with the inhibitory protein Nuclear factor of kappa light polypeptide gene
enhancer in B-cells inhibitor, alpha (IκBα). However, following TNF-α stimulation
the IκBα protein dissociates, followed by rapid phosphorylation and degradation
by the proteasome (Brown et al., 1995, Chen et al., 1995). The active NFκB
complex can translocate to the nucleus where the different dimers recognise
different DNA binding sites to regulate transcription of a variety of genes (Albert
S. Baldwin, 1996). As well as being activated by TNF-α, NFκB can also
stimulate production of TNF-α, consequently creating an autoregulation
feedback loop (Sankar Ghosh et al., 1998).
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Figure 3-1:Illustration of the TNF-α signalling pathway through TNFR1
and TNFR2.
Adapted from (Urschel and Cicha, 2015). TNF-α can signal through two
receptors, which are different from each other. The TNFR1 recruits FADD
and TRADD, which activate caspase 8 followed by caspase 3, terminating in
cell apoptosis. Meanwhile, TNFR2 signalling causes recruitment of TRADD,
RIP, TRAF2 and SODD and downstream activation of NFκB. IκBα is
phosphorylated and degrades, resulting in NFκB subunit being free to
translocate to the nucleus where they behave as transcription factors for
genes associated with cell survival.
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Another regulatory process of TNF-α signalling results from the cell shedding of
soluble TNF-receptors (sTNFR), which can act as inhibitors by binding free
TNF-α and competing against cell surface TNFR1 and TNFR2. However, at
lower concentrations sTNFRs can augment TNF-α activity by stabilising its
structure and preserving its activity. This is illustrated by studies in human
leukocytes incubated with TNF-α in the presence of exogenous sTNFR, in
which cell death by TNF-α is initially prevented, but after 7 days of incubation
stable cell death occurs (Aderka et al., 1992). Additionally, although TNF-α
protein decays, sTNFR attenuates decay and augments TNF-α activity. It is of
interest that soluble receptors are found increased in patients with diabetic
retinopathy and inflammatory eye diseases (Limb et al., 1999, Bessa et al.,
2012), indicating a possible regulatory role within the retinal environment during
neurodegeneration.
Within the CNS and the retina TNF-α can have both toxic, including gliosis, and
protective affects. This reaction could be tipped either way in a cell by a variety
of factors including the extent of TNF-α activation in a cell, the concentration of
and duration of exposure to TNF-α, the presence of other cytokines that act on
a cell at the same time, the temporal exposure of other cytokines acting on the
cell and the context of injury (Shohami et al., 1999, Tezel, 2008). For example,
early rapid exposure to excessive TNF-α may recruit reactive nitrogen species
causing a toxic response, while in later stages when TNF-α levels have
declined, it may regulate NFκB to promote cell survival.

3.2 Objectives
The signalling pathway of TNF-α in Müller glial cells is not fully understood and
exploration of this signalling may create insight into the regulatory role that TNFα plays within the retinal environment during disease. TNF-α is found
upregulated in retinal neurodegenerative diseases and can stimulate and be
released by Müller glial cells. Depending on which receptor TNF-α activates
determines the effect it can have on a cell, whether it be pro cell survival or
detrimental apoptosis. Therefore, the aims of this chapter were to investigate
the expression of TNF receptors by MIO-M1 cells and the activation of
downstream targets including NFκB signalling. It is hypothesised that by
identifying the downstream targets of TNF-α and investigating methods to
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regulate these within the retinal environment may potentially have therapeutic
potential for treating gliosis-associated retinal diseases.
The objectives of this chapter were:
1. To investigate the expression of TNFR1 and TNFR2 in MIO-M1 cells and
how these receptors are affected by TNF-α in vitro.
2. To examine whether MIO-M1 cells release soluble TNF receptors when
cultured with TNF-α.
3. To investigate the expression of NFκB signalling, including that of NFκB
p105/50, NFκB p100/52, NFκB p65 and IκBα, in MIO-M1 cells stimulated
by TNF-α in vitro.
4. To investigate the effect of inhibiting NFκB signalling on TNF-α mediated
regulation of GFAP in MIO-M1 cells in vitro.
5. To examine whether factors that induce MIO-M1 cells to differentiate into
rod photoreceptor precursors in vitro modified expression of NFκB
signalling.
Experimental design:
I.

RNA extracted from MIO-M1 cells that had been cultured with TNF-α for
6 days was used to examine the expression of mRNA coding for TNFR1,
TNFR2, NFκB1 and NFκB2 using RT-PCR methods established in the
laboratory.

II.

Protein lysates from MIO-M1 cells cultured with increasing
concentrations of TNF-α in the absence or presence of factors (FGF-2,
taurine, retinoic acid and IGF-1) known to induce rod photoreceptor
precursor differentiation were used to assess the expression of NFκB
p105/50, NFκB p100/52 and IκBα. Western blot analysis was carried out
using primary antibodies against proteins of interest and protocols
established in our laboratory.

III.

MIO-M1 cells cultured with TNF-α were immunostained with antibodies to
NFκB p105/50 and NFκB p100/52 and examined under confocal
fluorescence microscopy.

IV.

Protein lysates from MIO-M1 cells cultured with 5ng/ml TNF-α over a 24
hour time lapse experiment were used to measure phosphorylation of
NFκB p65 and IκBα using an ELISA kit. ELISA methods were also used
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to measure concentrations of human soluble TNFR2 in supernatants
collected from MIO-M1 cells cultured with increasing concentrations of
TNF-α.
V.

NFκB signalling was inhibited in MIO-M1 cells in vitro and protein
expression of NFκB p105/50, IκBα and GFAP was assessed by western
blot analysis. For this purpose, MIO-M1 cells were cultured with
increasing concentrations of caffeic acid phenethyl ester (CAPE) for 24
hours and subsequently cultured with 5ng/ml of TNF-α for 5 days.
Alternatively, cells were cultured with increasing concentrations of
RO1069920 in the absence or presence of 5ng/ml of TNF-α for 6 days.

VI.

Semi-quantitative statistical analysis of gene and protein expression was
performed using Excel and GraphPad Prism programmes.
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3.3 Results
3.3.1 Modulation of TNF-α receptors expression by TNF-α in MIO-M1 cells
In the previous chapter it was shown that TNF-α induced downregulation of
GFAP in MIO-M1 cells. This led us to examine whether TNF-α receptors are
also regulated by TNF-α. The actions of TNF-α are produced subsequent to
binding to its cell surface receptors TNFR1 and/or TNFR2, which are
functionally different. On this basis expression of these receptors was explored
in MIO-M1 cells cultured with TNF-α for 6 days.
MIO-M1 cells were cultured with increasing concentrations of TNF-α in a doseresponse manner and mRNA expression of the TNFR1 and TNFR2 genes were
analysed (Figure 3-2). The results showed that there was no change in TNFR1
mRNA expression when MIO-M1 cells were cultured with TNF-α when
compared to controls. However, there was a trend of increasing TNFR2 mRNA
expression with increasing TNF-α concentration but this was only significant
between cells cultured with the BSA vehicle control and cells cultured with TNFα at a concentration of 50ng/ml (p<0.05) (Figure 3-2B).
Analysis by western blot was highly variable but untreated MIO-M1 cells
expressed TNFR1 and TNFR2 proteins. Culturing MIO-M1 cells with increasing
concentrations of TNF-α did not modify protein expression of TNFR1 (Figure 33A). However, expression of TNFR2 protein was altered in MIO-M1 cells
cultured with increasing concentration of TNF-α (Figure 3-3B). The lower
concentrations of TNF-α used, 0.5 and 5ng/ml, caused a significant increase in
TNFR2 protein expression when compared to untreated control cells (p<0.05).
The higher concentrations of TNF-α did not modify protein expression of TNFR2
when compared to untreated control cells.
An ELISA was used to measure the release of soluble TNFR2 (sTNFR2) into
the cell culture medium of MIO-M1 cells cultured with TNF-α. Soluble TNFR2
derives from shedding of the extracellular domain of TNFR2 and the ELISA
measurements included the amount of free receptor plus the amount of receptor
bound to TNF-α. MIO-M1 cells cultured with 5, 50 and 500ng/ml TNF-α
released significantly increased concentrations of sTNFR2 protein into cell
supernatants when compared to untreated control cells and cells cultured with
0.5ng/ml TNF-α (p<0.001) (Figure 3-4). At a concentration of 0.5ng/ml, TNF-α
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did not modify the release of sTNFR2. Additionally, there was a significant
difference in concentration of sTNFR2 in supernatants of cells treated with both
5 and 50 ng/ml TNF-α and 5 and 500ng/ml (p<0.001).
3.3.2 Modulation of TNF-α receptors in MIO-M1 cells cultured with FTRI
MIO-M1 cells were induced to differentiate by addition of FTRI and the protein
expression of TNFR1 and TNFR2 was measured. Culture with FTRI in the
absence or presence of TNF-α did not modify the protein expression of TNFR1
or TNFR2 when compared to untreated control cells (Figure 3-5). Release of
sTNFR2 was also not modified by culturing MIO-M1 cells with FTRI alone when
compared to controls (Figure 3-6). However, the concentration of sTNFR2 in
supernatants from cells cultured with FTRI in the presence of TNF-α was
significantly upregulated when compared to supernatants from untreated control
cells and cells cultured with FTRI alone (p<0.05).
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Figure 3-2: mRNA expression of TNF receptors by MIO-M1 cells cultured with increasing
concentrations of TNF-α.
Representative images of PCR bands for TNF receptors and β-actin shown above bar charts.
Bar charts show relative expression of receptor mRNA normalised to β-actin (mean +/- SEM).
(A) There was no difference in TNFR1 mRNA expression in cells cultured with increasing
concentrations of TNF-α when compared to untreated control cells. (B) TNFR2 mRNA
expression was significantly upregulated in cells cultured with 50ng/ml TNF-α when compared
to cells cultured with BSA control. One-way ANOVA and Tukey’s post-test, p<0.05, N=3.

Figure 3-3: Protein expression of TNF receptors by MIO-M1 cells cultured with increasing
concentrations of TNF-α.
Representative images of western blot bands for receptors and β-actin shown above bar charts.
Bar charts show relative expression of protein normalised to β-actin (mean +/- SEM). (A) There
was no significant difference in protein expression of TNFR1 in cells cultured with increasing
concentrations of TNF-α when compared to untreated control cells. (B) TNFR2 protein
expression was significantly increased in MIO-M1 cells cultured with 0.5 and 5ng/ml TNF-α
when compared to control cells. One-way ANOVA and Tukey’s post-test, p<0.05, N=3.
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Figure 3-4: ELISA results for concentration of human sTNFR2 released by MIO-M1
cells cultured with increasing concentrations of TNF-α.
Bar chart represents sTNFR2 concentration (mean +/- SEM). There was a significant
upregulation of sTNFR2 concentration in cell supernatant of MIO-M1 cells cultured with 5,
50 and 500ng/ml TNF-α as compared to untreated control cells and cells cultured with
0.5ng/ml TNF-α. One-way ANOVA and Tukey post-test, p<0.005, N=3.
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Figure 3-5: Protein expression of TNF receptors by MIO-M1 cells cultured with FTRI
in the absence or presence of TNF-α.
Representative western blot bands showing receptors and β-actin expression shown
above bar charts. Bar charts represent receptor protein expression normalised to β-actin
(mean +/- SEM). (A) There was no significant difference in TNFR1 protein expression by
cells cultured with FTRI in the absence or presence of TNF-α when compared to
untreated control cells. (B) TNFR2 protein expression was not modified by culturing cells
with FTRI in the absence or presence of TNF-α when compared to control cells. One-way
ANOVA and Tukey post-test, p>0.05, N= 3.
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Figure 3-6: Concentration of released sTNFR2 protein by MIO-M1 cells cultured
with FTRI in the absence or presence of TNF-α.
Bar chart represents sTNFR2 concentration (mean +/- SEM) as measured by ELISA.
Cells cultured with FTRI in combination with TNF-α released significantly higher levels of
sTNFR2 when compared to untreated control cells and cells cultured with FTRI alone.
One-way ANOVA and Tukey post-test, p<0.05, N= 3.
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3.3.3 Modulation by TNF-α of NFκB subunits expression in MIO-M1 cells
TNF-α binding to cell surface receptors induces downstream signalling and
activation of NFκB. MIO-M1 cells were cultured with increasing concentrations
of TNF-α and expression of NFκB mRNA and protein were examined.
MIO-M1 cells cultured for 6 days with increasing concentrations of TNF-α
showed upregulation of NFκB1 and NFκB2 gene expression in a dose-response
manner. mRNA expression of both NFκB1 and NFκB2 were significantly
increased by cells cultured with 5, 50 and 500ng/ml TNF-α when compared to
untreated control cells and when compared to cells cultured with 0.5ng/ml TNFα (p<0.05) (Figure 3-7). There was also a significant upregulation in mRNA
expression of NFκB1 between MIO-M1 cells cultured with 5 and 50ng/ml of
TNF-α (p<0.01).
The protein expression regulated by the NFκB1 gene is NFκB p105/50. The
NFκB p105 protein subunit is processed by proteolysis into NFκB p50, which
forms a dimeric complex with Rel proteins and translocates to the nucleus to
regulate gene transcription. Both NFκB p105 and NFκB p50 protein expression
were increased by culturing MIO-M1 cells for 6 days with increasing
concentrations of TNF-α (Figure 3-8). However, there was only a statistically
significant upregulation of NFκB p50 protein expression in cells cultured with 5,
50 and 500ng/ml TNF-α when compared to untreated control cells (p<0.05)
(Figure 3-8B).
The protein NFκB p100/52 is regulated by the NFκB2 gene. The NFκB p100
protein is proteolysed into NFκB p52, which forms a dimeric complex with Rel
proteins and translocates to the nucleus to regulate gene transcription. NFκB
p100 protein expression was significantly increased in MIO-M1 cells cultured for
6 days with increasing concentrations of TNF-α (Figure 3-9). However, this
increase was not seen in NFκB p52 protein expression. The expression of
NFκB p100 protein was significantly upregulated in MIO-M1 cells cultured with
500ng/ml TNF-α when compared to untreated control cells (p<0.001) and cells
cultured with TNF-α at concentrations of 0.5 (p<0.001), 5 (p<0.01) and 50ng/ml
(p<0.05) (Figure 3-9A).
MIO-M1 cells cultured with TNF-α were also analysed by immunofluorescence
for expression of NFκB proteins. The proportion of stained cells was analysed
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under confocal fluorescence microscopy. Immunofluorescent staining of
untreated control MIO-M1 cells showed positive nuclei staining for both NFκB
p105/50 and NFκB p100/52 proteins, at proportions of 12% and 42%,
respectively. Quantification of the number of positive cells for NFκB p105/50 in
MIO-M1 cells cultured in the presence of 50ng/ml of TNF-α revealed that an
average of 31% of cells had stained their nuclei, which was a significant
increase when compared to untreated control cells (p<0.05) (Figure 3-10).
There was no significant difference in the number of NFκB p100/52 positive
stained nuclei in MIO-M1 cells cultured with both 5 and 50ng/ml of TNF-α when
compared to untreated control cells (Figure 3-11).
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Figure 3-7: mRNA expression of NFκB genes by MIO-M1 cells cultured with
increasing concentrations of TNF-α.
Representative images of PCR bands for NFκB genes and β-actin shown above bar
charts. Bar charts show relative expression of NFκB mRNA normalised to β-actin (mean
+/- SEM). (A) There was a significant upregulation of NFκB1 mRNA expression in cells
cultured with 5, 50 and 500ng/ml of TNF-α when compared to untreated control cells. (B)
mRNA expression of NFκB2 was also significantly upregulated in cells cultured with
increasing concentrations of TNF-α when compared to control cells. One-way ANOVA
and Tukey’s post-test, p<0.05, N=3.
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Figure 3-8: NFκB p105/50 protein expression by MIO-M1 cells cultured with increasing
concentrations of TNF-α.
Representative images of western blot bands for NFκB p105, p50 and β-actin shown above
bar charts. Bar charts show relative expression of NFκB proteins normalised to β-actin
(mean +/- SEM). (A) NFκB p105 protein expression increased in cells cultured with TNF-α
when compared to control, although this was not statistically significant (N=3). (B) NFκB p50
protein expression was significantly increased in MIO-M1 cells cultured with 5, 50 and
500ng/ml of TNF-α when compared to untreated control cells (N=5). One-way ANOVA and
Tukey’s post-test, p<0.05.
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Figure 3-9: Protein expression of NFκB p100/52 by MIO-M1 cells cultured with
increasing concentrations of TNF-α.
Representative images of western blot bands for NFκB p100, p52 and β-actin proteins
shown above bar charts. Bar charts show relative expression of NFκB proteins normalised to
β-actin (mean +/- SEM). (A) NFκB p100 protein expression was significantly increased in
cells cultured with 500ng/ml TNF-α when compared to control cells and cells cultured with
0.5, 5 and 50ng/ml of TNF-α. (B) NFκB p52 protein expression was slightly not but
significantly increased in Müller cells cultured with TNF-α when compared to untreated
control cells. One-way ANOVA and Tukey’s post-test, p<0.05, N=3.
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Figure 3-10: Immunofluorescence analysis of MIO-M1 cells cultured with increasing
concentrations of TNF-α stained with anti-NFκB p105/50
(A) Representative fluorescent images of Müller cells cultured with 0, 5 or 50ng/ml of TNF-α and
stained with anti-NFκB p105/50 (Alexa Flour 488, green). White arrows indicate nuclei
immunostaining. (B) Quantification of the percentage of positive cells revealed an increase in
number of MIO-M1 cells expressing NFκB p105/50 when cultured with TNF-α. This increase
was only significant in cells cultured with 50ng/ml TNF-α when compared to untreated control
cells. Bar chart represents the proportion of stained cells out of total cell number (mean +/SEM). One-way ANOVA and Tukey’s post-test, p<0.05, N=3. Scale bar represents 35μm.
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Figure 3-11: Immunofluorescence analysis of MIO-M1 cells cultured with increasing
concentrations of TNF-α stained with anti-NFκB p100/52.
(A) Representative fluorescent images of Müller cells cultured with 0, 5 or 50ng/ml of TNF-α and
stained with anti-NFκB p100/52 (AlexaFlour 488, green). White arrows indicate positive nuclei
immunostaining. (B) Quantification of the percentage of positive nuclei revealed no significant
difference in the percentage of cells staining for NFκB p100/52 upon culture with 5 or 50ng/ml of
TNF-α when compared to untreated control cells. Bar chart represents proportion of stained
cells out of total cell number (mean +/- SEM). One-way ANOVA and Tukey’s post-test p<0.05,
N=3. Scale bar represents 35μm.
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3.3.4 Expression of NFκB protein by MIO-M1 cells cultured with FTRI
MIO-M1 cells were cultured with FTRI in the absence or presence of TNF-α.
Protein expression of NFκB p105/50 and NFκB p100/52 by these cells was then
measured (Figure 3-12). Treatment with FTRI did not modify NFκB p105/50 or
NFκB p100/52 protein expression. However, protein expression of both NFκB
p105/50 and NFκB p100 subunit increased significantly in MIO-M1 cells
cultured with FTRI in the presence of TNF-α when compared to untreated
control cells (p<0.05) (Figure 3-12A-C). This suggests that TNF-α regulates
NFκB protein expression regardless of the presence of FTRI factors and that
these factors used to induce differentiation of MIO-M1 cells do not modify NFκB
protein expression. In addition, there was no significant change in NFκB p52
protein expression in MIO-M1 cultured with FTRI in the presence of TNF-α
when compared to untreated control cells (Figure 3-12D).
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Figure 3-12: Protein expression of NFκB in MIO-M1 cells cultured
with FTRI in the absence or presence of TNF-α.
Representative images of western blot bands for NFκB p105, p50, p100,
p52 and β-actin proteins shown above bar charts. Bar charts show
relative expression of NFκB proteins normalised to β-actin (mean +/SEM). There was a significant upregulation of (A) NFκB p105 (B) NFκB
p50 and (C) NFκB p100 protein expression in Müller cells cultured with
FTRI in the presence of TNF-α when compared to untreated control cells.
Protein expression of NFκB p50 and NFκB p100 were also significantly
increased in MIO-M1 cells cultured with FTRI in the presence of TNF-α
when compared to cells cultured with FTRI alone. (D) There was no
significant different in NFκB p52 protein expression in MIO-M1 cells
cultured with FTRI in the absence or presence of TNF-α when compared
to control. One-way ANOVA and Tukey’s post-test, p<0.05, N= 3.
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3.3.5 Rapid NFκB p65 phosphorylation by MIO-M1 cells cultured with
TNF-α was not accompanied by GFAP protein downregulation
MIO-M1 cells cultured with TNF-α over 6 days had shown to modulate NFκB
protein expression. However, phosphorylation of NFκB and translocation to the
nucleus occurs rapidly after stimulation with TNF-α. For this reason, MIO-M1
cells were cultured with 5ng/ml of TNF-α during a short time lapse experiment
where protein from cell lysates were collected at 15 and 30 minutes, 3, 6 and 24
hours. An ELISA kit was used to measure phosphorylated NFκB p65 (also
known as RelA), which forms dimeric complexes by binding to NFκB p50 or
NFκB p52 for nuclear import. The results showed a significant increase in
phosphorylated NFκB p65 protein in MIO-M1 cells cultured with TNF-α when
compared to untreated control cells after 15 and 30 minutes (p<0.05) (Figure 313). Phosphorylated NFκB p65 protein expression in MIO-M1 cells cultured with
TNF-α then returned to baseline after 3, 6 and 24 hours, when expression was
unchanged when compared to untreated control cells.
Although TNF-α caused phosphorylation of NFκB p65 protein by MIO-M1 cells
within 15 minutes of exposure, GFAP protein regulation in MIO-M1 cells did not
occur rapidly. Culturing cells with 5ng/ml TNF-α did not modify GFAP protein
expression at 15 or 30 minutes, 3, 6 or 24 hours when compared to untreated
control cells (Figure 3-14). Furthermore, when MIO-M1 cells were cultured with
increasing concentrations of TNF-α over 3 days, GFAP protein expression was
not modified when compared to control untreated cells (Figure 3-15).
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Figure 3-13: Protein expression of phosphorylated NFκB p65 by MIO-M1 cells cultured in
the absence or presence of 5ng/ml TNF-α over a 24-hour period as examined by ELISA.
Blue coloured line represents untreated control cells and pink coloured line represents cells
cultured with 5ng/ml of TNF-α. Time points are mean value +/- SEM. There was a significant
increase in phosphorylated NFκB p65 protein at 15 and 30 minutes by Müller cells treated with
5ng/ml TNF-α when compared to untreated control cells. Two-way ANOVA and Bonferroni posttest, p<0.05, N=3.
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Figure 3-14: Protein expression of GFAP as examined by western blot analysis of lysates
from MIO-M1 cells cultured with 5ng/ml TNF-α over a 24-hour period.
Blue coloured line represents untreated control cells and pink coloured line represents cells
cultured with 5ng/ml of TNF-α. Time points are mean value +/- SEM. There was no difference in
protein expression of GFAP in cells cultured with TNF-α when compared to untreated control
cells at any time point. Two-way ANOVA and Bonferroni post-test, p>0.05, N=3.
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Figure 3-15: Protein expression of GFAP after three-day culture of MIO-M1 cells
with increasing concentrations of TNF-α.
Representative western blot bands of GFAP and β-actin proteins are shown above bar
chart. Bar chart represents protein expression of GFAP normalised to β-actin (mean +/SEM). There was a trend of decreasing GFAP protein expression with increasing
concentration of TNF-α but this was not statistically significant. One-way ANOVA and
Tukey’s post-test, p>0.05, N=4.
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3.3.6 Expression of IκBα in MIO-M1 cells cultured with TNF-α and FTRI
The TNF-α signalling pathway stimulates IκBα, which is a regulatory protein that
inhibits NFκB. IκBα exerts its effect by binding to NFκB and sequestering it in
the cell cytoplasm to inhibit its translocation to the nucleus where it functions as
a transcription factor. When TNF-α binds to its receptors IκBα is
phosphorylated, promoting ubiquitination and degradation. This frees NFκB
proteins to allow dimers to translocate to the nucleus and activate transcription.
It was examined whether culturing MIO-M1 cells with TNF-α would modulate the
protein expression of total and phosphorylated IκBα in these cells and whether
FTRI factors modify the expression of this molecule.
Western blot analysis of cell lysates from MIO-M1 cells cultured with increasing
concentrations of TNF-α over 6 days revealed no significant difference in
protein expression of total IκBα (both non-phosphorylated and phosphorylated
forms) (Figure 3-16). Phosphorylated IκBα was measured by ELISA analysis
using lysates of MIO-M1 cells cultured with 5ng/ml TNF-α for 15 and 30 minutes
and 3,6 and 24 hours (Figure 3-17). Protein expression of phosphorylated IκBα
in MIO-M1 cells cultured with 5ng/ml of TNF-α was slightly elevated, peaking at
15 minutes. However, this increase was not significant over 24 hours culture
when compared to untreated control cells.
MIO-M1 cells were cultured with FTRI in the absence or presence of TNF-α and
protein expression of total IκBα was analysed. The results showed that protein
expression of total IκBα was not modified in MIO-M1 cells induced to
differentiate into rod photoreceptor precursors in the absence or presence of
TNF-α when compared to untreated control cells (Figure 3-18).
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Figure 3-16: Protein expression of total IκBα by MIO-M1 cells cultured with
increasing concentrations of TNF-α over six days.
Representative western blot bands of IκBα and β-actin proteins shown above bar chart.
Bar chart represents protein expression of IκBα normalised to β-actin (mean +/- SEM).
There was no significant difference in total IκBα protein expression by cells cultured with
increasing concentrations of TNF-α when compared to untreated control cells. One-way
ANOVA and Tukey’s post-test, p>0.05, N=3.
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Figure 3-17: ELISA analysis of phosphorylated IκBα protein expression by MIO-M1 cells
cultured in the absence or presence of 5ng/ml TNF-α over a 24-hour period.
Blue coloured line represents untreated control cells and pink coloured line represents cells
cultured with 5ng/ml of TNF-α. Time points are mean value +/- SEM. There was a slight, but not
significant, increase in phosphorylated IκBα protein expression by cells treated with TNF-α
when compared to untreated control cells. Two-way ANOVA and Bonferroni post-test, p<0.05,
N=3.
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Figure 3-18: Protein expression of total IκBα by MIO-M1 cells cultured with FTRI in
the absence or presence of TNF-α.
Representative western blot bands of IκBα and β-actin proteins shown above bar chart.
Bar chart represents protein expression of IκBα normalised to β-actin (mean +/- SEM).
There was no significant difference in IκBα protein expression by cells cultured with FTRI
in the absence or presence of TNF-α when compared to untreated control cells. One-way
ANOVA and Tukey’s post-test, p>0.05, N=3
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3.3.7 Effect of NFκB inhibition in MIO-M1 cell expression of GFAP
Based on the present observations that TNF-α caused downregulation of GFAP
and activation of NFκB signalling in MIO-M1 cells, it was examined whether
inhibiting NFκB would prevent the downregulation of GFAP by TNF-α in these
cells. Cells were cultured with NFκB inhibitors caffeic acid phenethyl ester and
RO1069920 for 6 days because GFAP protein downregulation by TNF-α occurs
after this period of time in culture.
3.3.7.1 Caffeic acid phenethyl ester (CAPE) and RO1069920 did not have
long term inhibitory activity in MIO-M1 cells
MIO-M1 cells were cultured for 6 days with increasing concentrations of caffeic
acid phenethyl ester (CAPE), followed by examination of NFκB p105/50 and
IκBα protein expression in cell lysates by western blot. Results showed that
culture of MIO-M1 cells with CAPE alone did not modify protein expression of
NFκB p105/50 when compared to untreated control cells (Figure 3-19A/B).
However, addition of TNF-α to cells that had been cultured with 5 and 10µg/ml
of CAPE inhibitor, caused a significant increase in NFκB p105/50 protein
expression when compared to cells cultured with CAPE alone (p<0.05). Protein
expression of IκBα was slightly decreased in cells cultured with 5 and 10µg/ml
of CAPE alone but this was not statistically significant when compared to
untreated control cells (Figure 3-19C). The presence of TNF-α significantly
downregulated IκBα protein expression in MIO-M1 cells when compared to
untreated controls (p<0.05) but the presence of CAPE did not modify
expression of this protein.
Likewise, culturing MIO-M1 cells for 6 days with increasing concentrations of
the RO1069920 inhibitor alone did not modify the protein expression of NFκB
p105/50 or IκBα when compared to untreated control cells (Figure 3-20).
However, addition of TNF-α to cell cultures did significantly upregulate protein
expression of NFκB p105/50 by MIO-M1 cells when compared to untreated
control cells irrespective of RO1069920 concentration. Expression of NFκB
p105/50 proteins was significantly increased in cells cultured with 0, 0.1, 1 and
3µM RO1069920 in the presence of 5ng/ml TNF-α when compared to cells
cultured with the increasing concentrations of RO1069920 alone (p<0.05)
(Figure 3-20A/B). Furthermore, protein expression of IκBα was not modified in
cells cultured with increasing concentrations of RO1069920 when compared to
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untreated control cells (Figure 3-20C). MIO-M1 cells cultured with RO1069920
in the presence of TNF-α showed a slight decrease in IκBα protein expression.
However, this was not significant when compared to untreated control cells.
The results suggest that these inhibitors did not downregulate NFκB signalling
in MIO-M1 cells over a 6 day period.
3.3.7.2 CAPE and RO1069920 inhibitors did not modify TNF-α induced
downregulation of GFAP in MIO-M1 cells
Culturing MIO-M1 cells with increasing concentrations of CAPE inhibitor caused
a slight decrease in GFAP protein expression, although this was not statistically
significant when compared to untreated control cells (Figure 3-21). Addition of
TNF-α to the cell cultures caused a slight downregulation of GFAP protein
expression in MIO-M1 cells when compared to cells cultured with CAPE alone,
regardless of the initial CAPE concentration. However, GFAP downregulation
was only significant in MIO-M1 cells cultured with TNF-α in the absence of
CAPE when compared to untreated control cells (p<0.01). Inhibiting NFκB by
CAPE in MIO-M1 cells followed by addition of TNF-α did not prevent the
downregulation of GFAP protein caused by TNF-α.
Similarly, culturing MIO-M1 cells with increasing concentrations RO1069920
inhibitor slightly decreased GFAP protein expression, although this response
was not statistically significant when compared to untreated control cells (Figure
3-22). MIO-M1 cells cultured with TNF-α in the presence of 0.1, 1 and 3 µM
RO1069920 showed downregulation of GFAP protein expression when
compared to untreated control cells and compared to cells treated with
RO1069920 alone. However, this decrease in GFAP protein expression was
only significant in MIO-M1 cells cultured with TNF-α in the absence of
RO1069920 when compared to untreated control cells (p<0.05). NFκB inhibition
by culturing MIO-M1 cells with RO1069920 did not prevent the downregulating
effect that TNF-α has on GFAP protein expression in these cells.
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Figure 3-19: Protein expression of NFkBp105/50 and IκBα by MIO-M1 cells cultured with
increasing concentrations of CAPE inhibitor in the absence or presence of TNF-α.
Bar charts represent protein expression normalised to β-actin (mean +/- SEM). Empty white
bars represent protein expression by cells cultured with CAPE alone, whilst filled bars represent
protein expression by cells cultured with the inhibitor in the presence of TNF-α. (A) Protein
expression of NFkBp50 was not modified in cells cultured with increasing concentrations of
CAPE when compared to untreated control cells. Müller cells cultured with TNF-α after inhibition
showed increased NFkBp50 protein expression when compared to cells cultured with inhibitor
alone. (B) Likewise, NFkBp105 protein expression was also not modified in cells cultured with
increasing concentrations of CAPE when compared to untreated control cells. Cells cultured
with TNF-α after inhibition showed increased NFkBp105 protein expression when compared to
cells cultured with inhibitor alone. (C) IκBα protein expression was slightly but not significantly
downregulated in MIO-M1 cells cultured with increasing concentrations of CAPE when
compared to untreated control cells. Cells cultured with TNF-α alone showed decreased IκBα
protein expression when compared to untreated control cells. Two-way ANOVA and Bonferroni
post-test, p<0.05, N=4.
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Figure 3-20: Protein expression of NFkBp105/50 and IκBα by MIO-M1 cells cultured with
increasing concentrations of RO1069920 inhibitor in the absence or presence of TNF-α.
Bar chart represents protein expression normalised to β-actin (mean +/- SEM). Empty white
bars represent protein expression by cells cultured with RO1069920 alone, whilst filled bars
represent protein expression by cells cultured with the inhibitor in the presence of TNF-α (A)
Protein expression of NFkBp50 was not modified in cells cultured with increasing concentrations
of RO1069920 when compared to untreated control cells. MIO-M1 cells cultured with
RO1069920 in the presence of TNF-α showed increased NFkBp50 protein expression when
compared to cells cultured with inhibitor alone. (B) Likewise, NFkBp105 protein expression was
also not modified in cells cultured with increasing concentrations of RO1069920 when
compared to untreated control cells. Cells cultured with RO1069920 in the presence of TNF-α
showed increased NFkBp105 protein expression when compared to cells cultured with inhibitor
alone. (C) IκBα protein expression was not modified in MIO-M1 cells cultured with increasing
concentrations of RO1069920 when compared to untreated control cells. Cells cultured with
RO1069920 in the presence of TNF-α showed slightly decreased, but not significant, IκBα
protein expression when compared to untreated control cells. Two-way ANOVA and Bonferroni
post-test, p<0.05, N=4.
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Figure 3-21: Protein expression of GFAP by MIO-M1 cells cultured with increasing
concentrations of CAPE in the absence or presence of TNF-α.
Bar chart represents GFAP protein expression normalised to β-actin (mean +/- SEM). Empty
white bars represent GFAP protein expression by cells cultured with CAPE alone, whilst
filled bars represent protein expression by cells cultured with the inhibitor in the presence of
TNF-α. Culturing MIO-M1 cells with TNF-α significantly downregulated GFAP protein
expression when compared to untreated control cells. Cells cultured with CAPE at increasing
concentrations showed a slight decrease in GFAP protein expression compared to untreated
control cells but this was not significant. Addition of TNF-α to cultures of cells inhibited by
CAPE slightly decreased GFAP protein expression when compared to cells cultured with
CAPE alone. Two-way ANOVA and Bonferroni post-test, p<0.05, N=4.
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Figure 3-22: Protein expression of GFAP by MIO-M1 cells cultured with increasing
concentrations of RO1069920 in the absence or presence of TNF-α.
Bar chart represents GFAP protein expression normalised to β-actin (mean +/- SEM). Empty
white bars represent protein expression by cells cultured with RO1069920 alone, whilst filled
bars represent protein expression by cells cultured with the inhibitor in the presence of TNFα. Culturing cells with TNF-α significantly downregulated GFAP protein expression when
compared to untreated control cells. Cells cultured with increasing concentrations of
RO1069920 showed no change in GFAP protein expression when compared to untreated
control cells. Addition of TNF-α to cultures of cells inhibited by RO1069920 slightly
decreased GFAP protein expression when compared to cells cultured with RO1069920
alone. Two-way ANOVA and Bonferroni post-test, p<0.05, N=4.
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3.4 Discussion
3.4.1 MIO-M1 cells express TNF-α receptors which are modified by TNF-α
The MIO-M1 cell line expressed mRNA and protein coding for both TNF-α
receptors TNFR1 and TNFR2. Normally, these TNF-α receptors are found at
low levels in the retina but after injury expression levels increase and can be
found in the Müller glia cell processes (Fontaine et al., 2002). Indeed, when
MIO-M1 cells were cultured with exogenous inflammatory cytokine TNF-α there
was a robust upregulation of TNFR2 protein when low concentrations of TNF-α
(0.5 and 5ng/ml) were added to the cultures. However, the expression of
TNFR1 was not modified. It has been reported that TNF-α does not modulate
the expression of TNFR1 in other cells such as lymphocytes either, although it
has been shown that in the retina TNF-α does upregulate TNFR1 expression in
RGC cells (Ware et al., 1991, Tezel et al., 2001). It is thought that RGC express
TNFR1 in response to glaucomatous damage because they are targets of TNFα, which results in cell death and neurodegeneration. In contrast, glial cells,
which do not express high levels of TNFR1 survive this TNF-α insult (Tezel,
2008, Agarwal and Agarwal, 2012). The current results are therefore in
accordance with these observations as MIO-M1 cells do not respond to TNF-α
in a destructive way. They do not modulate their expression of the apoptosisinducing receptor TNFR1 but increase the expression of TNFR2, which initiates
neuroprotective signalling (Sedger and McDermott, 2014).
Whereas TNFR1 is found throughout the body, TNFR2 is found primarily on
immune cells and some CNS cells, with the ratio of receptors determining the
biological response to TNF-α. Although both TNFR1 and TNFR2 can bind
soluble TNF-α, as observed in MIO-M1 cell cultures, it has been shown that
TNFR2 has a lower affinity for soluble TNF-α but instead preferentially binds to
transmembrane TNF-α (tmTNF) (Grell et al., 1998, Grell et al., 1995).
Transmembrane TNF-α is a precursor to soluble TNF-α expressed on the cell
surface of TNF-α producing cells and exerts its biological effect by acting as a
ligand for TNFRs in a cell-to-cell contact manner (Horiuchi et al., 2010). Cells
expressing tmTNF interacting with cells expressing TNFR2 can produce
signalling in both directions hence, tmTNF mediates signalling forward to the
TNFR2 bearing target cell but also signals in the reverse direction towards the
tmTNF bearing cell (Qu et al., 2017). It may be possible that Müller glial cells,
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as TNF-α producing cells, contain tmTNF and in cell culture conditions, where
cell-to-cell contact is enhanced, there is this forward and reverse signalling in
MIO-M1 cells. In cancer cells in vitro, this reverse signalling can promote
constitutive NFκB activation and can enhance cell survival (Zhang et al., 2008).
In the CNS, tmTNF can have important homeostatic functions. In an in vivo
autoimmune inflammation model, mice exclusively expressing tmTNF showed
supressed onset and disease progression, suggesting a beneficial effect of the
tmTNF (McCoy and Tansey, 2008, Alexopoulou et al., 2006). This is supported
by other studies, such as in a rat glaucoma model, in which soluble TNF-α is
blocked without interfering with tmTNF. In these animals RGC survival is
promoted, indicating a neuroprotective role for tmTNF in the retina (Cueva
Vargas et al., 2015). From the present observations that MIO-M1 cells cultured
with TNF-α increase TNFR2 expression, it can be suggested that this receptor
may bind to and initiate signalling through tmTNF on neighbouring MIO-M1 cells
to promote cell survival. However, expression of tmTNF was not examined in
this project and could be a subject of future work.
Another regulator of TNF-α activity are the soluble TNFRs. When MIO-M1 cells
were cultured with 0.5ng/ml TNF-α there was no change in the release of
sTNFR2 into the culture medium. However, with higher concentrations of TNF-α
there was a dose-response effect. MIO-M1 cells cultured with 5ng/ml TNF-α
exhibited increased expression of sTNFR2 compared to untreated control cells.
When cells were exposed to 50 and 500ng/ml TNF-α there was further increase
in sTNFR2, significantly higher than cells cultured with 5ng/ml. This might
explain why in cells cultured with 50 and 500ng/ml TNF-α the expression of
TNFR2 protein decreased to the levels seen in untreated cells. It is possible
that, at these higher concentrations of TNF-α, the TNFR2 is shed, resulting in
the release of increasing amounts of sTNFR2 observed in the cell culture
supernatants. Increasing the concentration of sTNFR2 in cell culture medium
may potentially augment TNF-α activity by stabilising its structure and
preserving its activity. Aderka et al suggested that tissue culture experiments
are closed compartments where sTNFRs can act as slow release reservoirs of
TNF-α in long term experiments (Aderka et al., 1992). As the current
experiments were undertaken over 6 days this could apply to the present
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results, which correlate with an increased NFκB activation in MIO-M1 cells
cultured with TNF-α over this relatively long period.
3.4.2 TNF-α regulates NFκB signalling in MIO-M1 cells
TNFR1 signalling often leads to cell death because the receptor contains an
intracellular death domain. However, TNFR2 does not have this domain and
instead signalling through this receptor results in activation of NFκB, which was
clearly seen in MIO-M1 cells. The protein expression of the active NFκB p50
subunit increased significantly in MIO-M1 cells cultured with 5, 50 and 500ng/ml
TNF-α over 6 days. This could be attributed to sTNFR2 delaying TNF-α decay
and prolonging signalling. Additionally, NFκB p50 activation in MIO-M1 cells
cultured with TNF-α correlated with increased nuclear immunostaining of NFκB
p105/50, suggesting that this factor translocates to the nucleus to initiate
transcription. Protein expression of the active NFκB p52 subunit and
immunostaining for NFκB p100/52 was not modified in MIO-M1 cells cultured
with increasing concentrations of TNF-α. Interestingly, the protein expression of
inhibitory NFκB subunits p105 and p100 was increased in MIO-M1 cells
cultured with TNF-α, although this affect was more prominent at higher
concentrations of TNF-α. Normally these subunits remain in the cytoplasm and
initial NFκB activation would lead to protein degradation. However, the p105
and p100 genes themselves have κB binding sites and NFκB activation can
cause de novo synthesis of the p105 and p100 subunits (Finco and Baldwin,
1995). This could explain the increase in protein expression of p105 and p100
subunits seen in MIO-M1 cells, since these proteins may have been
resynthesised after 6 days by TNF-α mediated NFκB targeted gene
transcription. Indeed, NFκB signalling targets many genes for transcription,
including the TNF-α gene for TNF-α production by Müller glial cells (LebrunJulien et al., 2009), potentially creating a feedback loop in these cells, where
exogenous TNF-α leads to endogenous TNF-α production, which might explain
the long term activation of NFκB seen in MIO-M1 cells.
Phosphorylation of the NFκB p65 subunit, which is essential for binding to the
p50 or p52 subunits to create a complex that translocates to the nucleus, occurs
much quicker. Treating retinal astrocytes with TNF-α causes a peak of NFκB
p65 phosphorylation within 15 minutes (Dvoriantchikova and Ivanov, 2014).
This was also observed in the present study, in which there was rapid transient
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NFκB p65 phosphorylation in MIO-M1 cells following 15 and 30 minutes
treatment with TNF-α. These then retreated to basal levels after 3 hours. The
most common NFκB complex occurs between the p50 and p65 subunits. Mice
deficient in p65 subunit die during embryonic development due to cell death,
suggesting that signalling through this NFκB subunit is important in protecting
cells from apoptosis (Beg et al., 1995). Thus it can be suggested that the TNF-α
induced NFκB p65 phosphorylation along with enhanced p50 subunit activation
seen in MIO-M1 cells may help protect these cells from death.
In previous reports, in which human lymphocytes were stimulated by TNF-α,
there was rapid NFκB activity within 10 minutes and this correlated with rapid
loss of IκBα protein, which reappeared after 40 minutes. The IκBα protein
degradation was followed by increase in IκBα mRNA expression and de novo
protein synthesis (Brown et al., 1993). This has been attributed to the fact that
the IκBα gene has a κB binding site in its promoter and therefore, IκBα protein
synthesis is dependent on the presence of activated NFκB complex (Chiao et
al., 1994). This then leads to increased IκBα protein expression which inhibits
NFκB and stops NFκB signalling, maintaining a transient activation of NFκB
responsive genes in an autoregulatory feedback loop (Thompson et al., 1995).
In MIO-M1 cells IκBα phosphorylation, which precedes protein degradation,
coincides with NFκB p65 phosphorylation peaking at 15 minutes after culture
with TNF-α. Once IκBα phosphorylation in MIO-M1 cells cultured with TNF-α
returned to basal levels after 30 minutes, NFκB p65 phosphorylation also began
to decrease. These observations of transient activation correspond to previous
reports in the literature. When measuring total IκBα protein after 6 days of
culturing MIO-M1 cells with increasing concentrations of TNF-α there was no
statistically significant change in expression of this protein. However, in cells
cultured with 5ng/ml TNF-α there was a slight decrease in total IκBα protein
when compared to control, which could be due to the prolonged NFκB activation
in these cells causing IκBα protein degradation. Although, in MIO-M1 cells
cultured with higher concentrations of TNF-α this effect was not obvious,
possibly due to NFκB continuously inducing protein synthesis of IκBα and then
this being degraded by NFκB activation in a repeated cycle. On the other hand,
this discrepancy could be caused by experimental error in the western blot
technique not being consistent between cell passage samples and therefore
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creating high variation in the data and reducing statistical power. Another
possible explanation of this high variability seen in expression could be
attributed to the intrinsic variation within MIO-M1 cell passages. As different cell
passages were used as biological repeats in these experiments, this could have
contributed to differences in protein expression.
3.4.3 Culturing MIO-M1 cells with FTRI in the presence of TNF-α
MIO-M1 cells were cultured with FTRI in the absence or presence of TNF-α.
Protein expression of TNFR2 was increased, although not significantly, in cells
cultured with FTRI alone. Potentially, the factors may cause increased
expression of TNFR2 by MIO-M1 cells. Signalling through TNFR2 has been
shown to induce cardiac stem cell differentiation as that seen in TNFR2
knockout mouse heart organ cultures, which upon treatment with TNF-α
exhibited negligible amounts of activated cardiac stem cells entering the cell
cycle and differentiate into a cardiogenic lineage (Al-Lamki et al., 2013).
Additionally, in the CNS after neurotoxin demyelination, these TNFR2 knockout
mice had decreased oligodendrocyte progenitor cells and reduced
remyelination, indicating TNF-α binding to TNFR2 may promote progenitor
proliferation (Arnett et al., 2001). From the present results it can be suggested
that MIO-M1 cells cultured with FTRI upregulate TNFR2 protein, which could
potentially contribute to enhance signalling to promote neural differentiation.
In damaged new born chick retinae, where there is some regeneration, ablating
reactive microglia with consequential massive decrease in retinal levels of TNFα decreased proliferating Müller glial cells and progenitors (Fischer et al., 2014).
This suggests a role for TNF-α in formation of Müller glial progenitor cells during
regeneration. This could be triggered by TNFR2 downstream signalling, as
suggested by studies in the CNS of TNFR2 knock out mice, in which reduced
numbers of active astrocytes stimulate oligodendrocyte progenitor proliferation.
As a result, activation of astrocytes by TNFR2 signalling facilitates myelin repair
(Patel et al., 2012). Culturing MIO-M1 cells with FTRI in the presence of TNF-α
increased protein expression of activated NFκB p50 significantly more than in
cells cultured with FTRI alone. This may suggest that TNF-α signalling through
TNFR2 and NFκB may facilitate MIO-M1 cell differentiation. However, further
investigations are required.
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3.4.4 GFAP downregulation by TNF-α occurs after NFκB activation
Although culture of MIO-M1 cells with exogenous TNF-α for 6 days caused
downregulation of GFAP protein, this was not seen in cells cultured with TNF-α
for 24 hours or 3 days. In astrocytes in vitro GFAP protein downregulation is
slow, persisting for longer in these cells because even though there is a small
pool of GFAP that decays rapidly, the majority of GFAP proteins have a half-life
of 8 days (Chiu and Goldman, 1984). There is some similarity with MIO-M1
cells, in which decreased GFAP protein expression was only observed at
significant levels after 6 days in culture with TNF-α. The concentration of TNF-α
used in the 24 hour time lapse study was 5ng/ml because this produced a
significant reduction in GFAP over 6 days. In bovine astrocytes cultured with
60U/ml TNF-α, equivalent to 6ng/ml, GFAP protein expression was decreased
after 5 days (Selmaj et al., 1991), which is similar to the timeframe used in the
present experiments. It may also be possible that GFAP mRNA is regulated
faster than protein translation because rat astrocytes treated with 5ng/ml TNF-α
show GFAP mRNA decreased in a time-dependent manner, beginning at 12
hours and reaching the lowest expression at 3 days (Oh et al., 1993). However,
mRNA expression of the GFAP coding gene was not tested in MIO-M1 cells
during this time scale and needs further investigations.
In this study, protein regulation of GFAP by TNF-α occurs after TNFR2
mediated NFκB activation in MIO-M1 cells, suggesting that NFκB activation can
drive GFAP regulation in Müller glial cells. Indeed, there is a conserved NFκB
binding site in the upstream promoter sequence of the human GFAP gene (Bae
et al., 2006). Rat astrocytes increase GFAP mRNA after treatment with TGF-β1
but decrease GFAP mRNA when treated with IL-1β via this NFκB binding
domain in vitro (Krohn et al., 1999). This indicates that the same binding
element upstream of the GFAP promoter mediates opposite transcriptional
responses of GFAP to inflammatory cytokines. This could also be regulated by
the type of NFκB subunit complex which binds to the GFAP regulatory element.
For example, the p50-p50 complex can repress transcription and the p50-p65
complex can promote expression of the IL-2 gene in lymphocytes (Kang et al.,
1992). Therefore, this could explain the possibility of GFAP downregulation
being mediated by NFκB in MIO-M1 cells cultured with TNF-α.

141

3.4.5 Inhibition of NFκB in MIO-M1 cells does not modify GFAP
downregulation by TNF-α
NFκB was inhibited in MIO-M1 cells to examine if this would prevent TNF-α
mediated downregulation of GFAP protein. Caffeic acid phenethyl ester (CAPE)
is an active component of propolis from honey bees, with anti-inflammatory
properties which acts as a specific inhibitor of NFκB by preventing p65 subunit
translocation to the nucleus. Cells must be pre-treated with CAPE, for a few
hours followed by TNF-α (or any other NFκB activating agent) to observe this
NFκB inhibition as co-treatment does not work. This is suggested by studies in
human histiocytic cells, in which culture with CAPE for 2 hours and then
exposure to TNF-α for 15 minutes showed potent NFκB inhibition (Natarajan et
al., 1996). In the present study, MIO-M1 cells were cultured for 24 hours with
CAPE, which was then removed and TNF-α was added for 5 days so there was
a total incubation time of 6 days. However, when protein expression of the
NFκB subunits p105 and p50 or total IκBα were examined at 6 days, there was
no significant changes in their expression, in cells cultured with 5 or 10μg/ml
CAPE, indicating that it did not inhibit NFκB activation in MIO-M1 cells. It might
be possible that after 5 days culture without CAPE present, NFκB is no longer
inhibited in MIO-M1 cells. Moreover, in MIO-M1 cells pre-treated with CAPE and
then cultured with TNF-α the downregulation of GFAP expression did not differ
from that seen in cells treated with TNF-α alone, further confirming that this
inhibitor does not prevent TNF-α mediated downregulation of GFAP.
A similar effect was observed with another NFκB inhibitor, RO1069920. This
small molecule inhibitor selectively blocks TNF-α induced IκBα ubiquitination,
meaning that there must be co-treatment to induce its affects (Swinney et al.,
2002). However, in MIO-M1 cells cultured with increasing concentrations of
RO1069920 in the presence of 5ng/ml TNF-α there was no change in IκBα total
protein expression when compared to untreated control. There was instead a
slight decrease in IκBα total protein, which is opposite to inhibiting IκBα
ubiquitination, suggesting that this inhibitor does not function in MIO-M1 cells
over a period of 6 days. Additionally, NFκB p105/50 protein expression was not
modified in cells cultured with RO1069920 in the presence of TNF-α when
compared to cells cultured with TNF-α alone. When MIO-M1 cells were cultured
with RO1069920 in the presence of 5ng/ml TNF-α, GFAP protein expression
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decreased when compared to untreated cells. In conclusion, this inhibitor does
not prevent TNF-α mediated downregulation of GFAP because it is not
consistently inhibiting NFκB signalling. Therefore, methods of inhibiting NFκB,
which act within minutes or hours and then examining GFAP regulation by TNFα after 6 days, are not compatible in vitro. To specifically inhibit NFκB in glia in
vivo, transgenic animals with an IκBα supperrepressor under transcriptional
control of the GFAP promoter have been developed (Zhang et al., 2005), but
this was not possible in this project and could be a matter for further research.
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Chapter 4

Development of methods to induce GFAP

overexpression in the MIO-M1 cell line
4.1 Introduction
4.1.1 Regulation of GFAP in Müller glial cells
GFAP is a class III intermediate filament found in glial cells in the CNS and in
Müller glia and astrocytes in the retina. Although low expression of GFAP is
normally found in Müller cell bodies, in the degenerating retina there is an
increase in GFAP expression as Müller cells expand and proliferate (Okada et
al., 1990). GFAP overexpression is an early and highly sensitive indicator of
degeneration in a variety of human retinal diseases and in vivo models of retinal
degeneration (Dahl, 1979, Bringmann and Reichenbach, 2001, Smith et al.,
1997, Lewis et al., 1995, Kuo et al., 2012, Kim et al., 2012). Upregulation of this
intermediate filament has become the universal marker of retinal stress and is
crucial for the Müller cell gliotic response (Sarthy, 2007). Experiments with
GFAP knockout mice found altered and reduced Müller glial response to injury,
strongly suggesting a critical role for GFAP within Müller glial cells (Nakazawa
et al., 2007b, Verardo et al., 2008).
The human GFAP gene is composed of nine exons and eight introns distributed
over 10kb of DNA and has eight mRNA splice variants (Middeldorp and Hol,
2011). Although gene expression of GFAP is regulated by the promoter which is
essential for transcription, other elements on this promoter can also determine
specificity. Experiments in transgenic mice have demonstrated that the Gfap
promoter proximal sequences are able to drive high level, Müller cell specific
expression, however 5’ sequences longer than 2.5kb inhibit this expression
(Kuzmanovic et al., 2003). In the CNS, GFAP gene promoter elements control
astrocyte specific expression, but neurons do not express GFAP because of a
sequence which silences gene transcription (Lee et al., 2008). The GFAP gene
is tightly controlled not just by activation of transcription factors but also by
negative regulatory elements. In addition, epigenetic mechanisms such as
phosphorylation and DNA methylation can alter GFAP transcription (Middeldorp
and Hol, 2011).
In the rat retina Gfap gene expression appears after the triggering of
transcriptional activators as a result of neurodegeneration or a sustained
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response due to inflammation (Vázquez-Chona et al., 2004). After induced
degeneration, where 50% of the photoreceptors cells are lost after 2 weeks and
80% are lost after 4 weeks, GFAP mRNA increases significantly in Müller glial
cells after 2 weeks. However, gene expression then declines whilst GFAP
protein content increases after 2 weeks, remaining high 6 months later (Sarthy
and Egal, 1995). This suggests that a quick and transient activation of GFAP
gene transcription occurs soon after retinal damage in Müller cells with
sustained GFAP protein levels as a result of low turnover rather than de novo
synthesis.
4.1.2 GFAP overexpression in the mammalian CNS
GFAP overexpression has been widely studied in mammalian astrocytes in the
CNS context. Transgenic mice that carry the human GFAP gene were created
to study the effects of elevated GFAP on astrocytes without the need for injury
or drug treatment (Messing et al., 1998). Most of the transgenic animals died
prematurely but the cause of death was not known. However, they only showed
CNS abnormalities. Reactive gliosis is seen in the astrocytes from transgenic
mice as cells showed hypertrophy and contained intermediate filament
aggregates called Rosenthal fibres, a pathological hallmark for Alexandre
disease, a rare neurodegenerative disorder of astrocytes in the CNS mainly
affecting children. Thus, these transgenic mice overexpressing wild-type GFAP,
named TgGFAP-wt, have been used as an animal model for Alexandre disease
(Brenner et al., 2001). The consequences of how cells cope with excess GFAP
is not fully understood. Murine astrocytes with mutant GFAP have similar
characteristics to TgGFAP-wt mice, indicating that it is not only increased GFAP
protein but also the quality of this protein that causes disease pathology
(Tanaka et al., 2007, Cho and Messing, 2009).
Furthermore, primary astrocytes from TgGFAP-wt mice in culture exhibit
Rosenthal fibre-like GFAP inclusions, suggesting that GFAP accumulation is
specific to astrocytes and does not require interaction with other cells (Eng et
al., 1998). In these studies it was also observed that these GFAP inclusions
occurred in a subset but not all astrocytes (Cho and Messing, 2009), indicating
that cell to cell variation in GFAP expression may occur, or that some cells may
have better ability to breakdown GFAP than others. In this astrocyte disease
model, GFAP overexpression inhibits proteasomal activity and activates the
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JNK pathway, which further inhibits proteasomal activity causing a positive
feedback loop that allows GFAP accumulation to rise (Tang et al., 2006).
Normal protein turnover mechanisms are insufficient to handle excess GFAP,
instead it has been suggested that GFAP accumulation induces autophagy as a
mechanism to reduce GFAP levels. This is supported by findings that
autophagosomes are found near Rosenthal fibres in the CNS tissue of
Alexandre disease patients (Tang et al., 2008). GFAP protein is found in the
cerebrospinal fluid of mouse models of Alexander disease, possibly due to
increased cell apoptosis and protein release (Jany et al., 2013). Whilst in intact
astrocytes GFAP is insoluble, after injury and cell lysis elevated levels of soluble
GFAP breakdown products can be found in interstitial fluid in patients with
traumatic brain injury, and is indicative of severity of injury (McMahon et al.,
2014). This suggests that GFAP accumulation and breakdown may play an
important role in CNS disorders. However, there are limited studies on GFAP
overexpression in the retina and this merits further investigations.
4.1.3 Molecular biology techniques used to induce gene overexpression
Overexpression of wild-type genes can cause mutant phenotypes and
contribute to disease pathology, not just in Alexandre disease but other
neurodegenerative diseases and cancers, indicating the importance of gene
regulation in human health (Shastry, 1995). Studies of genetic overexpression
began in yeast in the 1980s and has since been exploited by geneticists as a
useful tool to examine biological pathways (Prelich, 2012). Overexpression of a
given gene can result in inhibition of functions by either i) reducing transcription
of another gene, ii) preventing translation of another gene to reduce protein
expression, iii) increasing the rate of protein degradation, iv) inactivating
another protein, or v) competing with another protein. On the other hand,
induced gene overexpression, resulting in overexpression of the encoded
protein can cause activation by i) increasing the total protein activity over a
critical threshold, ii) initiating a step in a pathway, or iii) overcoming an inhibitor.
This indicates that gene overexpression can have complex and widespread
implications in a biological system.
4.1.3.1 Use of retroviral vectors to induce gene overexpression
A popular and extensively used method for genetic overexpression are retroviral
vectors that permit the long-term stable expression of the transferred gene
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(Maier et al., 2010). These vectors facilitate the introduction of additional copies
of a given gene causing the encoded protein to be overexpressed. In gene
therapy, this approach can produce a curative biological effect as well as
replacing a defective gene or manipulating a disease related gene.
The retroviral genome has three important genes required for its lifecycle. The
gag gene which encodes the core and structural viral proteins, the pol gene
which encodes the reverse transcriptase, integrase and protease and the env
gene which encodes the virus envelope coat protein (Makrides, 2003). The
widely used γ-retroviral vectors require not only the viral vector but also a
packaging cell line for production of viral particles which infect the target cell.
The retroviral pCLNCx vector contains the inserted transgene (the gene of
interest), a so-called packaging signal and long-term repeats (LTRs) at the 3’
end of the viral RNA. The packaging cell line GP2-293 provides the viral
proteins as the gag and pol genes are stably integrated in these cells. The env
gene must be supplied by co-transfection. The envelope coat protein
determines which species the retrovirus can infect (tropism) and the pMD.G
plasmid contains the env gene coding for the VSV-G envelope protein which
allows for transfection of mammalian cells. Only when all elements come
together will the packaging cells create viral particles because this process
requires the packaging signal and all viral proteins (Figure 4-1). In this process,
the viral particles are released by the packaging cells into the culture medium,
which is filtered and applied to the target cell line for transfection. The retrovirus
then enters the target cell by interacting with cell surface receptors and fusing
lipid membranes.
Once the viral RNA is transferred to the target cell, reverse transcription occurs,
mediated by the viral reverse transcriptase. The newly transcribed dsDNA
integrates with the host cell genome through the viral integrase, recognising the
LTRs on the viral DNA. The host cell transcription machinery will then transcribe
the viral genome and the transgene will be translated into protein. For safety
reasons the GP2-293 packaging cell line only produces replication-incompetent
retrovirus so it cannot propagate and transfects only one target cell. For
integration of the retroviral DNA into the host DNA the target cells must be
proliferating because this requires the absence of the nuclear membrane during
the M phase of the cell cycle.
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Figure 4-1: Schematic diagram of a retroviral vector system.
The retroviral vector system requires a packaging cell line, expressing the gag and pol genes, to be co-transfected with the viral vector containing
the inserted transgene and a plasmid with the env gene. When all components come together the packaging cells create viral particles, which
require the packaging functions and all viral proteins. The viral particles, containing the transgene, are released by the packaging cells into the
culture medium, which is then applied to the target cell line for transfection.
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4.1.3.2 Controlling gene overexpression
A method of controlling the expression of individual genes in mammalian cells
was first devised as a means to mediate “on/off” activity of genes in a reversible
way and at a defined level (Gossen and Bujard, 1992). This would need to be
controlled exogenously by which gene expression is turned “on/off”
pharmacologically. The tetracycline-resistance operon from the Tn10 in E. coli
was exploited to develop a highly efficient regulatory system in mammalian
cells. The tetracycline repressor (TetR) is very specific for its operator sequence
and has very high affinity to tetracycline, which made it an ideal candidate. The
binding of tetracycline to the TetR leads to derepression of the promoter
controlling the gene of interest. There are two components required for this
system (Yao et al., 1998). Firstly, the gene of interest is cloned into an
expression vector controlled by the CMV promoter which has two tetracycline
operator 2 (TetO2) sequences inserted. Secondly, a TetR-expressing plasmid is
stably integrated into the mammalian host cell line so TetR is highly expressed.
In the absence of tetracycline, the TetO2 sequences are binding sites for TetR
and this represses transcription of the gene of interest. Upon addition,
tetracycline binds the TetR and causes a conformational change in the protein
that renders it unable to bind TetO2, thus dissociating from the TetO2 site and
allowing induction of transcription of the gene of interest (Figure 4-2). This
inducible expression system was also used in this study to control the
expression of the GFAP encoding gene in Müller glial cells.

Figure 4-2: Schematic diagram of a tetracycline gene induction system.
The promoter is controlled by two tetracycline operator 2 (TetO2) sequences, which are
repressed by the tetracycline repressor (TetR). The host cell line is stably expressing TetR. The
addition of tetracycline to the culture causes derepression of the promoter because tetracycline
binds to the TetR, removing it from the TetO2 site and allowing transcription of the transgene.
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4.2 Objectives
As GFAP is a gliosis associated protein and a universally used marker of Müller
glia activation and retinal gliosis, it was of special interest to investigate the
effects of GFAP upregulation in Müller glial cells. Overexpression of GFAP in
astrocytes has been extensively studied and used as an in vivo model for
Alexander disease. However, the effect of GFAP overexpression in the retina,
and specifically the Müller glia, of these animals has never been investigated.
To begin to elucidate the role of GFAP in Müller glia during gliosis, it would be
important to examine the effects of overexpression of GFAP in MIO-M1 cells in
vitro. The methodology for investigating this intermediate filament at the cellular
level are however limited. On this basis, various molecular biology techniques
were used in this study for inducing genetic overexpression of GFAP.
Controlling the expression of GFAP and being able to exogenously switch on
gene transcription is an essential step when exploring the effects of this protein
in Müller glial cell functions within the retina. Therefore, the object of this
chapter was to develop a protocol to induce upregulation of GFAP in MIO-M1
cells and the following approaches were used.
The transfection methods used in this chapter were:
1. Examination of an in vitro protocol to transfect MIO-M1 cells with a
plasmid containing the GFAP encoding gene using a lipid-based
transfection reagent to overexpress this protein.
2. Examination of an in vitro protocol to regulate on/off GFAP
overexpression in MIO-M1 cells using tetracycline to induce gene
expression.
3. Optimisation of an in vitro methods to induce GFAP overexpression in
MIO-M1 cells, combining the retroviral vector transfection method with
the tetracycline inducible system.
4. Optimisation of an in vitro protocol using retroviral transfection of MIO-M1
cells to overexpress GFAP at increasing levels.
Experimental design:
I.

MIO-M1 cells were transfected with a plasmid containing the GFAP
encoding gene tagged to a fluorescent mCherry protein using
EndoFectin™ Max, which is a lipid-based transfection reagent.
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II.

An MIO-M1 cell line was established which stably expressed the
pcDNA4/TR plasmid and thus produced tetracycline regulatory protein.
The mCherry-GFAP sequence including an upstream tetracycline
operator promoter was cloned into the retroviral vector pCLNCx (pCLNCmCherry-GFAP-TO). This cloning step involved removal of the vectors
CMV promoter. The MIO-M1 pcDNA4/TR cell line was transduced with
viral construct. GFAP expression was induced in these cells using the
tetracycline “turn on” system.

III.

Due to insufficient tetracycline regulatory protein expression achieved by
using the pcDNA4/TR plasmid, a new vector was created. The gene
encoding for the tetracycline regulatory protein was cloned into the
retroviral vector pCLNCx (pCLNC-TetR). This plasmid was cotransfected with the pCLNC-mCherry-GFAP-TO vector into MIO-M1 cells
to optimise tetracycline controlled induction of GFAP.

IV.

MIO-M1 cells were transfected with a newly created retroviral vector
pCLNCx cloned with the mCherry-GFAP sequence controlled by a CMV
promoter (pCLNC-mCherry-GFAP). The virus was titrated onto the MIOM1 cells in order to produce cells with low or high expression of the
GFAP gene.

V.

Fluorescence-activated cell sorting was used to analyse transfection
efficiency and median mCherry fluorescence intensity in transfected
MIO-M1 cells.

VI.

To assess levels of transfection, RNA was extracted from co-transfected
cells and used in qPCR to measure relative expression ratios of the
genes encoding for the tetracycline regulatory protein and mCherryGFAP.
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4.3 Results
4.3.1 Transient transfection of MIO-M1 cells with the mCherry-GFAP-N-18
plasmid
A plasmid containing an mCherry-N-18 vector backbone which expresses the
human GFAP protein tagged to the N-terminus of the mCherry fluorescent
protein (see appendix 4), a gift from Michael Davidson (Addgene plasmid #
55051), was initially used to overexpress GFAP in the MIO-M1 cell line. MIO-M1
cells were transfected with the plasmid DNA using the EndoFectin Max
transfection reagent. For this purpose, various combinations of plasmid DNA
concentrations and volumes of EndoFectin Max transfection reagent were
tested to optimise the protocol in MIO-M1 cells.
After 48 hours incubation with the transfection reagent cells were imaged under
a fluorescence microscope and counted manually using ImageJ. Using 0.5µg of
plasmid DNA yielded very low percentage of transfected cells; when 0.5µg of
plasmid DNA was used with 0.5µl of transfection reagent 2% of cells expressed
mCherry and when 0.5µg of plasmid DNA was used with 1µl of transfection
reagent, 4% of cells were transfected (Figure 4-3). Very low cell death was
observed after incubation with EndoFectin Max at low volumes. However, when
higher volumes of this reagent were used, cell debris was often observed. The
amount of plasmid DNA was increased to 1µg and combined with 2µl, 3µl or 4µl
of transfection reagent (Figure 4-3). When 1µg of plasmid DNA was incubated
with 2µl of EndoFectin Max, there was 30% transfection efficiency, which was
the highest proportion of transfected cells observed. When 3µl of transfection
reagent was used, 19% transfection was observed. Although using 1µg of
plasmid DNA with 4µl of reagent generated 25% of transfected cells, higher cell
mortality was observed causing fewer cells to count, which appeared to skew
the results (Figure 4-4).
Based on the above results, attempts to expand the number of transfected cells
for further studies were made. For this purpose, the optimised condition
selected was 1µg of plasmid DNA per 2µl of EndoFectin Max reagent. After 48
hours incubation with the transfection reagent, positive cells were selected by
incubation with G418 antibiotic for 48 hours and imaged under a fluorescence
microscope (Figure 4-5A). A large proportion of cells were observed to be
mCherry positive, therefore cell sorting through FACS was undertaken. After
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FACS sorting and growth for 3 days, there were only a few mCherry positive
cells within the population (Figure 4-5B). These cells that had become confluent
were passaged and allowed to grow to confluence for 5 days before being
imaged again. One passage after FACS sorting the cells were no longer
positive for mCherry fluorescence and therefore did not contain the GFAP
expressing plasmid (Figure 4-5C). The proportion of mCherry fluorescence
positive cells declined upon expansion, suggesting that using the EndoFectin
Max reagent resulted in a transient transfection of MIO-M1 cells with the
mCherry-GFAP-N-18 plasmid. Therefore, different permanent transfection
methods were explored that would also produce a higher transfection efficiency.

153

Transfection conditions
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Figure 4-3: Percentage of MIO-M1 cells expressing mCherry fluorescence following
transfection with the mCherry-GFAP-N-18 plasmid.
Graph shows the efficiency of transfection conditions, in which various levels of plasmid
DNA and EndoFectin reagent were used. Bar chart represents transfection rate which
was calculated as the average percentage of mCherry positive cells (mean +/- SEM),
N=3 images.

Figure 4-4: Confocal images of MIO-M1 cells after transfection with 1μg mCherry-GFAPN-18 plasmid and 2μl, 3μl or 4μl of EndoFectin Max transfection reagent.
Representative images showing nuclei staining DAPI (blue) and mCherry fluorescence (red)
merged. mCherry positive cells indicated transfection and GFAP overexpression. Use of 4μl of
EndoFectin reagent caused cell death and reduced cell numbers. Scale bars represent 100μm.
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Figure 4-5: Confocal images of MIO-M1 cells transfected with mCherry-GFAP-N-18
plasmid.
Representative images showing nuclei staining DAPI (blue), mCherry fluorescence (red) and
both merged. (A) After 48 hour of antibiotic selection by G418, the majority of Müller glial cells
were positive for mCherry fluorescence. (B) After FACS selection for mCherry and 3 days in
culture, few cells were positive for mCherry fluorescence. (C) Passaging cells after FACS and
culturing for 5 days completely eliminated mCherry fluorescence in MIO-M1 cells. Scale bars
represent 80μm.
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4.3.2 Transfection of MIO-M1 cells with the retroviral pCLNCx vector
expressing GFAP under the control of an inducible promoter
Using a retroviral vector would allow for permanent transfection of MIO-M1 cells
with a GFAP-overexpressing plasmid. Schematic of the pCLNCx retroviral
expression vector used in this study is shown in appendix 6 and was a gift from
Dr. Amanda Carr. Firstly, the mCherry-GFAP sequence was cut from the
Addgene plasmid and cloned into the pCLNCx retroviral vector to create a new
pCLNC-mCherry-GFAP plasmid. Since the pCLNCx retroviral vector is under
the control of the CMV promoter which is constitutively activated in mammalian
cells it was decided that an inducible promoter would allow for better control of
GFAP expression in MIO-M1 cells. The Invitrogen T-REx™ System, which is
tetracycline regulated, was explored. Both plasmids pcDNA4™/TO/myc-His B
and pcDNA4/TR were a gift from Prof. Karl Matter. The inducible expression
plasmid pcDNA4™/TO/myc-His has the CMV promoter with two tetracycline
operator 2 (TetO2) sites inserted to allow transcriptional control as indicated
above. This inducible promoter was cloned into the pCLNC-mCherry-GFAP
retroviral vector to allow retroviral transfection of MIO-M1 cells with GFAP under
inducible promoter control (Figure 4-6). Methods used for this cloning and
transfection are explained in detail in the Material and Methods section. The
newly created plasmid was named pCLNC-mCherry-GFAP-TO (Figure 4-7). A
control vector containing the mCherry sequence under the control of the TetO2
inducible promoter was also created (pCLNC-mCherry-TO) in order to confirm
that any effects observed in the transfected MIO-M1 cells were not caused by
the mCherry protein itself.
Before the retroviral transfection, a stable MIO-M1 cell line expressing the
regulatory vector pcDNA4/TR containing the TetR gene and expressing high
levels of tetracycline regulatory molecule, was established for use as hosts for
the inducible promoter-based constructs. MIO-M1 cells were transfected with
the regulatory plasmid pcDNA4/TR, which contained the blasticidin resistance
gene allowing for selection of the plasmid using blasticidin antibiotic. A stable
MIO-M1 cell line was established after 2 weeks in culture with selective
medium, which killed negative untransfected control cells (Figure 4-8)

156

Figure 4-6: Diagram representing cloning history for creating pCLNC-mCherry-GFAP-TO.
The initial pCLNC-mCherry-GFAP vector was created from cloning the amplified mCherry
tagged GFAP sequence from the mCherry-GFAP-N-18 plasmid into the pCLNCx retroviral
vector. This new pCLNC-mCherry-GFAP vector then had the CMV promoter removed and the
TetO2 promoter cloned in from the pcDNA4™/TO/myc-His vector.
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Figure 4-7: Map of cloned pCLNC-mCherry-GFAP-TO with relevant features and all
restriction enzyme sites.
The original CMV promoter was replace by a TetO2 promoter between restriction enzyme sites
NRuI and HindIII. The mCherry-GFAP sequence was inserted into the cloning sites between
restriction enzyme sites HindIII and ClaI. The new cloned vector was 9816bp.
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Figure 4-8: Phase microscope images of untransfected control MIO-M1 cells and
cells transfected with pcDNA4/TR cultured with 1μg/ml blasticidin.
After two weeks of culturing cells with blasticidin, negative control untransfected cells
died. However, transfected cells containing the blasticidin-resistance gene survived
culture with this antibiotic and a stable line of MIO-M1 pcDNA4/TR cells was established.
Scale bar represents 200μm.
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4.3.2.1 MIO-M1 pcDNA4/TR cells transfected with the retroviral vector
pCLNC-mCherry-GFAP-TO were not induced to express mCherryGFAP by tetracycline
The newly created MIO-M1 pcDNA4/TR cell line was transfected with the
retroviral vector pCLNC-mCherry-GFAP-TO or the control vector pCLNCmCherry-TO. After transfection and selection with both blasticidin and G418
antibodies, these cells expressed a small amount of mCherry fluorescence even
without tetracycline induction, when the promoter should be “turned off” (Figure
4-9). The control vector (Figure 4-9B) appeared to express more mCherry
fluorescence than the vector containing GFAP (Figure 4-9A).
Transfected cells were exposed to tetracycline in order to derepress the TetO2
promoter to initiate expression of mCherry-GFAP or mCherry alone. To test the
optimal TetO2 promoter induction, varying tetracycline concentrations (between
0.1 and 1μg/ml) and incubation times (8 to 24 hours) were tested. Cells were
initially cultured in the absence or presence of 0.5 and 1μg/ml tetracycline for 8
and 18 hours (Figure 4-10). After 8 hours, cells transfected with the pCLNCmCherry-GFAP-TO vector and treated with 0.5 and 1μg/ml tetracycline did not
increase expression of mCherry fluorescence when compared to the cells
cultured without tetracycline (Figure 4-10A). Further exposure for 18 hours, also
did not induce the expression of mCherry fluorescence in the transfected cells
at either of these tetracycline concentrations (Figure 4-10B). On this basis, it
was decided to increase the concentration of tetracycline as well as the
exposure time. Cells were cultured in the absence or presence of 5 and 10
μg/ml tetracycline for 24 hours. However, fluorescence microscopy images
showed that neither 5 nor 10μg/ml of tetracycline induced an increase in
mCherry fluorescence in MIO-M1 cells after 24 hours transfection with pCLNCmCherry-GFAP-TO retroviral vector, compared to the same cells without
tetracycline (Figure 4-11). The same lack of mCherry fluorescence was
observed in cells transfected with the control vector pCLNC-mCherry-TO (not
shown).
These observations indicated that tetracycline was not controlling the TetO2
promoter. Sequencing of the vectors revealed that both were correct and
therefore the cells should be expressing the correct TetO2 promoter sequence.
However, it might be possibly that there was not enough of the TetR regulatory
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protein expression when compared to the TetO2 promoter. The retroviral vector
pCLNCx may have been producing more mCherry-GFAP-TO compared to the
pcDNA4/TR plasmid production of the TetR molecule in the MIO-M1 cell line.
Therefore, to improve the control of the inducible promoter, copy numbers of the
TetR were increased in further studies.
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Figure 4-9: Representative phase and fluorescence microscope images of transfected MIO-M1 pcDNA4/TR cell line.
Cells were transfected with (A) retroviral vector pCLNC-mCherry-GFAP-TO or (B) control vector pCLNC-mCherry-TO. Images
show that even with the promoter “turned off” cells were expressing a small amount of mCherry fluorescence. Scale bar
represents 400μm.
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Figure 4-10: Representative phase and fluorescence microscope images of
transfected MIO-M1 pcDNA4/TR cells cultured with increasing concentrations of
tetracycline.
Cells transfected with retroviral vector pCLNC-mCherry-GFAP-TO were cultured with 0,
0.5 or 1μg/ml of tetracycline. (A) After 8 hours of culturing transfected cells with
tetracycline, cells did not express more mCherry fluorescence when compared to cells
cultured in the absence of tetracycline. (B) 18 hours of culture with increasing
concentrations of tetracycline did not modify mCherry fluorescence expression by
transfected MIO-M1 cells when compared to cells cultured in the absence of tetracycline.
Scale bar represents 200μm.
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Figure 4-11: Representative phase and fluorescence microscope images of MIO-M1
pcDNA4/TR cells transfected with the retroviral vector pCLNC-mCherry-GFAP-TO
and cultured with increasing concentrations of tetracycline.
Cells cultured for 24 hours with both 5 and 10μg/ml of tetracycline did not show increased
expression of mCherry fluorescence when compared to cells cultured in the absence of
tetracycline. Scale bar represents 200μm.
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4.3.3 Co-transfection of MIO-M1 cells with the pCLNC-TetR vector and the
pCLNC-mCherry-GFAP-TO vector or the control pCLNC-mCherryTO vector
In order to increase copy numbers of the TetR gene, it was cloned into the
retroviral vector pCLNCx. The restriction enzyme sites HindIII and ClaI in
pCLNCx downstream of the CMV promoter were exploited to clone the TetR
sequence from the pcDNA4/TR plasmid (Figure 4-12). The newly created
retroviral vector was named pCLNC-TetR (Figure 4-13). MIO-M1 cells were cotransfected with viral medium containing the pCLNC-TetR vector and the
pCLNC-mCherry-GFAP-TO vector or the pCLNC-TetR vector with the pCLNCmCherry-TO control vector. Various ratios of TetR to TetO2 containing viral
medium were used to increase copy numbers of the TetR gene relative to the
TetO2 promoter. After co-transfection, cells were observed under a digital
inverted microscope to check for lack of mCherry fluorescence. When the ratio
of TetR viral medium increased during co-transfection, there were fewer
observable mCherry positive cells (Figure 4-14).
Quantification of the proportion of mCherry fluorescence positive cells revealed
that when MIO-M1 cells were co-transfected with retroviral vectors pCLNC-TetR
and pCLNC-mCherry-GFAP-TO at increasing ratios of TetR to TetO2 inducible
promoter, the percentage of cells expressing mCherry decreased (Figure 4-15).
When the MIO-M1 cells containing the original pcDNA4/TR plasmid were
transfected with pCLNC-mCherry-GFAP-TO vector, 27% of the cells were
positive for mCherry fluorescence and this single transfection was used as a
reference baseline. The percentage of mCherry positive cells increased to 43%
in MIO-M1 cells that were co-transfected with viral medium containing the
vectors pCLNC-TetR and pCLNC-mCherry-GFAP-TO at a ratio of 4:1.
However, the percentage of mCherry positive cells then decreased as the ratio
changed and increased amounts of pCLNC-TetR viral medium were used. At a
ratio of 20:1 of pCLNC-TetR to pCLNC-mCherry-GFAP-TO, 18% of cells were
positive for mCherry fluorescence and at a ratio of 50:1 this was reduced to 5%
positive cells. Increasing the ratio further to 200:1 decreased the percentage of
mCherry positive cells to 3% and at 500:1 this fell to 0% (Figure 4-15). This
suggested that increasing the volume of viral medium containing the pCLNC-
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TetR vector caused a corresponding TetR repression of the TetO2 promoter
and subsequent reduction in mCherry-GFAP in transfected cells.
The trend of a decreasing proportion of mCherry positive cells was the same in
MIO-M1 cells co-transfected with pCLNC-TetR and the control pCLNCmCherry-TO vector at differing ratios. When the MIO-M1 pcDNA4/TR cell line
was transfected with retroviral control vector pCLNC-mCherry-TO, 57%
mCherry fluorescent positive cells was observed. However, after co-transfection
with the vectors pCLNC-TetR and pCLNC-mCherry-TO at a ratio of 4:1 the
percentage of mCherry positive cells decreased to 48%. Further decreases to
31%, 19%, 8% and 4% mCherry fluorescent cells were observed when the ratio
of transfection was 20:1, 50:1, 200:1 and 500:1, respectively (Figure 4-15). This
indicated that increasing the ratio of volume of viral medium containing the
pCLNC-TetR vector to pCLNC-mCherry-TO vector caused sufficient increase in
TetR to repress the expression of mCherry induced by the TetO2 promoter in
transfected cells.
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Figure 4-12: Diagram representing the cloning history of the pCLNC-TetR vector.
The TetR sequence from the pcDNA4/TR vector was amplified and cloned into the pCLNCx
retroviral vector HindIII and ClaI cloning site.
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Figure 4-13: Map of the cloned pCLNC-TetR vector with relevant features and all
restriction enzyme sites.
The TetR sequence was inserted into the cloning sites HindIII and ClaI of pCLNCx retroviral
vector. The new cloned vector was 9381bp.
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Figure 4-14: Representative merged phase and fluorescence microscope images of MIO-M1 cells co-transfected with retroviral vectors.
Cells were co-transfected with pCLNC-TetR and pCLNC-mCherry-GFAP-TO retroviral vector medium applied at ratios ranging from 4:1 up to 1000:1.
Images show representatives of ratios 4:1, 20:1, 50:1, 200:1 and 500:1. Increasing the volume of medium containing the pCLNC-TetR vector caused
decrease in mCherry fluorescence. White arrows indicate mCherry positive cells.
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Figure 4-15: Percentage of mCherry fluorescence positive MIO-M1 cells after cotransfection with retroviral vectors at increasing ratios of TetR to TetO2 promoter.
Solid red bar chart represents percentage of cells positive for mCherry after co-transfection with
the pCLNC-TetR and pCLNC-mCherry-GFAP-TO vectors. Crosshatched red bar chart
represents percentage of mCherry positive cells after co-transfection with the pCLNC-TetR
vector and pCLNC-mCherry-TO control vector. As the proportion of pCLNC-TetR vector
increased, the percentage of mCherry positive cells decreased. The bars represented by
pcDNA4/TR are the percentage of mCherry positive cells within the MIO-M1 pcDNA4/TR cell
line singularly transfected by either pCLNC-mCherry-GFAP-TO or pCLNC-mCherry-TO. These
values were used as a “base-line” for expression of mCherry by cells co-transfected with various
ratios of both vectors. N=1.
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4.3.3.1 TetR gene expression was not increased as mCherry-GFAP or
mCherry gene expression decreased in MIO-M1 cells that had
been co-transfected
MIO-M1 cells were co-transfected with various ratios of viral medium containing
the retroviral vectors pCLNC-TetR encoding for the TetR gene and pCLNCmCherry-GFAP-TO encoding for the GFAP gene tagged to mCherry and under
the transcriptional control of the TetO2 promoter. The relative expression of
these genes was measured by qPCR in transfected cells, using the RNA from
the MIO-M1 cells containing the pcDNA4/TR plasmid singularly transfected with
the pCLNC-mCherry-GFAP-TO vector as a calibrator sample. Fold changes in
gene expression were compared between cell groups (Figure 4-16). When the
transfection ratio was 20:1 of pCLNC-TetR to pCLNC-mCherry-GFAP-TO, the
relative expression of the TetR gene was significantly downregulated by 1.85fold (p<0.01). The TetR gene expression was also significantly downregulated
(p<0.05) when the ratio of transfection was 50:1 and 1000:1 and downregulated
at 500:1, although not significantly, when compared to the calibrator sample.
Relative expression of the TetR gene slightly increased to 1.106 and 1.064
when transfection ratio was 100:1 and 200:1, respectively, which corresponds
to a non-significant 0.94 and 0.90-fold upregulation (Figure 4-16). On the other
hand, the relative gene expression of mCherry-GFAP was significantly
decreased in all samples when compared to the calibrator (p<0.001). When the
co-transfection ratio was 20:1 or 1000:1 of pCLNC-TetR to pCLNC-mCherryGFAP-TO vectors, the gene expression of mCherry-GFAP was significantly
downregulated by 15-fold and 570-fold, respectively when compared to the
calibrator (p<0.001). This correlated to the percentage of mCherry positive cells
decreasing in these transfected cells.
MIO-M1 cells were also co-transfected with the retroviral vectors pCLNC-TetR
and pCLNC-mCherry-TO encoding for the mCherry gene alone controlled by
the TetO2 promoter. The relative expression of these genes was measured by
qPCR in these cells and using the RNA from the MIO-M1 pcDNA4/TR cell line
transfected with pCLNC-mCherry-TO as a calibrator sample, fold changes in
gene expression were compared (Figure 4-17). In all co-transfection samples,
relative expression of TetR gene was downregulated compared to the single
transfection calibrator sample. When the ratio of co-transfection of pCLNC-TetR
171

to pCLNC-mCherry-TO was 20:1, 50:1, 200:1, 500:1 and 1000:1, TetR gene
expression was significantly downregulated when compared to the calibrator
sample (p<0.05). The largest fold change was at the ratio of 20:1 where the
TetR gene was significantly downregulated by 4-fold (p<0.01). Even at the ratio
of 100:1 there was a 1-fold downregulation although this was not significant
(Figure 4-17). Gene expression of mCherry was significantly downregulated in
MIO-M1 cells that were co-transfected with pCLNC-TetR and pCLNC-mCherryTO at all ratios tested (p<0.001). At a transfection ratio of 20:1 of pCLNC-TetR
to pCLNC-mCherry-TO vectors, the relative expression ratio of mCherry was
0.035 when compared to the calibrator sample, which was a significant
downregulation of 29-fold (p<0.001). At a transfection ratio of 1000:1 the
relative expression ratio of mCherry was further reduced to 0.002 compared to
the calibrator, which was a 584-fold significant downregulation (p<0.001)
(Figure 4-17).
The results show that transfecting MIO-M1 cells with pCLNC-TetR retroviral
vector did not increase TetR gene expression when compared to TetR gene
expression in cells transfected with the pcDNA4/TR plasmid. Although TetR
gene expression in pCLNC-TetR transfected cells was reduced or the same as
pcDNA4/TR transfected cells, increasing the ratio of viral pCLNC-TetR vector to
pCLNC-mCherry-GFAP-TO vector, did significantly reduce the gene expression
of mCherry-GFAP. This significant reduction in mCherry-GFAP with assumed
corresponding reduction in TetO2 promoter expression allowed sufficient TetR
mediated repression, as indicated by reduced mCherry fluorescence in these
transfected cells.
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Figure 4-16: qPCR results showing relative expression of TetR and mCherry-GFAP
genes in MIO-M1 cells transfected with varying ratios of pCLNC-TetR to pCLNCmCherry-GFAP-TO retroviral vectors.
Bar charts represent relative expression ratios of TetR (crosshatched) and mCherryGFAP (solid) genes calculated by ∆∆Ct method. Relative expression of TetR significantly
decreased or was unchanged by the different transfection ratios. Gene expression of
mCherry-GFAP was significantly downregulated in all samples when compared to
calibrator sample. Students T-test, p<0.05, N= 3 separate qPCR reactions
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Figure 4-17: qPCR results showing relative expression of TetR and mCherry genes
in MIO-M1 cells transfected with varying ratios of pCLNC-TetR to pCLNC-mCherryTO retroviral vectors.
Bar charts represent relative expression ratios of TetR (crosshatched) and mCherry
(solid) genes calculated by ∆∆Ct method. Relative expression of TetR and mCherry
genes were significantly decreased in all samples when compared to calibrator. Students
T-test, p<0.05, N= 3 separate qPCR reactions
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4.3.3.2 The ratio at which MIO-M1 cells are co-transfected with pCLNCTetR and pCLNC-mCherry-GFAP-TO did not affect induction of the
TetO2 promoter by tetracycline.
MIO-M1 cells were co-transfected with viral medium containing retroviral
vectors pCLNC-TetR and pCLNC-mCherry-GFAP-TO at various ratios and then
cultured with increasing concentrations of tetracycline in order to induce TetO2
promoter mediated activation of mCherry-GFAP transcription. When the cotransfection ratio was 20:1 of pCLNC-TetR to pCLNC-mCherry-GFAP-TO,
these cells were on average 19% positive for mCherry fluorescence. After 8
hours culture of these cells with tetracycline at 0.5μg/ml there was a slight
increase in the proportion of mCherry fluorescent cells to 21% but with higher
concentrations of 1 and 5μg/ml tetracycline this decreased to 16% (Figure 418A). This change was not statistically significant when compared to cells
cultured without tetracycline or when compared to individual concentrations of
the antibiotic. Extending the culture of these cells with tetracycline to 24 hours
did not significantly modify the percentage of mCherry positive cells either.
When the ratio of co-transfection was increased to 50:1 of the pCLNC-TetR to
pCLNC-mCherry-GFAP-TO vectors and the cells were cultured with increasing
concentrations of tetracycline for 8 and 24 hours there was no significant
increase in the average percentage of mCherry positive cells when compared to
cells not cultured with tetracycline (Figure 4-18B). MIO-M1 cells transfected at a
ratio of 50:1 without tetracycline induction showed an average of 12% mCherry
positive cells. Culturing these cells with the highest concentration of tetracycline
used, at 5μg/ml, the average percentage of mCherry positive cells changed to
11% after 8 hours and 8% after 24 hours, which was not significant.
When the ratio of co-transfection was increased further to 200:1 and 500:1
pCLNC-TetR to pCLNC-mCherry-GFAP-TO vectors the average percentages of
mCherry fluorescent cells without tetracycline induction were 5% and 2%,
respectively (Figure 4-18C/D). When these cells were cultured with increasing
concentrations of tetracycline for 8 or 24 hours there was no significant increase
in the percentage of mCherry positive cells when compared to cells cultured
without tetracycline. Neither the time of exposure nor the concentration of
tetracycline affected the average percentage of mCherry fluorescent cells. For
example, culturing 500:1 transfected cells with 0.5, 1 or 5μg/ml tetracycline for
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24 hours did not change the percentage of mCherry positive cells when
compared to cells cultured without tetracycline as this remained at 2% under all
conditions (Figure 4-18D).
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Figure 4-18: Percentage of mCherry positive cells within the population of co-transfected
MIO-M1 cells after culture with increasing concentrations of tetracycline for 8 and 24
hours.
Bar charts represent proportion of mCherry fluorescence positive cells (mean +/- SEM). (A)
MIO-M1 cells co-transfected with viral medium containing retroviral vector ratio of 20:1 of
pCLNC-TetR: pCLNC-mCherry-GFAP-TO cultured with increasing concentrations of tetracycline
for 8 or 24 hours, showed no significant increase in percentage of mCherry positive cells when
compared to transfected cells cultured in the absence of tetracycline. (B) MIO-M1 cells
transfected with retroviral vectors at a ratio of 50:1 were cultured with increasing concentrations
of tetracycline. After 8 or 24 hours of tetracycline induction, cells did not increase expression of
mCherry fluorescence when compared to cells cultured without tetracycline. (C) MIO-M1 cells
were transfected with retroviral vectors at a ratio of 200:1 of pCLNC-TetR: pCLNC-mCherryGFAP-TO. There was no increase in the percentage of mCherry fluorescence when cells were
cultured in the presence of increasing concentrations of tetracycline for 8 or 24 hours when
compared to cells cultured in the absence of tetracycline. (D) MIO-M1 cells were transfected at
a ratio of 500:1 of the viral vectors pCLNC-TetR: pCLNC-mCherry-GFAP-TO. Culture of cells
with increasing concentrations of tetracycline did not increase expression of mCherry
fluorescence when compared to untreated control cells. Two-way ANOVA, p>0.05, N=3
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4.3.4 Retroviral transfection of MIO-M1 cells with the pCLNC-mCherryGFAP vector
As transfection of MIO-M1 cells with the tetracycline-inducible promoter was not
successful, the original pCLNC-mCherry-GFAP vector with the CMV promoter
was used for transfection (Figure 4-19). However, the ratio of virus particles to
cell number was altered to attempt the insertion of varying amounts of vector
into cells to cause gradient GFAP overexpression. After the gradient
transfection, cells were sorted by FACS to obtain a pure population of
transfected cells. FACS data analysis involved a step where a series of gates
were defined to identify the population of interest. Cells were interrogated by
their ability to uptake the live/dead fluorescent dye to gate out dead cells. Cells
were then gated through the forward scatter (FSC), which relates to size, and
the side scatter (SSC), which relates to morphology, to gate out cell aggregates.
Live single cells were then selected for by their mCherry fluorescent protein
(Figure 4-20). The transfection efficiency as well as the quantitation of mCherry
fluorescence intensity could also be determined. The mCherry fluorescence
intensity gave indication of the amount of vector transfected and thus the
relative quantity of GFAP gene expression.
4.3.4.1 Increasing volume of viral medium containing pCLNC-mCherryGFAP vector did not change transfection efficiency in MIO-M1
cells but increased mCherry fluorescence intensity
MIO-M1 cells that were transfected with increasing volumes of viral medium
containing the retroviral vector pCLNC-mCherry-GFAP showed that an average
transfection efficiency of 53% would be achieved (Figure 4-21). The lowest
efficiency of 46% was found in cells transfected with 50% pCLNC-mCherryGFAP viral medium and the highest efficiency was 61% in cells transfected with
100% viral medium. This transfection efficiency was much higher than that
achieved using the EndoFectin Max reagent with the pmCherry-GFAP-N-18
plasmid. It also indicated that the transfection efficiency was not modified by the
volume of viral medium used to transfect cells. As the volume of medium
containing the vector used to transfect MIO-M1 cells increased, the median
mCherry fluorescence intensity increased concurrently (Figure 4-21).
Fluorescence intensity data was not available for cells transfected with 80%
volume of pCLNC-mCherry-GFAP medium. When MIO-M1 cells were
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transfected with a 5% volume of pCLNC-mCherry-GFAP medium containing the
vector, the median mCherry fluorescence intensity was 1923, at 20% this was
2111, at 60% the fluorescence increased to 2500 and at 100% vector
transfection the median fluorescence intensity was 3048 (Figure 4-21). This
suggested that increasing vector quantity used in transfection increased
mCherry fluorescence and therefore caused a corresponding increase in GFAP
gene expression.
Since this preliminary data was consistent across the different volumes of viral
medium used, it was decided to repeat the experiments with a further two
passages of MIO-M1 cells, selecting 0%, 5%, 20%, 60% and 100% viral
medium containing the pCLNC-mCherry-GFAP retroviral vector. A total of three
passages were analysed through FACS for statistical analysis. Transfection
efficiency in MIO-M1 cells transfected with 5% viral medium containing the
pCLNC-mCherry-GFAP vector was 61%, which decreased slightly to 56%
efficiency in cells transfected with 20% viral medium, 47% in cells with 60% viral
transfection and 41% in cells with 100% transfection (Figure 4-22). When
compared between volumes of medium used for transfection, this was not a
significant change in transfection efficiency. Median mCherry fluorescence
intensity in MIO-M1 cells transfected with pCLNC-mCherry-GFAP increased as
volume of medium containing the retroviral vector increased (Figure 4-23).
When the volume of medium used in transfection contained 5% pCLNCmCherry-GFAP viral vector, the average median mCherry fluorescence intensity
was 1483. As transfection medium volume increased to 20% viral vector,
average median mCherry fluorescence intensity increased to 2841 in
transfected cells. In cells transfected with 60% and 100% volume of medium
containing pCLNC-mCherry-GFAP, fluorescence continued to increase to 3514
and 3596, respectively. There was a statistically significant increase of median
fluorescence intensity in MIO-M1 cells transfected with 60% or 100% volume of
medium containing viral vector pCLNC-mCherry-GFAP when compared to 5%
transfection volume (p<0.05) (Figure 4-23). Therefore, further work was carried
out using MIO-M1 cells transfected with 5% medium containing pCLNCmCherry-GFAP as a “low” GFAP expressing cell line and the cells transfected
with 100% volume of medium containing pCLNC-mCherry-GFAP as a “high”
GFAP expressing cell line.
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Figure 4-19: Map of the cloned pCLNC-mCherry-GFAP vector with relevant features and
all restriction enzyme sites.
The mCherry-GFAP sequence extracted from the pmCherry-GFAP-N-18 was inserted into the
cloning site between HindIII and ClaI in the pCLNCx vector. The new cloned vector was
10,016bp.
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Figure 4-20: Gating parameters used in FACS sorting of MIO-M1 cells transfected with
medium containing 100% retroviral vector pCLNC-mCherry-GFAP.
(A) Cells were firstly gated based on uptake of live/dead fluorescent dye to eliminate dead cells.
(B) Cells were then gated based on forward scatter (FSC) to further separate live cells. (C) Live
cells were gated through side scatter (SSC) to eliminate cell aggregates. (D) Live single cells
were further gated. (E) Live single cells were then selected for by their mCherry fluorescent
protein using a 561-585/29 bandpass filter to obtain a pure population.
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Figure 4-21: FACS analysis of MIO-M1 cells transfected with increasing volumes of viral
medium containing pCLNC-mCherry-GFAP viral vector particles.
Bar charts represent transfection efficiency (pink bars) and median mCherry fluorescence
intensity (red bar) of one passage of transfected MIO-M1 cells. Transfection efficiency remained
stable but median fluorescence intensity increased as transfection percentage increased.
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Figure 4-22: Transfection efficiency of MIO-M1 cells transfected with increasing
volumes of medium containing pCLNC-mCherry-GFAP retroviral vector.
Bar chart represents average transfection efficiency of cells transfected with 5%, 20%,
60% or 100% medium containing pCLNC-mCherry-GFAP (mean +/- SEM). There was no
significant difference in transfection efficiency between cells transfected with any volume
of medium containing the pCLNC-mCherry-GFAP vector. One-way ANOVA and Tukey
post-test, p>0.05, N=3.
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Figure 4-23: Median mCherry fluorescence intensity by MIO-M1 cells transfected
with increasing volumes of pCLNC-mCherry-GFAP retroviral vector.
Bar chart represents average median mCherry fluorescence intensity by cells transfected
with 5%, 20%, 60% or 100% medium containing pCLNC-mCherry-GFAP (mean +/SEM). There was a significant increase in median fluorescence intensity in cells
transfected with 60% or 100% retroviral vector medium when compared to 5% medium.
One-way ANOVA and Tukey post-test, p<0.05, N=3.
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4.4 Discussion
4.4.1 Resistance of MIO-M1 cells to transfection with an inducible
promoter system
The method of retroviral transfection using TetR-expressing MIO-M1 cells with
the pCLNC-mCherry-GFAP-TO vector provided stable expression of mCherryGFAP when compared to the lipid-based transfection reagent EndoFectin Max,
which only provided transient plasmid transfection. Upon culture and expansion
of EndoFectin Max transfected cells they lacked mCherry fluorescence. The
mCherry-GFAP-N-18 plasmid could have been released by the cells but also,
after FACS sorting the cells were not maintained continuously in G418 selection
antibiotic, which may have contributed to the loss of cells containing the
plasmid. However, it is well known that gene transfer via non-viral vectors is
inefficient and transient compared to viral vector transfer (Maier et al., 2010).
Although transfection efficiency was similar, at around 30%, with either the
EndoFectin Max reagent or the retroviral vector it was preferable to have a
stable transfection in which cells could be passaged and progeny would
express mCherry-GFAP so multiple long-term culture experiments could be
performed. This was attempted using the T-REx™ tetracycline-induced system,
which has two tetracycline operators (TetO2) inserted in the human CMV
promoter controlling the mCherry-GFAP gene. The MIO-M1 cell line expressing
TetR was transfected with the pCLNC-mCherry-GFAP-TO vector and addition
of tetracycline to the cell culture medium should have increased expression of
mCherry-GFAP, observed by increase in fluorescence. However, this effect was
not seen in these transfected MIO-M1 cells and gene induction was not
regulated by tetracycline, even up to a concentration of 10μg/ml for 24 hours.
Surprisingly, without tetracycline in the culture medium the MIO-M1 cells were
mCherry fluorescence positive, indicating that the initial repression by TetR had
not worked. This contrasts with a previous report in HeLa cells co-transfected
with a TetR-expressing plasmid and a plasmid containing the TetO2-CMV
promoter fused to a reporter gene. In that study, there was a 100-fold
repression after 24 hours, which was efficiently reversed by addition of 1μg/ml
of tetracycline (Yao et al., 1998). However, the authors noted that efficacy of the
tetracycline-mediated repression system was affected by cell type and the
reporter gene used. In the present study, the method was attempted in MIO-M1
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cells, so the data obtained strongly suggests that these cells are not susceptible
to transfection using this system.
When the system was previously tested in vitro in primate cells the molar ratio
of the two plasmids used in co-transfection had to be modified so that there was
six times more TetR-expressing plasmid compared to the TetO2-CMV promoter
plasmid (Yao et al., 1998). This indicated that repression of the transgene
requires a high amount of the TetR molecule. This process was also explored in
the present study with MIO-M1 cells, which were co-transfected with pCLNCmCherry-GFAP-TO and the newly cloned pCLNC-TetR vector. When viral
medium containing the pCLNC-TetR vector was increased in co-transfection the
mCherry fluorescence decreased in Müller cells, suggesting that the mCherryGFAP gene expression was repressed. Nevertheless, addition of tetracycline
did not reverse this repression as mCherry fluorescence was not upregulated.
Quantification by qPCR on the RNA from these co-transfected cells revealed
that although the mCherry-GFAP gene was markedly downregulated, even up
to 570-fold, the expression of the TetR gene was unchanged or even reduced
when compared to the transfection in TetR-expressing MIO-M1 cell line. There
was far less TetO2 promoter gene expression and sufficient TetR gene
expression to produce repression of mCherry-GFAP as indicated by lack of
mCherry fluorescence in transfected cells. However, because tetracycline did
not increase mCherry fluorescence in these cells, it could be possible that the
TetR protein could not be bound by tetracycline. Additionally, the co-transfection
system was not tested in other cell types in this study and so perhaps the TetR
gene sequence was missing an important regulatory element after cloning into
pCLNCx, although this was not examined. Therefore, expressing both TetR and
TetO2 promoter genes in pCLNCx retroviral vectors was not effective in
ensuring the TetO2 promoter could be controlled by tetracycline in MIO-M1
cells.
4.4.2 Achieving effective and stable transfection of MIO-M1 cells with
mCherry-GFAP
The viral load is a numerical expression of the quantity of virus in a given
volume often measured as viral particles per ml. To increase the percentage of
cells transfected a higher viral load is needed and it can be simply a matter of
exposing the target cells to a larger volume of virus (Coffin et al., 1997).
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Although viral load was not measured directly, MIO-M1 cells were transfected
with increasing volumes of viral medium with the intention of introducing more
retroviral pCLNC-mCherry-GFAP particles to the cells. The percentage of cells
transfected was not modified in MIO-M1 cells transfected with increasing
volumes of viral medium as transfection efficiency remained unchanged.
However, efficiency was much higher than that achieved in cells transfected
with the mCherry-GFAP-N-18 plasmid and in cell transfected with the pCLNCmCherry-GFAP-TO inducible vector. More importantly though, the median
mCherry fluorescence increased significantly in MIO-M1 cells transfected with
the highest volume of viral medium compared to the lowest volume. This
suggests that these MIO-M1 cells transfected with the highest volume of viral
medium express more mCherry-GFAP when compared to the MIO-M1 cells
transfected with the lowest viral load. Upon expansion in culture, these
retrovirus transfected cells remained positive for mCherry and therefore stably
transfected MIO-M1 cells were established, overexpressing the GFAP protein.
These GFAP overexpressing MIO-M1 cells will be valuable in studying the
effects of this intermediate filament protein in vitro as it is obvious that
overexpression of this protein is detrimental in experimental models in vivo.
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Chapter 5

Effects of GFAP overexpression in the

MIO-M1 cell line
5.1 Introduction
5.1.1 Role of GFAP in gliosis
The response of Müller glial cells to inflammatory cytokines plays a major role in
reactive gliosis in the human retina during disease. TNF-α is a major
inflammatory cytokine associated with retinal degenerative diseases and an
activator of Müller cell gliosis (Tezel et al., 2001, Fernandez-Bueno et al., 2013).
Despite its pro-inflammatory role, in this study TNF-α was found to
downregulate GFAP protein expression in MIO-M1 cells, resembling the antigliotic property of this cytokine in zebrafish retina (Nelson et al., 2013). In
mammalian astrocytes, TNF-α reduces protein expression of GFAP in vitro and
may not be responsible for reactive changes observed in astrocytes during
neurodegenerative diseases (Edwards and Robinson, 2006).
The regulatory effect of TNF-α on Müller glial cells overexpressing GFAP has
not yet been examined and there is little knowledge on the interaction of this
molecule with other Müller cell proteins during gliosis. The MIO-M1 Müller glial
cell line expresses other characteristic makers such as vimentin, CRALBP and
glutamine synthetase (Limb et al., 2002) but the regulatory interaction between
these proteins and GFAP has not been determined. Evidence has emerged that
vimentin may be associated with GFAP regulation. As another type III IF protein
found in glial cells, it is upregulated along with GFAP during Müller cell gliosis
(Reichenbach and Bringmann, 2010). Astrocytes of GFAP deficient mice, do not
completely lose vimentin protein expression and it has been suggested that
because only subtle aberrations in these cells occur, vimentin may take over the
functional role of GFAP (Messing and Brenner, 2003, Pekny et al., 1998).
Transgenic mice overexpressing GFAP have shown co-localised GFAP and
vimentin expression throughout the CNS in vivo and within the astrocyte
cytoskeleton in vitro (Messing et al., 1998, Cho and Messing, 2009).
Additionally, in p27 deficient mice overexpressing GFAP, Müller glial cells also
show upregulated vimentin expression (Vázquez-Chona et al., 2011). Based on
these studies it would be important to examine the expression of vimentin and
other specific Müller glial cell markers in MIO-M1 cells overexpressing GFAP.
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5.1.2 Role of GFAP in cell proliferation
Astrocyte cell growth is inhibited by GFAP overexpression, partly due to a
decrease in their proliferation and partly due to increased cell death. This is
demonstrated by observations that astrocytes overexpressing GFAP show
increased apoptosis and reduced BrdU labelling in vitro (Cho and Messing,
2009). In rat astrocytoma C6 cells, overexpression of GFAP in vitro was shown
to suppress cell proliferation (Toda et al., 1994). Furthermore, in vivo injection of
GFAP overexpressing C6 cells into athymic mice significantly reduced glial
tumour growth compared to mice injected with control C6 cells (Toda et al.,
1999). Other studies demonstrated that the astrocytoma cell line U251 which
overexpresses GFAP, following treatment with antisense complementary DNA,
downregulate GFAP expression, enhance their proliferation and become more
invasive (Rutka et al., 1994). However, the cause of this reduced cell
proliferation in the CNS produced by GFAP overexpression is not known.
In the retina, chronic stimuli can cause non-proliferative reactive gliosis. In vivo
chronic glaucoma models reveal increased GFAP protein expression by Müller
glia. However, these cells do not incorporate BrdU and the total cell numbers
are unchanged (Inman and Horner, 2007). This suggests that Müller glial cell
proliferation is not modified by GFAP overexpression during glaucomatous
changes in the retina. In contrast, in vivo acute damage to Müller glia causes
upregulation of GFAP and increased Müller cell proliferation (Byrne et al.,
2013). Therefore, the type of insult sustained by Müller glia may dictate the
effect on their proliferation.
5.1.3 Role of GFAP in Müller glial stem cell state and neural
differentiation
The MIO-M1 cells have stem cell properties as in vitro they express retinal stem
cell markers Sox2, Sox9, Pax6 and Chx10 (Lawrence et al., 2007). In
investigating potential mechanisms to promote endogenous regeneration by
these cells it would be important to understand how gliotic modifications through
GFAP overexpression could affect the progenicity of these cells. Inactivation of
Pax6 in retinal progenitor cells narrows their multipotent state (Marquardt et al.,
2001), whilst in vivo loss of Sox9 and ex vivo ablation of Sox2 in the retina show
that both are essential for Müller glia survival and maintenance of progenicity
(Surzenko et al., 2013, Poche et al., 2008). In vitro silencing of Sox2 in Müller
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glial cells caused cells to become neuronal in morphology and to increase their
expression of neuronal markers, whilst decreasing their expression of the glial
marker vimentin (Bhatia et al., 2011).
With age, astrocytes increase expression of GFAP. When astrocytes from older
animals were co-cultured with embryonic neurons, less neurite outgrowth was
observed when compared to younger astrocytes expressing lower levels of
GFAP (Rozovsky et al., 2005). When younger astrocytes were transfected with
a GFAP-expressing plasmid, this overexpression also caused reduced neurite
outgrowth, suggesting that GFAP is an independent factor in neurite outgrowth
and could prevent neural differentiation. However, when the retinal explants
from transgenic mice overexpressing GFAP were treated with growth
permissive media there was greater neurite outgrowth when compared to
explants of normal retina (Toops et al., 2012). In an induced glaucoma rat
model, when activated Müller glial cells expressing GFAP were cultured in vitro
with RGC, RGC grew longer neurites when in contact with GFAP positive glial
cells (Lorber et al., 2012). This suggests that under the right conditions GFAP
overexpression in activated Müller glia might not be detrimental but can be
supportive to neurons and assist regeneration. It is therefore vital to understand
the function of GFAP during in vitro MIO-M1 differentiation and its implications
for potential promotion of in vivo regeneration.

5.2 Objectives
GFAP upregulation is intrinsically linked to retinal scarring, neural regeneration
and is a characteristic feature of Müller cell gliosis (Sarthy, 2007). However, the
role and regulation of GFAP has not been determined and mechanisms of
GFAP overexpression are not fully understood. Because GFAP is a structural
protein of Müller glia, by inducing overexpression in these cells we can examine
the effects that this intermediate filament has on their functions and their stem
cell characteristics. As TNF-α can downregulate GFAP expression in MIO-M1
cells, it would be beneficial to examine the effects of this inflammatory cytokine
on cells overexpressing GFAP. Therapeutic approaches to regulate GFAP
expression during disease or injury may need to be directed at controlling
gliosis and scarring whilst also allowing for Müller glia proliferation and
regeneration.
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The objectives of this chapter were:
1. To investigate whether in vitro GFAP overexpression in MIO-M1 cells
affects cell viability or proliferation.
2. To assess the regulation of induced overexpressed GFAP protein in
MIO-M1 treated with the inflammatory cytokine TNF-α in vitro.
3. To examine whether in vitro induced rod photoreceptor precursor
differentiation of MIO-M1 cells may be affected by overexpression of
GFAP.
4. To determine whether induced overexpression of GFAP modulates
expression of characteristic stem cell markers expressed by Müller glial
cells.
Experimental design:
I.

MIO-M1 cells transfected with the GFAP encoding gene tagged to a
fluorescent mCherry protein and control untransfected cells were
expanded in culture to undertake the above studies.

II.

Extracted RNA and protein isolated from cell lysates were used to semiquantify expression of GFAP by RT-PCR and western blot analysis.

III.

To assess the viability and proliferation of MIO-M1 cells overexpressing
GFAP, a hexosaminidase assay was performed together with
immunocytochemistry staining of the proliferation marker Ki67. A
colorimetric cell cytotoxicity assay measuring the release of LDH was
also performed.

IV.

Control and GFAP overexpressing cells were cultured with TNF-α for 6
days and protein isolated from these cells was used to measure
expression of endogenous and exogenous GFAP using western blot
analysis.

V.

Control and GFAP overexpressing cells were cultured with FTRI (factors
known to induce differentiation of these cells into rod photoreceptor
precursors) and protein expression of NR2E3, a rod photoreceptor
marker, was measured in cell lysates using western blot analysis.

VI.

RNA was extracted from control and GFAP overexpressing cells and
examined for mRNA expression of the Müller glial markers CRALBP,

190

glutamine synthetase and vimentin, as well as the retinal progenitor cell
markers Pax6, Chx10, Sox9 and Sox2.
VII.

Protein expression of vimentin was also semi-quantified using western
blot analysis and immunocytochemistry.
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5.3 Results
5.3.1 Expression of GFAP mRNA in MIO-M1 cells transfected with the
retroviral vector pCLNC-mCherry-GFAP
MIO-M1 cells were previously transfected with viral medium containing 5%
retroviral vector pCLNC-mCherry-GFAP, which was determined to be low GFAP
overexpression when compared to cells transfected with viral medium
containing 100% volume of the vector, which was established as high GFAP
overexpression. These two MIO-M1 cell lines overexpressing GFAP are
referred to as low and high transfection herein.
Two different primers were used in RT-PCR to quantify endogenous and total
GFAP mRNA expression by the transfected cells. Total GFAP expression being
the expression of endogenous GFAP plus the induced mCherry-GFAP. The
mCherry-GFAP sequence does not include a non-coding region of exon 1 of the
GFAP gene variant 1, which was exploited to create primers within this noncoding region to detect endogenous GFAP and primers outside this region to
detect total GFAP. Endogenous GFAP mRNA expression was significantly
downregulated in MIO-M1 cells transfected with low (p<0.05) and high (p<0.01)
pCLNC-mCherry-GFAP vector when compared to untransfected control cells
(Figure 5-1A). On the other hand, total GFAP mRNA expression was observed
significantly upregulated in both low and high transfection cells when compared
to untransfected control cells (p<0.01) (Figure 5-1B). Neither endogenous or
total GFAP mRNA were modified between low and high transfected cells.
5.3.2 Expression of GFAP protein in MIO-M1 cells transfected with the
retroviral vector pCLNC-mCherry-GFAP
GFAP protein was semi-quantitatively measured by western blot analysis
probed with an anti-GFAP antibody. The antibody recognised endogenous
GFAP, producing a band at 50kDa, the exogenous mCherry-GFAP, producing a
band around 80kDa, and GFAP dimers, producing a band around 100kDa. To
measure endogenous GFAP expression the optical density of the single band at
50kDa was analysed, whilst total protein expression was analysed by
measuring the optical density of the entire column (Figure 5-2).
In low transfection MIO-M1 cells, endogenous GFAP protein was unchanged
but total GFAP protein expression increased significantly compared to
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untransfected control cells (p<0.01) (Figure 5-2). Total GFAP protein expression
was also significantly increased in high transfection MIO-M1 cells when
compared to control cells (p<0.01) (Figure 5-2B). Endogenous GFAP protein
expression was not modified in highly transfected cells when compared to
control untransfected cells (Figure 5-2A). There was no significant difference in
total GFAP protein expression between low and high transfected cells.
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Figure 5-1: mRNA expression of GFAP by MIO-M1 cells transfected with low or high
levels of pCLNC-mCherry-GFAP retroviral vector.
Representative images of PCR bands for β-actin, endogenous GFAP and total GFAP
shown above bar charts. Bar charts represent relative expression of endogenous and
total GFAP mRNA normalised to β-actin (mean +/- SEM). Two different primer pairs were
used to distinguish between endogenous and total (endogenous plus mCherry-GFAP)
expression. (A) There was a significant decrease in mRNA expression of endogenous
GFAP in MIO-M1 cells transfected with low or high pCLNC-mCherry-GFAP when
compared to untransfected controls. (B) There was a significant increase in total GFAP
mRNA expression in MIO-M1 cells transfected with low or high pCLNC-mCherry-GFAP
when compared to untransfected control cells. One-way ANOVA and Tukey’s post-test,
p<0.05, N=3. U: untransfected, L: low, H: high.
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Figure 5-2: Protein expression of GFAP by MIO-M1 cells transfected with low or
high levels of pCLNC-mCherry-GFAP retroviral vector.
Representative image of western blot probed with β-actin and anti-GFAP antibody
shown above bar charts. Bands for endogenous GFAP at 50kDa, mCherry-GFAP at
~80kDa and GFAP dimers at ~100kD were seen. Bar charts represent relative
expression of endogenous (red box) and total (yellow box) protein normalised to β-actin
(mean +/- SEM). (A) There was no difference in protein expression of endogenous
GFAP in pCLNC-mCherry-GFAP transfected cells when compared to untransfected
control cells. (B) There was a significant increase in total GFAP protein expression in
MIO-M1 cells transfected with low or high concentrations of pCLNC-mCherry-GFAP
when compared to control cells. One-way ANOVA and Tukey’s post-test, p<0.05, N=3.
U: untransfected, L: low, H: high.
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5.3.3 Overexpression of GFAP did not affect MIO-M1 cell proliferation
To investigate whether overexpression of GFAP modified cell proliferation when
MIO-M1 cells were transfected with low or high concentrations of retroviral
medium, two proliferation assays were performed. The human protein Ki67 is
expressed in the cell nuclei specifically during active phases of the cell cycle
and thus is an accurate cell proliferation marker. Immunocytochemistry
performed using the anti-Ki67 antibody revealed that the proportion of growing,
dividing cells was similar between untransfected and transfected cells (Figure 53). Cell counts of Ki67 positive cells within the GFAP transfected and
untransfected cell populations indicated that proliferation was not modified.
Within untransfected control MIO-M1 cells 25% of the cells were proliferating as
determined by expression of Ki67 (Figure 5-4). When MIO-M1 cells were
transfected with low concentration of pCLNC-mCherry-GFAP retroviral medium
there was a slight but not significant decrease in proliferation as 18% of the
cells stained for Ki67. Within the high transfection MIO-M1 cell population,
proliferation was similar to control cells with 24% of cells staining for Ki67.
Overall, there was no significant difference in the proportion of proliferating cells
between cells transfected with low or high concentrations of pCLNC-mCherryGFAP when compared to untransfected control cells (Figure 5-4).
Hexosaminidase is a lysosomal enzyme, the total activity of which is directly
proportional to the number of living cells in a homogenous population because
relative absorbance readings are directly proportional to cell numbers. This
assay was used in this study to measure cell proliferation rate over time. Over 7
days, untransfected control MIO-M1 cells proliferated at the same rate as cells
which had been transfected with either low or high concentrations of pCLNCmCherry-GFAP retroviral medium (Figure 5-5). Further culture of these cells
revealed that after 9 days the untransfected MIO-M1 cells continued to
proliferate whereas the GFAP overexpressing cells reached a plateau in cell
number. However, the relative absorbance reading of MIO-M1 cells transfected
with either low or high pCLNC-mCherry-GFAP was not significantly different
compared to control MIO-M1 cells at 2, 5, 7 and 9 days in culture (Figure 5-5). It
was therefore concluded that overexpression of GFAP did not affect the
proliferation rate of MIO-M1 cells.
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5.3.4 Increasing GFAP overexpression did not modify MIO-M1 cell
cytotoxicity
To determine whether GFAP overexpression was cytotoxic to MIO-M1 cells,
transfected cells were cultured for 5 days in normal DMEM + 10% FCS medium,
and a cytotoxicity assay kit was used. This colorimetric assay quantifies cell
death based on measurement of LDH release into the cell culture supernatant.
The pCLNC-mCherry-GFAP transfected cells were compared to untransfected
control MIO-M1 cells to calculate the percentage of cytotoxicity (Figure 5-6).
MIO-M1 cells transfected with low concentrations of pCLNC-mCherry-GFAP
retroviral medium showed an average 13% cell death. Cells transfected with
high level of retroviral medium showed an average cell death of 11%. There
was no significant difference in cytotoxicity between low and high transfected
MIO-M1 cells, indicating that different levels of GFAP overexpression did not
modify cell viability (Figure 5-6).

197

Figure 5-3: Immunofluorescence images of MIO-M1 cells transfected with low or high levels of pCLNC-mCherry-GFAP retroviral vector stained
with anti-Ki67.
Representative immunocytochemistry images of untransfected and transfected Müller cells with low or high levels of pCLNC-mCherry-GFAP viral vector
stained with anti-Ki67 (Alexa Flour 488, green) and fluorescent for mCherry (red). White arrows indicate Ki67 positive nuclei immunostaining. Scale bar
represents 100μm.
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Figure 5-4: Quantification of the percentage of cell nuclei stained for Ki67 in MIOM1 cells transfected with low or high levels of pCLNC-mCherry-GFAP retroviral
vector.
Bar chart represents the percentage of immunostained cells (mean +/- SEM). There was
no significant difference in Ki67 staining of transfected MIO-M1 cells compared to
untransfected control cells or between cells transfected with low or high levels of retroviral
vector. One-way ANOVA and Tukey’s post-test p>0.05, N=3.
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Figure 5-5: Proliferation rates of untransfected MIO-M1 cells and cells transfected
with low or high levels of pCLNC-mCherry-GFAP retroviral vector as determined by
hexosaminidase assay.
Pink coloured line represents untransfected control cells, orange line represents low
transfection cells and green line represents high transfection cells (mean +/- SEM).
Proliferation rate of untransfected MIO-M1 cells slightly increased after 9 days. However,
there was no significant modification of cell proliferation in transfected cells at 2, 5, 7 or 9
days in culture when compared to untransfected control cells. Two-way ANOVA and
Bonferroni post-test p>0.05, N=3.

200

Cytotoxicity (%)

100
80
60
40
20
0
low

high

pCLNC-mCherry-GFAP
transfection

Figure 5-6: Percentage of cytotoxicity in MIO-M1 cells transfected with low or high
levels of pCLNC-mCherry-GFAP retroviral vector.
Bar chart represents percentage of cytotoxicity (mean +/- SEM). As judged by proportion
of dead cells there was no significant difference in cytotoxicity between MIO-M1 cells
transfected with low or high levels of pCLNC-mCherry-GFAP when compared to each
other. Students T-test p>0.05, N=3.
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5.3.5 TNF-α downregulated endogenous but not total GFAP mRNA
expression in MIO-M1 cells transfected with pCLNC-mCherry-GFAP
Because TNF-α was shown to downregulate GFAP mRNA and protein
expression in MIO-M1 cells, it was examined whether this cytokine would
regulate induced overexpression of GFAP in MIO-M1 cells. Total GFAP mRNA
expression was measured by including both endogenous and vector induced
expression. In untransfected cells, total expression was the same as
endogenous expression. When untransfected MIO-M1 cells were cultured in the
presence of 5ng/ml TNF-α, endogenous and total GFAP mRNA expression
decreased significantly when compared to untreated control cells (p<0.001)
(Figure 5-7). MIO-M1 cells transfected with both low or high concentrations of
pCLNC-mCherry-GFAP retroviral medium cultured in the presence of TNF-α,
also showed significant downregulation of endogenous GFAP mRNA
expression when compared to transfected cells cultured in the absence of TNFα (p<0.01) (Figure 5-7A). However, retroviral transfected MIO-M1 cells cultured
in the presence of TNF-α did not show downregulation of total GFAP mRNA
expression when compared to transfected cells cultured in the absence of TNFα (Figure 5-7B).
5.3.6 TNF-α downregulated endogenous but not total GFAP protein
expression in MIO-M1 cells transfected with pCLNC-mCherry-GFAP
MIO-M1 cells cultured with 5ng/ml TNF-α showed a significant downregulation
of GFAP protein expression when compared to untreated control cells (p<0.01)
(Figure 5-8A). When MIO-M1 cells were transfected with low level of pCLNCmCherry-GFAP vector and were cultured with 5ng/ml TNF-α, there was a
significant downregulation of endogenous GFAP protein expression (p<0.01)
(Figure 5-8A). However, total GFAP protein expression, which includes
endogenous and vector induced GFAP, was not modified by culturing low
transfection cells with TNF-α when compared to transfected cells cultured in the
absence of TNF-α (Figure 5-8B). When highly transfected MIO-M1 cells were
cultured in the presence of TNF-α, the protein expression of endogenous GFAP
was slightly decreased when compared to transfected cells cultured in the
absence of TNF-α, although this was not statistically significant (Figure 5-8A).
Additionally, total GFAP protein expression was unchanged when these highly
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transfected cells were cultured with TNF-α compared to cells cultured without
this cytokine (Figure 5-8B).
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Figure 5-7: mRNA expression of GFAP by MIO-M1 cells transfected with low or high
levels of pCLNC-mCherry-GFAP retroviral vector and cultured in the absence or
presence of TNF-α.
Representative PCR bands of endogenous GFAP, total GFAP and β-actin are shown
above bar charts. Bar charts represent GFAP mRNA expression normalised to β-actin
(mean +/- SEM) in untransfected, low or high pCLNC-mCherry-GFAP transfected MIOM1 cells. Empty white bars represent GFAP expression in cells cultured in the absence of
TNF-α, whilst filled bars represent cells cultured in the presence of TNF-α. (A)
Endogenous GFAP mRNA was significantly decreased in untransfected and transfected
MIO-M1 cells in the presence of TNF-α when compared to cells cultured in the absence
of this cytokine. (B) Total GFAP mRNA expression, including both endogenous and
vector induced expression, was not modified in transfected MIO-M1 cells cultured with
TNF-α when compared to transfected cells cultured without TNF-α. Two-way ANOVA and
Bonferroni post-test p<0.05, N=3. C: control, T: TNF-α, U: untransfected, L: low, H: high.
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Figure 5-8: Protein expression of GFAP by MIO-M1 cells transfected with low or
high levels of pCLNC-mCherry-GFAP retroviral vector and cultured in the absence
or presence of TNF-α.
Representative image of western blot probed with β-actin and anti-GFAP antibody shown
above bar charts. Bar charts represent GFAP protein expression normalised to β-actin
(mean +/- SEM) in untransfected, low or high pCLNC-mCherry-GFAP transfected MIOM1 cells. Empty white bars represent GFAP expression in cells cultured in the absence of
TNF-α, whilst filled bars represent cells cultured in the presence of TNF-α. (A)
Untransfected MIO-M1 cells and cells transfected with low level of retroviral vector when
cultured in the presence of TNF-α, showed a significant decrease in endogenous GFAP
protein expression when compared to cells cultured in the absence of TNF-α.
Endogenous protein was measured by the band at 50kDa (red box). (B) When
transfected MIO-M1 cells were cultured with TNF-α, total GFAP protein expression was
not modified when compared to transfected cells cultured without TNF-α. Total GFAP
protein was measured by the optical density of the entire column including all bands
recognised by the anti-GFAP antibody (yellow box). Two-way ANOVA and Bonferroni
post-test p<0.05, N=3. C: control, T: TNF-α, U: untransfected, L: low, H: high.
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5.3.7 Culturing MIO-M1 cells transfected with pCLNC-mCherry-GFAP with
FTRI
MIO-M1 cells were cultured with FTRI. Protein expression of NR2E3 was
examined as a marker of rod photoreceptor precursor differentiation. As
previously shown in this current study, MIO-M1 cells cultured with FTRI showed
a significant increase in NR2E3 protein expression compared to untreated
control cells (p<0.05) (Figure 5-9). When cells were cultured with FTRI in the
presence of TNF-α, NR2E3 protein expression was significantly upregulated
when compared to control cells (p<0.01) but did not differ from cells cultured
with FTRI alone. This suggests that TNF-α does not modify the ability of MIOM1 cells to express NR2E3 after culture with FTRI.
MIO-M1 cells transfected with low concentration of pCLNC-mCherry-GFAP
retroviral medium and cultured in the presence of FTRI showed no increase in
NR2E3 protein expression when compared to transfected untreated control
cells (Figure 5-9). NR2E3 protein expression was not modified in low GFAP
transfection cells cultured with TNF-α or with FTRI in the presence or absence
of TNF-α when compared to transfected control cells. When MIO-M1 cells were
transfected with high concentration of pCLNC-mCherry-GFAP retroviral medium
and were cultured with FTRI there was also no significant increase in NR2E3
protein expression compared to transfected cells that were cultured in the
absence of FTRI (Figure 5-9). NR2E3 protein expression was not modified in
these high GFAP transfection cells by culture with FTRI in the presence of TNFα or with TNF-α alone when compared to transfected untreated control cells.
This suggests that GFAP overexpression may not allow for induced rod
photoreception differentiation of MIO-M1 cells.
5.3.8 Expression of GFAP in transfected MIO-M1 cells cultured with FTRI
MIO-M1 cells cultured with FTRI in the absence or presence of TNF-α
significantly downregulate their protein expression of GFAP when compared to
control untreated cells (p<0.05) (Figure 5-10). When MIO-M1 cells were
transfected with low level of pCLNC-mCherry-GFAP retroviral vector and
cultured with FTRI in the absence or presence of TNF-α, protein expression of
endogenous GFAP was not modified when compared to transfected control
cells (Figure 5-10). In MIO-M1 cells transfected with high levels of pCLNCmCherry-GFAP retroviral vector and cultured with FTRI in the absence or
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presence of TNF-α, endogenous GFAP protein expression was also not
modified when compared to transfected control (Figure 5-10). This indicates
that FTRI does not downregulate GFAP expression in MIO-M1 cells
overexpressing GFAP as observed in untransfected MIO-M1 cells.
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Figure 5-9: Protein expression of the rod photoreceptor marker NR2E3 by
untransfected or pCLNC-mCherry-GFAP transfected MIO-M1 cells cultured with
FTRI in the absence or presence of TNF-α.
Representative western blots bands of NR2E3 and β-actin shown above bar charts.
Bar charts represent NR2E3 protein expression normalised to β-actin (mean +/- SEM).
Protein expression of NR2E3 was significantly increased in untransfected MIO-M1
cells cultured with FTRI in the absence or presence of TNF-α when compared to
untreated control cells. However, in MIO-M1 cells transfected with low or high levels of
pCLNC-mCherry-GFAP vector and cultured with FTRI in the absence or presence of
TNF-α, NR2E3 protein expression was not modified when compared to transfected
untreated control cells. Two-way ANOVA and Bonferroni post-test p<0.05, N=3. C:
control, T: TNF-α, F: FTRI, F+T: FTRI+TNF-α.
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Figure 5-10: Protein expression of endogenous GFAP by untransfected or
pCLNC-mCherry-GFAP transfected MIO-M1 cells cultured with FTRI in the
absence or presence of TNF-α.
Representative western blots bands of endogenous GFAP and β-actin are shown
above bar charts. Bar charts represent endogenous GFAP protein expression
normalised to β-actin (mean +/- SEM). Protein expression of endogenous GFAP was
downregulated in untransfected MIO-M1 cells cultured with FTRI in the absence or
presence of TNF-α when compared to untreated control cells. In MIO-M1 cells
transfected with low or high levels of pCLNC-mCherry-GFAP vector and cultured with
FTRI in the absence or presence of TNF-α, endogenous GFAP protein expression
was not modified when compared to transfected untreated control cells. Two-way
ANOVA and Bonferroni post-test p<0.05, N=3. C: control, T: TNF-α, F: FTRI, F+T:
FTRI+TNF-α.
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5.3.9 GFAP overexpression did not modify mRNA expression of Müller
glial and progenitor cell markers
RNA was extracted and cDNA obtained from MIO-M1 cells transfected with low
or high concentrations of pCLNC-mCherry-GFAP retroviral medium and mRNA
expression of Müller glia and progenitor cell markers were semi-quantitively
measured. mRNA expression of the Müller glial cell markers CRALBP,
glutamine synthetase and vimentin were not modified by low or high pCLNCmCherry-GFAP transfection of MIO-M1 cells when compared to untransfected
control cells (Figure 5-11A-C). mRNA expression by MIO-M1 cells of progenitor
cell markers Pax6, Chx10, Sox9 and Sox2 were also not significantly modified
in cells transfected with either low or high levels of pCLNC-mCherry-GFAP
vector when compared to untransfected control cells (Figure 5-11D-G).
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Figure 5-11: mRNA expression of Müller glial and progenitor cell markers by untransfected, low or high pCLNC-mCherry-GFAP transfected MIO-M1
cells.
Müller glial cell markers (A) CRALBP, (B) glutamine synthetase (GluSyn) and (C) vimentin mRNA expression was unchanged in MIO-M1 cells transfected with
low or high levels of pCLNC-mCherry-GFAP when compared to untransfected cells. mRNA expression of progenitor cell markers (D) Pax6, (E) Chx10, (F) Sox9
and (G) Sox2 were not modified in low or high transfection MIO-M1 cells when compared to untransfected control cells. One-way ANOVA and Tukey post-test,
p>0.05, N=3. U: untransfected, L: low, H: high.
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5.3.10 GFAP overexpression caused downregulation of vimentin protein
expression
The protein expression of vimentin was further investigated because GFAP and
vimentin are closely associated within Müller glial cells. Untransfected and
pCLNC-mCherry-GFAP transfected MIO-M1 cells were immunocytochemically
stained with anti-vimentin antibody and imaged under a fluorescence
microscope. Different populations were identified; cells expressing vimentin
only, cells expressing mCherry only (and thus GFAP overexpression) and cells
expressing vimentin plus mCherry. Within the GFAP overexpressing pCLNCmCherry-GFAP transfected MIO-M1 cells, there was a subset of cells that
expressed mCherry or vimentin but not both and another subset that expressed
both (Figure 5-12). When MIO-M1 cells were transfected with either low or high
concentrations of pCLNC-mCherry-GFAP retroviral medium and overexpressed
exogenous mCherry-GFAP, there was a decrease in the percentage of cells
expressing vimentin only (Figure 5-13). In untransfected MIO-M1 cells, 73% of
cells expressed vimentin and this proportion decreased to 42% and 39% of cells
in cells transfected with low or high levels of pCLNC-mCherry-GFAP vector,
respectively. However, total vimentin expression, which includes both cells
expressing vimentin only and cells expressing vimentin and mCherry, remained
high at 70% and 75%, which is comparable to vimentin expression in
untransfected control cells (Figure 5-13). This suggests that although similar
proportions of vimentin positive cells were observed in untransfected and
transfected cells, it could be that those transfected cells that lacked mCherry
fluorescence were expressing lower levels of mCherry-GFAP that were not
detectable by confocal microscopy.
Cell lysates from control untransfected and transfected GFAP overexpressing
MIO-M1 cells were used to measure protein expression of vimentin using
western blot analysis. Vimentin protein expression slightly decreased in MIO-M1
cells transfected with low or high levels of pCLNC-mCherry-GFAP vector but
this was not statistically significant when compared to untransfected control
cells (Figure 5-14). This suggests that GFAP overexpression may downregulate
the protein expression of vimentin by MIO-M1 cells.
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Figure 5-12: Immunofluorescence images of untransfected MIO-M1 cells and cells transfected with low or high levels of pCLNC-mCherry-GFAP
retroviral vector stained with anti-vimentin antibody.
Representative immunocytochemistry images of untransfected and low or high transfection Müller cells (mCherry fluorescent, red) stained with antivimentin antibody (Alexa Flour 488, green). White arrows indicate vimentin positive immunostained but mCherry negative cells. Scale bar represents
100μm.
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Figure 5-13: Quantification by immunocytochemistry of vimentin expression by
MIO-M1 cells transfected with low or high levels of pCLNC-mCherry-GFAP
retroviral vector.
Bar charts represent the percentage of cells immunostained for vimentin only (green),
cells fluorescent for mCherry i.e. transfected cells (red), and cells positive for vimentin
and mCherry combined (green and red striped). Percentage of cells expressing vimentin
only decreased in MIO-M1 cells transfected with pCLNC-mCherry-GFAP.
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Figure 5-14: Protein expression of vimentin by untransfected and pCLNC-mCherryGFAP transfected MIO-M1 cells.
Representative western blot bands of vimentin and β-actin shown above bar chart. Bar
chart represents vimentin protein expression normalised to β-actin (mean +/- SEM).
Protein expression of vimentin decreased in GFAP overexpressing MIO-M1 cells when
compared to untransfected cells, although this difference was not statistically significant.
One-way ANOVA, Tukey’s post-test p>0.05, N=4. U: untransfected, L: low, H: high.
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5.4 Discussion
5.4.1 Induced overexpression of GFAP does not modify Müller glial cell
characteristics in MIO-M1 cells
The overexpression of GFAP is a hallmark for gliosis but it is not known if
simply overexpressing GFAP causes other changes in Müller glia. MIO-M1 cells
were transfected with low (5%) and high (100%) concentrations of pCLNCmCherry-GFAP retroviral medium, which generated two cell lines with distinct
mCherry fluorescence intensities. When cells were transfected with high level of
retrovirus, their median fluorescence intensity was significantly increased
compared to cells transfected with low level retrovirus. When protein isolated
from cell lysates was analysed by western blotting and probed with anti-GFAP
antibody there was an obvious protein accumulation with a large smear of
bands detected, including bands for the endogenous GFAP, exogenous
mCherry-GFAP and potential GFAP aggregates. This differential endogenous
and induced protein has been previously reported in human astrocytes
transfected with GFAP fused to a fluorescent protein (Tang et al., 2006). It was
also observed that in induced GFAP overexpressing astrocytes the endogenous
GFAP increased alongside the induced protein but this was not observed in
Müller glial cells. In fact, the opposite was seen in MIO-M1 cells; endogenous
GFAP mRNA expression significantly decreased in pCLNC-mCherry-GFAP
transfected cells, which was accompanied by no changes in endogenous GFAP
protein expression. Measuring the total GFAP mRNA and protein expression,
by including endogenous as well as induced expression, revealed significant
increases in both MIO-M1 cells transfected with low or high concentrations of
pCLNC-mCherry-GFAP retroviral medium when compared to untransfected
control cells. However, there was not a significant difference in total GFAP
mRNA and protein expression between the low and high transfection cells. The
flow cytometry analysis, in which the low and high transfections produced
increasing fluorescence intensities in MIO-M1 cells, did not relate to the values
observed by western blot analysis. This brings into question whether the two
transfected cell lines are truly different from each other. The flow analysis was
never repeated with the transfected MIO-M1 cells after passaging, so it is
difficult to determine whether the mCherry fluorescence remained significantly
higher in the highly transfected cells compared to the cells transfected with low
concentration of retroviral medium.
216

The state and rate of proliferation of MIO-M1 cells was not affected by GFAP
overexpression with either low or high levels of the pCLNC-mCherry-GFAP
vector. This mimics that seen in Müller glial cells in an in vivo chronic glaucoma
model where proliferation was unaffected by continuous GFAP upregulation
over time (Inman and Horner, 2007). Although GFAP overexpression caused
cytotoxicity in MIO-M1 cells when compared to untransfected cells, there was
no difference in cytotoxicity between cells transfected with low or high levels of
mCherry-GFAP. This could suggest that because there was not significant
increase in total GFAP protein expression in high pCLNC-mCherry-GFAP
vector transfected MIO-M1 cells, there was no additional effect on cell viability.
Alternatively, it may be possible that low pCLNC-mCherry-GFAP transfection
and low GFAP overexpression already reaches a threshold for cytotoxicity and
any additional GFAP protein does not augment cell death. Nonetheless, the two
pCLNC-mCherry-GFAP transfected MIO-M1 cell lines were used to compare
the effects of low and high GFAP overexpression in further experiments.
Analysis of mRNA expression revealed that overexpression of GFAP did not
modify expression of other Müller glial cell markers, including markers of neural
progenitors expressed by these cells. Thus, CRALBP, glutamine synthetase
and vimentin mRNA expression were unchanged in MIO-M1 cells transfected
with either low or high pCLNC-mCherry-GFAP vector levels when compared to
untransfected control cells. This suggests that the cells maintained their glial
cell characteristics when GFAP was overexpressed. It is also possible that the
transcriptional regulation of CRALBP, glutamine synthetase and vimentin is not
influenced by GFAP expression.
5.4.2 TNF-α does not regulate induced mCherry-GFAP expression
As previously shown, when MIO-M1 cells were cultured with TNF-α GFAP
mRNA and protein expression was downregulated. However, in both low and
high levels of pCLNC-mCherry-GFAP transfected MIO-M1 cells, endogenous
GFAP mRNA expression was significantly downregulated by TNF-α, although
total GFAP mRNA was not modified. Additionally, endogenous GFAP protein
expression was significantly decreased in MIO-M1 cells transfected with low
level of pCLNC-mCherry-GFAP vector and cultured with TNF-α when compared
to transfected untreated cells. However, in these low and high transfection cells,
total GFAP protein expression was not modified by TNF-α. This indicates that
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TNF-α does not regulate the exogenously induced mCherry-GFAP expression.
TNF-α is known to activate the transcription factor NFκB and there is a
conserved NFκB binding site in the upstream promoter sequence of the human
GFAP gene (Bae et al., 2006, Gomes et al., 1999). This NFκB response
element can mediate opposite transcriptional regulation of GFAP to different
inflammatory cytokines (Krohn et al., 1999). It is evident that in MIO-M1 cells
TNF-α can activate NFκB and the endogenous GFAP gene is responsive to this
transcription factor although the exogenous mCherry-GFAP vector was not
responsive in this study. It might be that cloning the mCherry-GFAP sequence
into the pCLNCx retroviral vector may have caused loss of the NFκB binding
site which is responsible for the GFAP gene regulation by TNF-α. From the
original Addgene sequence only 25bp upstream of the GFAP gene were cloned
into the pCLNCx vector, losing the promoter region of the GFAP gene and
replacing it with the CMV promoter.
Alternatively, it may be possible to suggest that in MIO-M1 cells overexpressing
GFAP, TNF-α does not alter total GFAP protein expression due to slow
degradation of the GFAP protein. This is because when there is more GFAP
protein, it requires longer time to degrade. In astrocytes, TNF-α has been
shown to decrease GFAP mRNA but not protein, or it decreases GFAP protein
much less than mRNA (Oh et al., 1993, Selmaj et al., 1991). This could be due
to the fact that GFAP protein half-life is 8 days in astrocytes in vitro and
therefore protein downregulation requires longer than 8 days to become evident
(Chiu and Goldman, 1984). The transfected MIO-M1 cells were cultured with
TNF-α for 6 days, for which it is possible that the cells needed longer time in
culture to observe total GFAP protein decrease. This merits further
investigations.
5.4.3 Overexpression of GFAP does not modify Müller glial stem cell
characteristics but is not permissive for rod photoreceptor
precursor differentiation of MIO-M1 cells
Overexpression of GFAP did not modify mRNA expression of progenitor
markers in MIO-M1 cells. This was shown by observations that in pCLNCmCherry-GFAP retroviral transfected MIO-M1 cells, mRNA expression of Pax6,
Chx10, Sox9 and Sox2 were unchanged when compared to control
untransfected cells.
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MIO-M1 cells transfected with low or high levels of pCLNC-mCherry-GFAP
retroviral vector were induced to differentiate into rod photoreceptor precursors
in vitro using the established FTRI method (Jayaram et al., 2014). As previously
reported, when untransfected MIO-M1 cells were cultured with FTRI they
increased protein expression of the rod photoreceptor marker NR2E3 whilst
decreasing protein expression of GFAP. MIO-M1 cells transfected with low or
high levels of pCLNC-mCherry-GFAP vector and cultured with FTRI, showed no
changes in NR2E3 or GFAP protein expression, suggesting that GFAP
overexpression in MIO-M1 cells may not be a permissive environment for rod
photoreceptor precursor differentiation. It has been shown that in p27 deficient
mice with transiently upregulated GFAP expression in Müller glial cells, the
homeostatic support functions of Müller glia were not altered, indicating that
Müller cell gliosis can be accommodating of normal retinal function in distinct
circumstances (Vázquez-Chona et al., 2011). However, this was not evident in
the current study as observed by lack of rod photoreceptor precursor
differentiation, which could indicate species differences in the Müller glia
reaction to upregulated GFAP.
5.4.4 Overexpression of GFAP in MIO-M1 cells modifies expression of
vimentin protein
MIO-M1 cells transfected with low level pCLNC-mCherry-GFAP vector showed
reduced but not significant vimentin protein expression when compared to
untransfected control cells. Vimentin protein expression decreased further but
again not significantly, in MIO-M1 cells transfected with high level pCLNCmCherry-GFAP vector when compared to low transfection. These observations
may indicate that GFAP regulates vimentin expression in MIO-M1 cells but this
needs further clarification. There was a small number of experiments
undertaken to measure vimentin protein expression which could decrease the
significance of the statistical analysis. Alternatively, the high variability observed
with western blot analysis indicates the possibility of experimental error.
Immunocytochemical analysis of transfected cells revealed a subset of cells
with low undetectable mCherry fluorescence but high vimentin expression,
suggesting that when GFAP expression was reduced, vimentin levels were
potentially increased to compensate. This however, needs more studies.
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Although in vitro mouse Müller glial cells induced to overexpress endogenous
GFAP also upregulate vimentin, in vivo GFAP multicopy mutation causes
astrocytes to form GFAP aggregates without vimentin expression (Tanaka et
al., 2007, Vázquez-Chona et al., 2011). Rat C6 glioma cells transfected with
eGFP-GFAP have lower levels of vimentin but Toda et al found vimentin levels
unchanged in C6 cells transfected with murine GFAP cDNA (Toda et al., 1994,
Tseng et al., 2006). Current literature on vimentin protein regulation is limited
but suggests that the methods used to study this expression may need
refinement. In addition, modification of vimentin expression may be variable
between different cell populations and this may reflect the changes observed in
MIO-M1 cells. In fish brain-derived glial cultures labelled for GFAP and
vimentin, there was a population of cells negative for vimentin but positive for
GFAP, and another population of cells positive for vimentin but negative for
GFAP (Cohen et al., 1994). It may be possible that there exist subpopulations of
glial cells that express either vimentin or GFAP only, as observed in MIO-M1
cells transfected with pCLNC-mCherry-GFAP. This merits further investigation,
potentially by flow cytometry analysis of vimentin and GFAP expression in these
cells because immuncytochemistry can be subjective and low expression can
be misinterpreted.
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Chapter 6

General discussion

6.1 Effects of inflammatory cytokines on the expression of
gliosis-associated proteins in MIO-M1 cells
Reactive Müller cell gliosis initiates an inflammatory response within the retina,
whilst causing destructive tissue alterations and scar formation, leading to
retinal degeneration (Lewis and Fisher, 2003, Xue et al., 2011). Vimentin is one
of the proteins associated with gliosis because it is increased in Müller glial cells
during retinal disease and in experimental models of retinal inflammation
(Hoerster et al., 2014, Lahmar et al., 2014). However, in this study, vimentin
mRNA expression was unchanged when MIO-M1 cells were cultured with the
inflammatory cytokines TNF-α, IL-6, CNTF or TGF-β1 in vitro. The inflammatory
cytokine TGF-β1 is known to induce vimentin gene and protein expression in
vitro when used at lower concentrations than those used in this study. At higher
concentrations, it has also been shown to have an inhibitory effect on vimentin
gene expression (Wu et al., 2007, Carey and Zehner, 1995). It was therefore
surprising that TGF-β1 had no effect on vimentin gene expression in MIO-M1
cells in vitro. The human vimentin promoter can be upregulated by active βcatenin, which is the downstream component of the canonical Wnt signalling
pathway (Gilles et al., 2003). However, previous work has demonstrated that
TGF-β1 downregulates the canonical Wnt signalling pathway in MIO-M1 cells
(Angbohang et al., 2015), so potentially this could have resulted in lack of
vimentin regulation. This signalling pathway however, was not explored in this
study and should be considered for future investigations.
Galectin-1 is another Müller cell gliosis-associated protein examined in this
study. Its expression was not affected by culturing MIO-M1 cells with any of the
inflammatory cytokines, even though it is known to be involved in the
inflammatory response (Kim et al., 2012, Camby et al., 2006). In the CNS,
galectin-1 promotes adult neural progenitor cell proliferation and in the
zebrafish, galectin is involved in Müller cell mediated regeneration of rod
photoreceptors (Craig et al., 2010, Sakaguchi et al., 2006). Upregulation of
galectin in zebrafish retina precedes regeneration, suggesting an important role
for galectin in directing progenitor cell differentiation (Eastlake et al., 2017).
Unfortunately, the expression of galectin was not examined in MIO-M1 cells
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induced to differentiate into rod photoreceptor precursors and this should be a
subject of further studies. Also, as galectin-1 is a secreted protein, it would have
been of interest to investigate the secretion of this protein by MIO-M1 cells
cultured with the inflammatory cytokines examined, as well as the effect of
exogenous galectin-1 on MIO-M1 cells induced to differentiate into neuronal
precursors in vitro.
Of the proteins investigated, tenascin was the only protein that was shown to be
modulated by the inflammatory cytokine TGF-β1. Upregulation of tenascin is
associated with many retinal diseases including glaucoma, AMD and diabetic
retinopathy, suggesting the inflammatory response may regulate tenascin
(Reinhard et al., 2017). Surprisingly, MIO-M1 cells downregulated their tenascin
mRNA expression when cultured with TGF-β1, unlike that previously reported in
astrocytes (Smith and Hale, 1997), suggesting that the TGF-β1 signalling
pathway may regulate tenascin in different glial cell types. The expression of
tenascin was not examined in MIO-M1 cells cultured with factors known to
induce differentiation of these cells into photoreceptor precursors (Jayaram et
al., 2014). After spinal cord injury in tenascin deficient mice, there is reduced
locomotor recovery and axonal regrowth, indicating the importance of tenascin
in regeneration (Chen et al., 2010). Furthermore, when human astrocytes are
grown in vitro in the presence of exogenous tenascin they adopt a quiescent
phenotype, suggesting that tenascin could inhibit astrocyte scar formation
(Holley et al., 2005). However, culturing of MIO-M1cells with exogenous
tenascin was not performed in this study, for which it would be interesting to
examine the role of this protein in MIO-M1 cell proliferation and induced rod
photoreceptor precursor differentiation.

6.2 TNF-α signalling potentially regulates GFAP expression in
MIO-M1 cells
Culturing MIO-M1 cells with TNF-α caused downregulation of GFAP expression
through activation of NFκB signalling (summarised in Figure 6-1). In mice,
intraocular injection of exogenous TNF-α rapidly activates NFκB in Müller glial
cells but this is not seen in all cells suggesting that not all Müller glia respond
equally (Mac Nair et al., 2014). Studies using an in vivo optic nerve crush model
was shown to increase TNF-α expression in the retina in the absence of NFκB
activation in these animals. It is possible that levels of endogenous TNF-α are
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reduced as a result of crush injury when compared to intraocular injection of
TNF-α, which is also more localised and independent of the retina levels of
TNF-α produced in vivo. This suggests that MIO-M1 cells cultured in vitro with
exogenous TNF-α may not respond in the same way as cells in vivo. This could
explain why TNF-α is associated with retinal degenerative diseases as it is
possible that the majority of cells become reactive.
In this study, it was also observed that MIO-M1 cells modulate the expression of
TNFR2 in response to exogenous TNF-α. Activation of this receptor is known to
initiate a neuroprotective signalling as opposed to signalling through TNFR1
which is known to initiate apoptosis (Sedger and McDermott, 2014). During cell
culture, interactions between different Müller glial cell populations are also likely
to occur. Although transmembrane TNF-α was not examined in this study, it is
possible that MIO-M1 cells may express transmembrane TNF-α which can
interact with TNFR2 present on neighbouring cells. There is also the possibility
that soluble TNFR2 is stabilising the exogenous TNF-α in culture and slowly
releasing TNF-α, as suggested by long term studies in leukocytes (Aderka et
al., 1992). In the present study, MIO-M1 cells expressed activated NFκB protein
for up to 6 days in vitro, suggesting a prolonged activation possibly by sTNFR2.
Further investigations are therefore needed to determine what factors render
MIO-M1 cells receptive to TNF-α in this way. A logical next step would be to
study the effect of exogenous TNF-α in an organotypic retinal explant tissue
culture system, which mimics in vivo glial reactivity (Johnson and Martin, 2008)
and examine the expression of NFκB signalling molecules.
Although in vitro culture of MIO-M1 cells with TNF-α caused a dose-response
downregulation in the expression of mRNA and protein coding for GFAP,
untreated control MIO-M1 cells already expressed basal levels of GFAP. This
was expected because GFAP is normally present at low levels in Müller glial
cells in vivo. Originally when the MIO-M1 cell line was first established, GFAP
was not detected in cell lysates by western blot analysis, similar to what was
observed in other cultured mammalian Müller glial cells (Limb et al., 2002,
McGillem et al., 1998). Potentially, the MIO-M1 cells may have increased their
expression of GFAP over time. It has been proposed that in vitro culturing of
primary human Müller glia on plastic tissue culture plates is a stressful
environment as cells robustly express GFAP (Lupien et al., 2004). Hauck et al
223

found the proteomic profile of 2 week old cultured primary porcine Müller glial
cells to be profoundly different to freshly isolated cells (Hauck et al., 2003).
However, the MIO-M1 cell line is not a primary cell line as they became
spontaneously immortalised. Furthermore, the MIO-M1 cell line is well
characterised and stably retains Müller glia markers such as CRALBP and
glutamine synthetase (Limb et al., 2002), although changes in these proteins
were not analysed in this study. In vitro cells do naturally respond to changes in
culture medium, serum factors and gas concentrations so it is worth considering
these factors as they can unintentionally change cell phenotype over time e.g.
with changing batches of reagents or suppliers. It should also be considered
that these cells are not receiving natural stimuli from the retinal environment
and this may account for the increase in GFAP protein observed after long term
culture of these cells.
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Figure 6-1: Possible mechanism regulating GFAP expression in MIO-M1 cells by
TNF-α.
Culturing MIO-M1 cells with TNF-α caused robust downregulation of GFAP. There
was also upregulation of TNFR2 and the soluble TNFR2 (sTNFR2) in MIO-M1 cells
cultured with TNF-α. sTNFR2 can bind TNF-α and prolong the affects seen through
TNFR2 signalling. Downstream of TNFR2, there was upregulation of phosphorylated
IκBα, suggesting that this protein was degraded and allowed NFκB to translocate to
the nucleus for gene transcription. Supporting this, NFκB p65 phosphorylation and
NFκB p50 protein expression were increased significantly in MIO-M1 cells cultured
with TNF-α, suggesting that the NFκB signalling pathway was activated. NFκB
translocates to the nucleus as a transcription factor, which in MIO-M1 cells may
potentially regulate gene transcription of GFAP. Further work is needed to confirm
this. Green + signs indicates upregulation, red – sign indicates downregulation, grey ?
indicates possible unconfirmed mechanism.

225

6.3 Culture of MIO-M1 cells with FGF, taurine, retinoic acid and
IGF-1
When MIO-M1 cells were cultured with FGF, taurine, retinoic acid and IGF-1
(FTRI) (Jayaram et al., 2014), increase in mRNA expression of NR2E3 proved
difficult to measure. Since increase in mRNA coding for this photoreceptor
protein was previously reported as being significantly upregulated, new specific
primers were designed and rigorously tested to optimise the PCR method.
However, inconsistencies in detecting upregulation of this gene was observed in
the present study. When qPCR was performed it did not show a significant
upregulation as NR2E3 expression only increased 1.09-fold. Previous work in
the lab had found a significant increase in NR2E3 expression, which account for
a 1.3-fold change (unpublished). Six separate experiments were performed
using qPCR in the previous study, whereas this study included only three
replicates. It is conceivable that by increasing the sample number it might be
possible to achieve statistical significance but it might make the results
biologically irrelevant. Nonetheless, protein expression of NR2E3 was observed
to be significantly increased in MIO-M1 cells induced to differentiate into
photoreceptor precursors in this study. It might be that mRNA expression of
NR2E3 is constitutively stable, which may have made it difficult to assess small
differences in mRNA levels, whereas de novo NR2E3 protein synthesis may
have facilitated the observation of increased protein expression. Additionally, it
was observed that GFAP mRNA and protein expression significantly decreased
in MIO-M1 cells cultured with FTRI. As GFAP is not expressed in photoreceptor
precursor cells this indicates that these cells were downregulating their glial
markers and may be re-entering the cell cycle as that seen in Müller glia in the
chick retina (Fischer and Reh, 2003). Alternatively, it may be that these
differentiation factors independently cause the downregulation of GFAP
expression. It would be interesting to examine the effects of the factors
separately on GFAP expression, which merits further studies.
MIO-M1 cells were also cultured with FTRI in the presence of TNF-α. The
results showed that decreased protein expression of GFAP was accompanied
by increase of NR2E3 protein expression in these cells, suggesting that TNF-α
does not inhibit the neural differentiation potential of MIO-M1 cells. In the
regenerating zebrafish retina, TNF-α released from dying neurons has been
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suggested to be necessary for induction of Müller glia proliferation. In damaged
chick retinae, TNF-α is associated with Müller glial cell progenitor formation
(Fischer et al., 2014, Nelson et al., 2013). Additionally, present observations
show that TNFR2 and activated NFκB protein expression is increased in MIOM1 cells cultured with FTRI in the presence of TNF-α. This suggests that this
signalling pathway may facilitate MIO-M1 cell differentiation into rod
photoreceptor precursors. This concept is supported by studies in the mouse
CNS, where TNFR2 signalling promotes progenitor cell proliferation (Arnett et
al., 2001).

6.4 Development of methods to induce GFAP overexpression
in MIO-M1 cells
Transgenic mice overexpressing GFAP have been developed as in vivo models
for studying CNS abnormalities associated with Alexandre disease and
astrocytes from these animals have been examined in vitro to study GFAP
protein accumulation (Hagemann et al., 2006). However, there are limited
studies on the effects of GFAP overexpression in the retina or Müller glial cells.
The present study explored various methods to investigate whether regulation
of GFAP expression could be achieved in MIO-M1 cells. Tetracycline inducible
GFAP expression was not possible in MIO-M1 cells, despite attempts to adjust
and refine the retroviral transfection method. It is recommended that the host
cell is cotransfected with a ratio of at least 6:1 tetracycline repressor TetR to the
tetracycline operator TetO2 in order to repress transcription of the gene of
interest. Even with low TetO2 expression compared to TetR expression,
mCherry-GFAP repression was not reversed by the presence of tetracycline.
Potentially the MIO-M1 cell line is not compatible with this system or it is
possible that that the cloning method altered the TetR molecule rendering it
unable to bind the TetO2 site or tetracycline. It may also be possible that the
tetracycline antibiotic was not effective but other antibiotic derivatives were not
tested in this study. However, retroviral transfection of MIO-M1 cells with
pCLNC-mCherry-GFAP proved to be efficient in inducing overexpression of
GFAP, although expression of the vector could not be regulated in vitro.
Nevertheless, the method facilitated studies on the overexpression of GFAP in
MIO-M1 cells.
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6.5 Effect of GFAP overexpression in MIO-M1 cells
Transfecting MIO-M1 cells with increasing volumes of retroviral medium
containing the pCLNC-mCherry-GFAP vector created two cell lines stably
expressing mCherry-GFAP at low and high levels as measured by mCherry
fluorescence intensity. Through mRNA and protein expression analysis it was
evident that the transfected MIO-M1 cells were expressing exogenous GFAP
fused to mCherry and GFAP aggregates, as well as endogenous GFAP.
Although the phenotypic Müller glia characteristics were not modified by
overexpressing GFAP, exogenous mCherry-GFAP was not regulated by TNF-α
in the same manner as that seen with endogenous GFAP. Retroviral
transfected MIO-M1 cells cultured with TNF-α did not show downregulation of
the induced GFAP mRNA or protein expression, unlike endogenous GFAP
which was significantly decreased in the presence of TNF-α. The pCLNCmCherry-GFAP inserted sequence produces the correct GFAP protein but it
does not contain the GFAP gene promoter sequence. However, the results
obtained with this vector provide further evidence that TNF-α is regulating
GFAP at the transcriptional level, possibly via NFκB activation acting at the κB
binding site upstream of the GFAP promoter.
GFAP overexpression in MIO-M1 cells inhibited induced rod photoreceptor
precursor differentiation by FTRI, suggesting that overexpression of GFAP may
hinder MIO-M1 cell’s stem cell characteristics. In the zebrafish, which can
regenerate the retina after injury, Müller cell gliosis occurs before and during
cell cycle re-entry (Thomas et al., 2016), suggesting that controlling reactive
gliosis may be important for inducing regeneration in the mammalian eye.

6.6 Conclusions
This work has demonstrated that the inflammatory cytokine TNF-α can
downregulate expression of GFAP in MIO-M1 cell line in vitro through
downstream signalling via TNFR2 and NFκB activation. This mechanism needs
to be validated within the retina using ex vivo or in vivo models. Further
research is also necessary to investigate the genetic targets of NFκB producing
this effect because this would identify potential genes that could be involved in
preventing retinal scarring. Additionally, this study demonstrated that TNF-α
does not inhibit rod photoreceptor precursor differentiation of MIO-M1 cells,
indicating that TNF-α may not hinder regeneration in these cells in vitro. As
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TNF-α does not act alone within the retina environment, further work is needed
to identify other factors that may promote neural differentiation of Müller glia
with stem cell features.
This study has also shown that it is possible to induce overexpression of GFAP
MIO-M1 cells in vitro using an optimised retroviral transfection method. Cell
proliferation, viability and stem cell characteristics were not altered by GFAP
overexpression, whilst the potential to differentiate into rod photoreceptor
precursors was inhibited. Although the exact role of GFAP in degeneration is
unknown, this study has revealed that perhaps within MIO-M1 cells it may not
be disadvantageous or harmful but controlling its expression may be very
important for regeneration. However, further work with this established GFAPoverexpressing cell line is needed to confirm these observations. It would also
be of interest to examine the production of gliosis-associated factors in these
cells, for example expression of inflammatory cytokines or extracellular matrix
proteins.
In conclusion, reactive gliosis characterised by GFAP overexpression in MIOM1cells, may be controlled by TNF-α in vitro which has the potential to
encourage endogenous regeneration. Further studies are needed to develop
therapeutic treatments for retinal degenerative diseases.
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Chapter 7

Materials and Methods

7.1 MIO-M1 cell culture
The established Müller glial stem cell line MIO-M1 (Moorfields Institute of
Ophthalmology-Müller1) (Lawrence et al., 2007) was maintained in Dulbecco’s
Modified Eagle Media (DMEM, high glucose, GlutaMAX™, pyruvate; Cat no.
31966-047; Gibco, Life Technologies; Carlsbad, CA, USA) with 10% Fetal Calf
Serum (FCS; Biosera; Boussens, France) supplemented with penicillin and
streptomycin (Cat no 15070-063; Gibco, Life Technologies) at final
concentrations of 20 U/ml and 20µg/ml, respectively. Cells were incubated in a
37°C incubator with 5% CO2. When a confluent monolayer was reached cells
were passaged by removing media and detaching the cells from the flasks
using 2ml of TrypLE™ Express Enzyme (1X, Cato no. 12604; Gibco, Life
Technologies) by incubation at 37°C for 3 minutes. Approximately 3ml of media
containing 10% FCS was added to deactivate the trypsin and the suspended
cell solution transferred to a 15ml falcon tube and centrifuged at 1500RPM for 5
minutes to obtain a cell pellet. The supernatant was removed and the cell pellet
re-suspended in fresh media and subcultured at an approximate dilution of 1 in
5 of the original cell density. Cells were passaged in this way in T75 flasks once
a week. Cell passages from p5 to p35 were used in this study and each cell
passage constituted an “N” number as a biological repeat.
7.1.1 Cryopreservation
Cryopreservation for storage was carried out by re-suspending the cell pellet
from a T75 flask in 1ml of freezing media consisting of 50% DMEM containing
penicillin and streptomycin, 40% FCS and 10% Dimethyl Sulfoxide (DMSO; Cat
no. D4540; Sigma-Aldrich, Dorset, UK). The suspension was transferred to a
cryovial and placed in an isopropanol freezing container at -80°C for 24 hours to
allow controlled slow freezing, optimal for cell preservation. After 24 hours
cryovials were transferred to liquid nitrogen at -150°C for long term storage.
7.1.2 Cell counting
After detaching cells from a flask and obtaining a cell pellet, cells were resuspended in fresh media and diluted 1 in 4 in Trypan Blue solution (Cat no
T8154; Sigma Aldrich). Live cells could be counted on a haemocytometer under
a microscope. Cells were counted so they could be plated correctly; 200,000
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cells/ml were used in a T25; 75,000 cells/ml used in each well in a six well plate
and 8,000 cells/ml in each well in a 24 well plate.
7.1.3 Phase contrast microscopy
Cells were examined under an inverted phase contrast microscope (Leica DC
IL) and images acquired using the Leica DC200 camera with a 10X objective
unless otherwise stated.

7.2 Cytokine treatment of MIO-M1 cells
MIO-M1 cells were cultured with the following cytokines: human recombinant
Tumour Necrosis Factor-α (TNF-α; Cat no 300-01A, Peprotech; UK), human
recombinant Interleukin-6 (IL-6; Cat no AF-200-06 Peprotech), human
recombinant Transforming Growth Factor-β1 (TGF-β1; Cat no 100-21,
Peprotech) and human recombinant Ciliary Neurotrophic Factor (CNTF; Cat no
450-13, Peprotech). Lyophilised cytokines were reconstituted in sterile 0.1%
Bovine Serum Albumin (BSA; Acros Organics, Thermo Fisher Scientific;
Pittsburgh, PA, USA) in phosphate buffered saline (PBS) as per the
manufacturer’s instructions and stored as working aliquots at -20°C. For doseresponse experiments final concentrations of IL-6, CNTF and TGF-β1 were
0.1ng/ml, 1ng/ml, 10ng/ml and 100ng/ml, whilst concentrations of TNF-α were
0.5ng/ml, 5ng/ml, 50ng/ml and 500ng/ml. For all other experiments final
concentrations were used at doses previously established in the laboratory as
follows: 10ng/ml for IL-6, 10ng/ml for CNTF, 5ng/ml for TNF-α and 50ng/ml for
TGF-β1. Cytokines were added at time of plating and replenished on day 3 of a
6 day experiment.
7.2.1 Time-lapse TNF-α treatment of MIO-M1 cells
For ELISA experiments (as described below) MIO-M1 cells were cultured with
5ng/ml TNF-α and cell lysates collected at various time points. Cells were
cultured for 15 minutes, 30 minutes, 3 hours, 6 hours and 24 hours in the
absence or presence of TNF-α. In these instances, cell lysates were extracted
using the protein extraction buffer provided in the ELISA kit.

7.3 Inhibition of NFκB in MIO-M1 cells
NFκB activation was inhibited in MIO-M1 cells using two different chemical
compounds. Caffeic acid phenethyl ester (CAPE; Cat no. 2734; Bio-Techne
Ltd.;UK) and RO1069920 (Cat no. 1778; Bio-Techne Ltd.) were reconstituted in
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DMSO as per the manufacturer’s instructions and stored as working aliquots at
-20°C. Initial experiments to test the effect of the inhibitors on cell survival used
concentrations of CAPE at 5, 10, 20, 30, 40 and 50 μg/ml, whilst concentrations
of RO1069920 were 0.1, 1, 3, 10, 30 μM. 4000 cells were seeded onto 48 well
plates and inhibitors were added at time of plating in DMEM supplemented with
2% FCS and penicillin and streptomycin incubated at 37°C for 24 hours. After
24 hours, media was removed and wells covered in Trypan Blue solution mixed
1:1 with PBS so dead blue cells could be counted. The concentrations of
inhibitor in which cell death was over 15% were not used. Following
experiments used final concentrations of CAPE at 5 and 10 μg/ml, whilst
RO1069920 was used at concentrations of 0.1, 1 and 3 μM.
Further experiments tested if addition of TNF-α after or during inhibition of NFκB
activation could regulate GFAP expression. This was to determine if the TNF-α
downregulation of GFAP was achieved through NFκB signalling. Cells were
seeded at 2.5 x 105 in T25 flasks using DMEM supplemented with 2% FCS and
penicillin and streptomycin. When using CAPE, all conditions were cultured for
24 hours with the inhibitor and the following day media was replenished. The
control conditions had media only and treatment conditions had media
supplemented with 5ng/ml TNF-α and cells were incubated for further 5 days.
When using RO1069920, at time of plating the cells media was either
supplemented with inhibitor alone or with the inhibitor in the presence of 5ng/ml
TNF-α and incubated for 6 days.

7.4 Rod photoreceptor precursor differentiation of MIO-M1
cells
To induce differentiation of MIO-M1 cells, cells were cultured with growth factors
in tissue culture flasks coated with basement membrane proteins. ECM gel
(ECM Gel from Engelbreth-Holm-Swarm murine sarcoma; Cat no E1270;
Sigma-Aldrich) was reconstituted as per the manufacturer’s instruction and
stock concentrations stored at -20°C. To achieve a working solution with final
concentration of 50μg/ml the stock was diluted in a buffer solution of 15mM
Na2CO3 and 35mM NaHCO3 at pH 9.6. Working solution was kept at 4°C.
Enough working solution was used to cover the entire surface of the flask or
plate (1ml for a T25 flask) and incubated at 37°C for a minimum of 2 hours prior
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to use. After incubation the solution was completely removed by aspiration and
the cells cultured on this coated surface.
The growth factors used for rod photoreceptor precursor differentiation were as
previously described by the group (Jayaram et al., 2014) and constituted a
mixture of human Fibroblast Growth Factor- 2 (FGF-2; Cat no F0291; SigmaAldrich), taurine (Cat no T8691; Sigma-Aldrich), retinoic acid (Cat no R2625;
Sigma-Aldrich) and recombinant human Insulin-like Growth Factor-1 (IGF-1; Cat
no 291-G1-200; R&D Systems, Inc.; MN, USA). All growth factors were
reconstituted as per manufacturer’s instructions and stored as aliquots of stock
solutions at -20°C. These were used at final concentrations of FGF-2 at
20ng/ml, taurine at 20μM, retinoic acid at 5μM and IGF-1 at 100ng/ml. The
differentiation protocol used DMEM supplemented with 2% FCS and penicillin
and streptomycin. Growth factors were added at the time of plating and
replenished on day 3 of a 6 day experiment.

7.5 Cell viability LIVE/DEAD assay
To test cytokine’s cytotoxicity on MIO-M1 cells, a LIVE/DEAD® Viability/
Cytotoxicity Assay Kit (For mammalian cells; Cat no L-3224; Life Technology)
was used. The kit allows for simultaneous determination of live and dead cells
based on two colour fluorescence; live cells will fluoresce green as calcein dye
is retained within live cells and dead cells will fluoresce red as ethidium
homodimer-1 (EthD-1) enters damaged cell membranes.
For the assay cells were grown on glass coverslips coated with ECM gel as
described above and cytokines were added to the media at the concentrations
indicated above. Kit reagents were stored at -20°C until cells were ready and
the working solution was used fresh at the time of use and was prepared in
sterile DPBS at a concentration of 1µM calcein and 0.1µM EthD-1 as per
manufacturer’s instructions. Cells were incubated with this solution for 30
minutes at room temperature and immediately mounted onto a microscope
slide, sealed with nail varnish and imaged under a fluorescence microscope. At
least three representative images for each condition were acquired and red
fluorescent cells (dead cells) were counted manually. Cell death was calculated
as the percentage of red EthD-1 stained cells compared to total number of cells.
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7.6 Cell proliferation as determined by hexosaminidase assay
Hexosaminidase is a lysosomal enzyme, the total activity of which is directly
proportional to the number of living cells in a homogenous population. The
assay is a colorimetric determination of hexosaminidase level and absorbance
values obtained are directly proportional to both the number of cells and the
length of incubation with substrate (Landegren, 1984). The substrate 4nitrophenyl-N-acetyl-ß-D glucosaminide (Cat No. N9376; Sigma Aldrich) was
used for the hexosaminidase assay. This was dissolved in sodium citrate
solution (pH 5.0) at a concentration of 0.25%, and then added to 0.5% Triton X100 solution (Cat No. X100; Sigma Aldrich).
4000 cells were seeded per well in a 96 well plate and cultured between 2 and 9
days. To assess quantity of living cells at a given time point, media was
aspirated from the plates, wells rinsed twice with PBS and 60μl of substrate
solution was added. The plates were then incubated for 2 hours at 37°C, after
which the reaction was blocked by adding 90μl of 0.1M glycine-NaOH buffer
solution (pH 10.4). The final absorbance was measured using a Safire UV-VIS
spectrophotometer (Tecan, Mannedorf, Switzerland) at 405nm wavelength with
a refence of 620nm. Values obtained were averaged as each condition was
performed in triplicate and repeated over three cell passages.

7.7 Cell cytotoxicity assay
A Cytotoxicity Detection KitPLUS (LDH) (Cat no. 04744926001, Roche) was used
to measure cytotoxicity and cell death of MIO-M1 cells overexpressing GFAP. It
is a colorimetric assay based on the measurement of lactate dehydrogenase
(LDH) activity released from the cytosol of damaged cells into the supernatant.
Working solutions were prepared immediately before use as per manufacturer’s
instructions and three controls were included in each experiment. The controls
being a background control of DMEM only, a low control of MIO-M1 untreated
normal cells, and a high control of normal MIO-M1 to which lysis reagent was
added to estimate maximum releasable LDH. Every condition was done in
triplicate and repeated over 3 passages.
4000 cells were seeded per well in a 96 well plate and cultured for 6 days at
37°C. To each well that contained a high control, 5μl of lysis reagent was added
and the plate incubated for further 15 minutes. To determine LDH activity, 100μl
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of the reaction mixture was added to each well and the plate incubated for 30
minutes, after which 50μl of a stop solution was added and the plate shaken for
10 seconds. The final absorbance was measured using a Safire UV-VIS
spectrophotometer (Tecan, Mannedorf, Switzerland) at 490nm wavelength with
a refence of 620nm.
To determine the percentage cytotoxicity the average absorbance of the
triplicate samples and controls were calculated, and then for each value the
background control was subtracted. The resulting experimental values were
substituted in the following equation:
𝐶𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 (%) =

𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 − 𝑙𝑜𝑤 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
× 100
ℎ𝑖𝑔ℎ 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑙𝑜𝑤 𝑐𝑜𝑛𝑡𝑟𝑜𝑙

7.8 Reverse Transcription (RT)-PCR
7.8.1 RNA extraction
To isolate RNA, an RNeasy Plus Mini Kit (Cat no 74134; Qiagen; Hilden,
Germany) was used. After cells were grown to a confluent monolayer, media
was removed, cells were detached using a cell scraper and collected in a falcon
tube using sterile PBS. The cell suspension was centrifuged and the cell pellet
was re-suspended in Buffer RLT Plus (from the kit) plus β-mercaptoenthanol at
a dilution of 1 in 100. The suspension was either frozen at -80°C for future use
or homogenised immediately using a needle to ensure cell lysis. RNA extraction
was performed as per manufacturer’s instructions, which included the use of a
gDNA Eliminator spin column to remove any genomic DNA contamination. RNA
was eluted using 30μl of RNase-free water and its concentration measured
using a spectrophotometer (Nanodrop-1000, Thermo Scientific). Samples were
stored at -80°C and thawed on ice prior to use.
7.8.2 Reverse transcription
The amount of RNA yield from the extraction varied between 500ng and 1μg of
RNA for the RT reaction to generate cDNA. Volumes of RNA used in the RT
reactions were calculated according to the concentration obtained in each
reaction. In all cases, samples within the same experiment had the same
amount of RNA reverse transcribed as to make the samples comparable. There
were two methods used to perform RT:
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1) A Tetro cDNA Synthesis Kit (Cat no BIO-65043; Bioline; London, UK) was
first used. A single reaction mixture was made up consisting of 1μl Oligo d(T)18,
1μl 10mM dNTP mix, 4μl 5X RT buffer, 1μl RiboSafe RNase Inhibitor, 1μl Tetro
Reverse Transcriptase, nμl RNA for the required concentration and DEPCtreated water up to 20μl total volume. Samples were mixed gently, briefly
centrifuged and transferred to a thermal cycler (Mastercycler® Gradient;
Eppendorf, UK or Mastercycler® Pro: vapo protect; Eppendorf, UK) for
incubation at 45°C for 30 minutes followed by 85°C for 5 minutes.
2) A first-strand cDNA synthesis kit (Cat no 18090010; SuperScript® IV FirstStrand Synthesis System; Life Technologies) was also used. An initial mixture
was prepared consisting of 1μl Oligo d(T)12-18 primer (Cat no 18418-012; Life
Technologies), 1μl dNTP mix (Cat no U151A; Promega; Madison, WI, USA),
template RNA and DNase free water up to 13.5μl. The mix was gently vortexed
and briefly centrifuged before being transferred to a thermocycler (Eppendorf,
UK). The mix was heated to 65°C for 5 minutes and then placed on ice for at
least 1 minute. Whilst the initial mixture was incubating another mixture was
made up of 4μl 5X RT buffer, 1μl 100mM DTT, 0.5μl RNasin® Plus RNase
inhibitor (Cat no N2611; Promega) and 1μl SuperScript® IV reverse
transcriptase. This was vortexed and centrifuged and then added to the initial
reaction mixture. The combined reaction mixture was incubated at 55°C for 10
minutes and then 80°C for 10 minutes as per the manufacturer’s instruction.
The cDNA produced was then either used immediately in a PCR reaction or
stored at -20°C for future use.
7.8.3 Polymerase chain reaction (PCR)
PCR of cDNA products was performed using GoTaq® Green Master Mix (Cat
no M712; Promega) which is a premixed solution containing Taq DNA
polymerase enzyme, dNTPs, MgCl2 and reaction buffer. A reaction mix was
made up consisting of 10μl GoTaq, 1μl of forward and 1µl of reverse primers,
1μg of sample cDNA which was either 1µl or 2µl (depending on amount which
was reversed transcribed) and enough RNase free water to total a 20µl
reaction. Primers were obtained from Sigma or Invitrogen and reconstituted as
per manufacturer’s instructions to 100μM concentration in RNase free water
and further diluted 1 in 100 to a working concentration stock of 10μM. See
appendix 1 for list of primers used. The mix was vortexed, centrifuged and
236

transferred to a thermal cycler. Samples were incubated at 95°C for 5 minutes
as an initial denaturation step, followed by 95°C for 1 minute, then the optimised
annealing temperature for 1 minute and an extension step of 72°C for 1 minute.
This was repeated an appropriate number of cycles before a final extension at
72°C for 5 minutes and refrigeration at 4°C.
7.8.4 Gel electrophoresis
Gel electrophoresis was used to run 10μl of the PCR product at 100V for 60
minutes. The gel consisted of 2% agarose with 1 in 15,000 GelRed™ nucleic
acid gel stain (10,000X in water; Cat no 41003; Biotium Inc., Hayward, CA,
USA). The GoTaq master mix contains loading dye that allows monitoring of
progress and a 100bp DNA ladder (Cat no G210; Promega) was also run
alongside the samples. Gels were examined under UV light and images taken
using Genesnap Image Acquisition Software (www.syngene.com) under
consistent exposure.
7.8.5 Image and statistical analysis
Images were analysed by densitometry of bands using ImageJ (Java, USA)
software and results exported to Microsoft Excel and GraphPad Prism 5
(GraphPad Software Inc.; La Jolla, CA, USA) which were used for semi
quantitative analysis. Genes of interest were normalised to β-actin used as a
housekeeping gene. The same experiment was repeated at least three times to
ensure reproducibility and increase reliability. Results were expressed as
means +/- standard error of the mean (SEM) at 95% confidence intervals. For
experiments comparing two different conditions a paired student’s T test was
used and experiments comparing variations of the same condition (doseresponse experiments) a one-way-repeated-measures-ANOVA was used. A P
value of <0.05 was considered statistically significant.

7.9 Real Time Quantitative PCR (qPCR)
The two-step quantitative reverse transcription PCR method was used. RNA
extraction and reverse transcription using the first-strand cDNA synthesis kit
was performed as described above to obtain 1μg of cDNA. This was further
diluted with water to 250ng of cDNA for use.
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7.9.1 Primer optimisation
Before running formal qPCR reactions, primers for each gene of interest were
optimised. Custom primers were designed with Invitrogen OligoPerfect™
Designer to be 20 nucleotides long and the amplicon length around 100 base
pairs (see appendix 2). Primer concentrations were used at 10μM. When
performing qPCR with SYBR Green dye, a total volume of 25μl was used in
each reaction and primers accounting for no more than 4μl. Various ratios of
forward to reverse primer were tested in μl – 1:3, 2:2, 3:1, 1:1. Three repeats of
each combination was performed. When performing qPCR with Luna master
mix, a total volume of 20μl was used in each reaction with primers making up
1μl; 0.5μl forward and 0.5μl reverse primer were used. Primers were tested by
post-amplification melting-curve analysis to check for primer-dimer artefacts and
to ensure reaction specificity.
7.9.2 Reaction preparation
A SYBR® Green JumpStart™ Taq ReadyMix™ (Cat no. S4438, Sigma-Aldrich,
UK) was used to prepare the qPCR reaction mix. In this procedure, nucleotides
are tagged to SYBR Green I dye which is a fluorescent DNA-binding dye that
binds to the minor groove of any dsDNA. Each reaction consisted of 12.5μl of
the master mix, 0.25μl of the indicator dye (provided with the master mix), 4μl of
the primers and water to make up the remaining volume to 20μl. Three repeats
of each condition were prepared as one master mix to minimise pipetting errors.
The repeats were loaded into MicroAmp® Optical 96-Well Reaction Plates (Cat
no. N8010560, Thermo Fisher) and 5μl of the diluted cDNA added to each well
for a total of 25μl.
A second master mix, Luna® Universal qPCR Master Mix (Cat no. M3003L,
New England Biolabs® Inc), was used which is based on the same principle as
the SYBR Green I dye. The reaction was prepared consisting of 10μl of the
master mix, 0.5μl of each primer and water to make up the remaining volume to
15μl. Master mixes for each condition were made and aliquoted into 96-well
plates and 5μl of cDNA was added at the end for a total of 20μl.
Each run also contained reactions for housekeeping gene β-actin used for
normalisation. All reactions were prepared on ice and plates sealed with an
adhesive film to avoid evaporation.
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7.9.3 qPCR run
Two different machines were used, 7900HT Fast Real-Time PCR System and
QuantStudio™ 6 Flex Real-Time PCR System, both from Applied
Biosystems™. For both machines, plates were centrifuged briefly to bring all
reagents to the bottom of the well and then transferred to the machine. For the
7900HT machine the plates were covered with a heat mat before being placed
in the machine. Using the software on the PC attached to the machines, the
thermal cyclers were set up as follows: an initial hold step at 50°C for 2 minutes
and then 95°C for 10 minutes, followed by the PCR step for 40 cycles of 95°C
for 15 seconds and 60°C for 1 minute, finally a melt curve step of 95°C for 15
seconds, 60°C for 1 minute and a dissociation stage of 95°C for 15 seconds.
Data was collected between the 60°C and 72°C stage of each cycle as well as
during dissociation. Ramp rates were set to 100% for all the stages except for
the last step of dissociation which was at 2%.
7.9.4 Analysis
After completion of the run, the threshold cycle (Ct) data was exported from the
software for analysis. The software allowed amplification plots and dissociation
curves to be viewed and could be exported as images. The Ct is the cycle
number at which the fluorescent signal (from the SYBR Green I dye) of the
reaction crosses the threshold level, which is a statistically significant increase
in signal compared to the baseline signal level calculated during the initial
cycles of PCR when there is little change in fluorescent signal.
The raw data was imported into an Excel spreadsheet for relative quantification.
Relative quantification allows gene expression levels to be calculated as an upor down-regulation in a calibrator (untreated control) sample and an
experimental sample, focusing on a fold change in the gene of interest in the
experiment compared to calibrator. The ∆∆Ct method used compares Ct values
from the experimental sample with both the calibrator sample and
housekeeping gene; the Ct value of the gene of interest in the experiment and
calibrator is adjusted to the normalising housekeeping gene. The ∆∆Ct values
obtained represent a fold difference in expression. Relative quantification
followed the steps below:
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Normalise samples and calibrator to housekeeping gene:
𝐶𝑡𝑔𝑒𝑛𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡 − 𝐶𝑡ℎ𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑖𝑛𝑔 𝑔𝑒𝑛𝑒 = ∆𝐶𝑡
Normalise experimental sample to calibrator:
∆𝐶𝑡𝑠𝑎𝑚𝑝𝑙𝑒 − ∆𝐶𝑡𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑜𝑟 = ∆∆𝐶𝑡
Substitute into the equation:
2−∆∆𝐶𝑡 = 𝑓𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒

7.10 Western blotting
7.10.1 Protein isolation
Whole cell lysates were isolated for analysis of protein expression. After cells
were grown under various experimental conditions, media was aspirated, cells
were washed briefly with PBS to remove any residual media and cells were
then detached using a cell scraper. Cells were suspended in PBS and
transferred to a Falcon tube to obtain a cell pellet by centrifugation. After
removing the PBS, cell pellets were either stored at -20°C for future use or used
immediately for protein isolation. 1ml of Radio Immunoprecipitation Assay
(RIPA) lysis buffer (Cat no R0278; Sigma-Aldrich) containing 10μl of protease
inhibitor cocktail (P8340, Sigma-Aldrich, UK), 0.5mM Dithiothreitol (DTT), 1mM
Phenyl Methyl Sulphonyl Fluoride (PMSF) and 3mM Sodium Orthovanadate
(Na3VO4) was freshly prepared. For this purpose, cell pellets were resuspended in 100μl of ice cold RIPA buffer, pipetted thoroughly and vortexed to
reach a homogenous suspension. The suspension was then placed on ice for 5
minutes to allow cells to swell and lyse and then centrifuged for 5 minutes at
10,000 rpm to pellet any cellular debris. The supernatant containing the proteins
was collected and stored at -20°C.
Relative protein concentrations were calculated using the Thermo Scientific
Pierce™ BCA (Bicinchoninic Acid) Protein Assay Kit (Cat no 23225; Life
Technologies), which is a colorimetric assay based on a reaction between the
protein in the sample and the detection reagent. When Cu 2+ ions are reduced
by protein to Cu1+, bicinchoninic acid forms a coloured product which is
measured by spectrophotometry. The product has a strong linear absorbance at
562nm with increasing protein concentration. Assays were performed in 96-well
plates in which samples (water plus protein), blank (water), zero (water plus
lysis buffer) and standards (standard plus lysis buffer), which were made up as
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per the manufacturer’s instructions and had known increasing concentrations,
were loaded in duplicate. The BCA reagent was made up according to the
manufacturer’s instructions and added to each well. Plates were incubated for
30 minutes at 37°C. Plates were then measured immediately at 562nm in a
Safire plate reader (Tecan; Mannedorf, Switerzland). A standard curve was
prepared based on the known concentrations of the standard solutions and
using the linear equation generated, values obtained by the unknown samples
were extrapolated to the standard curve to asses protein concentrations.
Additionally, standards and samples were normalised to the zero and blank,
respectively.
7.10.2 Protein gel electrophoresis
NuPAGE® (Life Technologies) electrophoresis and buffer systems were used
for protein gel electrophoresis. Pre-cast Novex® 4-12% Bis-Tris polyacrylamide
gels (Cat no NP0336BOX; Life Technologies) were used along with 800ml of 1X
MOPS (3-(N-morpholino) propane sulfonic acid) SDS (sodium dodecyl sulfate)
Running Buffer (20X; Cat no NP0001; Life Technologies) to separate proteins
within the range of 15kDa to 260kDa. Alternatively, Novex™ 7% Tris-Acetate
gels (Cat no EA03555BOX; Life Technologies) were used with Tris-Acetate
SDS Running Buffer (20X; Cat no LA0041; Life Technologies) to sperate larger
molecular weight proteins within the range of 30kDa to 500kDa. Gels were
1.5mm thick and had 15 wells which could carry up to 25µl of protein load.
Loading samples (15µl each) were prepared with 3.75µl of loading buffer (LDS
4X; Cat no NP0007; Life Technologies), 1.5µl of reducing agent (10X; Cat no
NP0009; Life Technologies) and a maximum of 9.75µl of protein. To load equal
amounts of protein, the volume of protein lysate was calculated from the
concentration readings to give either 2µg or 5µg of protein, with the remaining
volume made up with water. Loading samples were briefly vortexed, centrifuged
and boiled at 80°C for 10 minutes to denature the proteins.
Meanwhile, gels were removed from their packaging and rinsed in distilled
water. Combs from the wells were gently removed and the white tape seal
removed to allow contact of the gel with buffer during electrophoresis. Gels
were placed in XCell SureLock™ Mini-Cell Electrophoresis System (Life
Technologies) tanks and secured in place to form a water-tight compartment.
This inner compartment was filled with 200ml of MOPS or Tris-Acetate buffer
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supplemented with 500µl of antioxidant (Cat no NP0005; Life Technologies).
The other 600ml of the buffer filled the outer compartment of the tank. Samples
(15µl each) were then loaded into the wells in parallel with 5µl of pre-stained
protein standard ladder (Broad Range 11-190kDa; Cat no P7706; New England
Biolabs; Ipswich, MA, USA). The gel was run at 180V for 60 minutes.
7.10.3 Gel transfer
A semi-dry transfer method was used in this study. Poly VinyliDene Fluoride
(PVDF) membranes (Immobilon-FL PVDF, 0.45 µm; Cat no IPFL00010; Merck
Millipore; Darmstadt, Germany) were cut to the appropriate size of the gels and
soaked in methanol for 2 minutes, then rinsed in distilled water and soaked in
transfer buffer. A 1X transfer buffer (20X; Cat no NP0006; Life Technologies)
was made up with 15% methanol in 100ml of distilled water which was used to
soak the PVDF membrane and extra thick filter paper (Cat no 1703968; BioRad Laboratories; West Berkley, CA, USA). Once the gel had run, the case was
removed and the gel rinsed with transfer buffer. The pre-wet filter paper was
placed on the bottom platinum anode of the Trans-Blot® SD Semi-Dry Transfer
Cell (Bio-Rad Laboratories), the pre-wet membrane on top of the filter paper
and the gel placed faced-down on top of the membrane followed by another
pre-wet filter paper. The top cathode was secured in place and the transfer was
carried out at 10V for 30 minutes for one gel or 25V for 30 minutes for two gels.
7.10.4 Immunoblotting
Following protein transfer to the PVDF membranes, these were blocked in Trisbuffered saline (TBS) with 0.1% Tween-20, 5% milk and 5% FCS for 2 hours at
37°C. The primary antibody (see appendix 3) was diluted appropriately in the
blocking reagent and membranes were incubated with the antibody overnight at
4°C on a shaker. The next day membranes were washed 3 times for 30 minutes
with TBS with 0.1% Tween-20 at room temperature on a shaker. Membranes
were then incubated for 1 hour at room temperature with secondary antibody
(Jackson ImmunoResearch Laboratories Inc.; PA, USA), which was a species
specific HRP conjugated IgG, diluted at 1 in 5000 with blocking reagent. Three
washes were then repeated as before. The bound secondary antibody reacted
with Luminata Western HRP Substrate (Classico cat no WBLUC0500 or
Crescendo cat no WBLUR0500; Millipore Corporation; Billerica, MA, USA)
which was applied to the membrane for 2 minutes. Excess solution was
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removed and the membrane placed in a cassette and the protein was visualised
using Fuji X-ray film (Cat no AUT-300-040D; Thermo Fisher Scientific)
developed in a dark room.
7.10.5 Stripping membranes of antibodies for re-probing
Following visualisation membranes could be stripped of antibodies by briefly
washing with TBS and incubating in stripping buffer consisting of 200mM
glycine and 5mM NaCl at pH2.5 for 30 minutes at room temperature.
Membranes were then washed 3 times for 5 minutes in TBS at room
temperature before re-probing with primary antibody, or were stored at 4°C in
TBS for up to two weeks for future use.
7.10.6 Image analysis
After X-ray films were scanned into a computer, optical density of bands was
quantified using ImageJ and results were exported to Excel. Statistical analysis
was performed in GraphPad Prism as described previously.

7.11 Immunocytochemistry and immunohistochemistry
7.11.1 Fixation and sectioning of tissue
Tissue samples were placed in 4% paraformaldehyde (PFA) for 24 hours at 4°C
and then cryoprotected in 30% sucrose for 24 hours. Tissue samples were then
embedded by placing in OCT (optimum cutting temperature) embedding matrix
(Cat no KMA-0100-00A; CellPath; Newton, UK) and snap frozen on dry ice.
Once embedded, samples were stored at -20°C. Tissues were sectioned at
10μm thickness on a cryostat (Leica CM1850).
7.11.2 Fixation of cells
Cells were grown in 24 well plates on sterile circular glass cover slips, which
had been coated with ECM gel prior to use, as described above. Following cell
culture, media was removed from the wells and cells were fixed with 4% PFA
for 5 minutes. PFA was removed and disposed of in a fume hood and 30%
sucrose was then added to the wells for 15 minutes for cryopreservation. Once
sucrose was removed and glass slides dried the plate was either used for
immunostaining immediately or stored at -20°C for later use.
7.11.3 Staining
If frozen, microcoverslips were allowed to defrost at room temperature for at
least 30 minutes prior to staining. Cells were washed 3 times for 5 minutes in
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TBS before being blocked for 1 hour at room temperature. Blocking reagent
was made up of TBS with 0.3% Triton (X100; Cat no 9002-93-1; Sigma Aldrich)
and 5% normal donkey serum (Cat no 017-000-121; Jackson ImmunoResearch
Laboratories Inc.). The primary antibody (listed in appendix 3) was diluted as
required in the blocking reagent and added to the cells for overnight incubation
at 4°C on a shaker. Parallel to this, a control experiment in which no primary
antibody was used, was run to exclude for any background or non-specific
staining of the secondary antibody. The following day the cells were washed 3
times for 5 minutes in TBS before the secondary antibody was applied. The
secondary antibody (donkey anti species from primary antibody), labelled with
Alexa-Fluor fluorochromes (Jackson ImmunoResearch Laboratories Inc.), was
diluted in TBS with 0.3% Triton at a 1 in 500 dilution and cells were incubated
with this for 3 hours at room temperature. Cells were then washed 3 times in
TBS as above. Cell nuclei were counter stained with DAPI (4’, 6-diamidino-2phenylindole; Cat no D9542; Sigma Aldrich) diluted at 1 in 5000 with TBS for 2
minutes before a final rinse with distilled water. Microscope slides were
prepared with Vectashield mounting medium (Vector Laboratories; Burlingame,
CA, USA) and glass cover slips removed from wells and placed cell side down
on the slides. Cover slips were sealed with nail varnish.
Immunhistochemistry was performed using the same protocol except washes
were 10 minutes.
7.11.4 Fluorescence microscopy and image analysis
Fluorescence images were acquired either on an epifluorescence microscope
(Leica DMRB) or a confocal microscope (ZEISS Confocal Laser Scanning
Microscope LSM 700 or 710; Carl Zeiss AG; Oberkochen, Germany). For
epifluorescence either 10X or 20X objectives were used and images taken on a
ProgRes® microscope camera (Jenoptik; Jena, Germany). For confocal
microscopy 10X, 20X or 40X objectives were used. The Zeiss LSM 700 40X
objective was for oil immersion, whilst the Zeiss LSM 710 40X objective was for
water immersion. Exposure times for each fluorescence filter and microscope
settings were adjusted appropriately and kept constant within experiments. At
least three representative images of each experimental condition were acquired
using the ZEN Imaging Software (ZEISS). Cell counting of positively stained
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cells in these images was done manually and results were analysed on Excel
and statistical analysis performed on GraphPad prism.

7.12 Enzyme-Linked Immunosorbent Assay (ELISA)
An enzyme-linked immunosorbent assay (ELISA) is a quantitative technique to
detect the presence of antigens that are recognized by an antibody, which is
coupled to an easily-assayed enzyme. For this assay, 96 well microplates are
pre-coated with a specific antibody (to detect the protein of interest) and
standards and samples are subsequently applied to the plate. Any antigen
present is bound to the plate via the immobilised antibody. After incubation, the
wells are washed to remove any unbound substance and an enzyme-linked
antibody specific for the antigen is added and the plate incubated again. An
additional wash removes any unbound antibody-enzyme reagent and a
substrate solution is then added to the wells. After further incubation a colour
develops in proportion to the amount of antigen bound in the initial step. A stop
solution is added at a defined endpoint and intensity of the colour is measured.
The absorbance value is proportional to the quantity of protein of interest.
Standards and samples are duplicated and an average absorbance is
calculated and the zero control (diluent of the standards alone) is subtracted. A
standard curve is created using the known standard concentrations and
absorbance values. Concentrations of the samples are calculated by
extrapolation to the standard curve.
Three different quantitative sandwich enzyme immunoassay kits were used in
this study. The Quantikine® ELISA human TNF-RII/TNFRSF1B kit (Cat no.
DRT200; R&D Systems Inc.; MN, USA) measured human soluble TNFReceptor II concentration in cell culture supernatants and was performed as per
manufacturer’s instructions. The NFκB p65 (pS536) SimpleStep ELISA™ kit
(Cat no. ab176647; Abcam; Cambridge, UK) measured phosphorylated NFκB
p65 in human cell lysates and was performed following manufacturer’s
instructions. The IκBα (pS32/36) SimpleStep ELISA™ kit (Cat no. ab176643;
Abcam) was used to measure phosphorylated IκBα in human cell lysates
following manufacturer’s instructions.
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7.13 Methods to induce GFAP overexpression in MIO-M1 cell
line
7.13.1 Transfection of MIO-M1 cells with plasmid mCherry-GFAP-N-18
The mCherry-GFAP-N-18 plasmid was a gift from Michael Davidson (Addgene
plasmid # 55051). mCherry is a mutant fluorescent protein which has excitation
and emission maxima at 587nm and 610nm, respectively, allowing for detection
of the protein. The plasmid sequence is shown in appendix 4.
7.13.1.1

Isolation of plasmid DNA from bacteria

Bacterial cells containing the mCherry-GFAP-N-18 plasmid were cultured
overnight at 37°C on LB agar plate containing kanamycin at final concentration
of 50µg/ml (Cat no 60615; Sigma-Aldrich) for selection of single colonies
containing the plasmid, which contained kanamycin resistance. Six single
colonies were picked with a pipette and used to inoculate 6ml of LB broth plus
kanamycin. The bacterial culture was incubated at 37°C on a shaker for 12-16
hours. Following incubation, 500µl of the broth containing the bacteria was
removed and stored at 4°C for future use. Additionally, 500µl was mixed with
500µl of 50% glycerol in a cryovial for long term storage at -80C. The remaining
bacterial culture was used to isolate plasmid DNA using a Qiagen Plasmid Mini
Kit (Cat no 12123; Qiagen) according to the manufacturer’s instruction. Plasmid
DNA was stored at -20°C.
7.13.1.2

Diagnostic restriction enzyme digest

To verify that the plasmid contained the correct GFAP gene sequence, isolated
plasmid DNA was digested with the restriction enzymes PstI, AflII and KpnI. A
10µl reaction containing 3µl of DNA, 0.2µl of each enzyme, 1µl of the
appropriate buffer and 3µl 30X BSA was completed with distilled water. The
reaction mix was incubated at 37°C for 1 hour. Products, as well as uncut
plasmid, were run on a 1% agarose gel at 200V for 30 minutes with a 1kb
ladder which had added buffer to achieve similar salt concentrations as the
reaction mix. Gel products were checked for correct sized bands.
7.13.1.3

Sequencing

To ensure the GFAP insert was correct, isolated plasmid DNA was sequenced
using the Sanger sequencing method. The DNA was prepared for sequencing
in two separate 20µl reactions comprising of 0.5µl BigDye® Terminator ready
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reaction mix (Applied Biosystems), 3.75µl BigDye Sequencing Buffer (Applied
Biosystems), 1µl of forward or reverse sequencing primer (see appendix 5), 1µl
DNA and distilled water up to 20µl. The two mixtures were transferred to a
thermo cycler and the reaction denatured at 96°C for 1 minute, the sequencing
reaction proceeded for 30 cycles of 96°C for 30 seconds, 55°C for 30 seconds
and 60°C for 4 minutes. The sequencing reaction was precipitated to remove
unincorporated fluorescent nucleotides by incubation with 3M NaOAc (2µl),
0.5M EDTA (0.59µl) and 95% Ethanol (50µl) at room temperature in the dark for
15 minutes. The mixtures were centrifuged at 13000 RPM for 30 minutes and
the supernatants discarded. 70µl of 70% Ethanol was then added to each
preparation and centrifuged again at 13000 RPM for 15 minutes to obtain
pellets. Each pellet was then left to dry at room temperature for 15 minutes in
the dark. The dried pellet was then re-suspended in 15µl of Hi-Di™ Formamide
(Life Technologies) and denatured at 96°C for 5 minutes and 4°C for 5 minutes.
The DNA was then loaded in an Applied Biosystems 3730 DNA analyser for
sequencing.
7.13.1.4

Expanding plasmid DNA

The original bacteria aliquot, which was stored at 4°C, was used to inoculate
250µl into 125ml of LB broth containing kanamycin in a conical flask. Flasks
were covered with aluminium foil and incubated at 37°C overnight, shaking at
200-230 rpm. The bacterial broth was then centrifuged to obtain a bacterial
pellet and a Qiagen Plasmid Maxi Kit (Cat no 12162; Qiagen) was used to
isolate the plasmid DNA as per manufacturer’s instructions. DNA concentrations
were measured using a spectrophotometer and stored at -20°C.
7.13.1.5

EndoFectin Max transfection

Müller glial cells were transfected with the plasmid DNA using the EndoFectin
Max transfection reagent (Cat no EFM1004; tebu-bio, France). Cells were
seeded in a 24 well plate to ensure that 80% confluence was reached overnight.
The 24-well plate contained glass coverslips coated in ECM so the cells could
be viewed under a fluorescence microscope. Various combinations of plasmid
DNA and EndoFectin Max reagent volumes were used to assess the optimal
conditions for transfection. For this purpose in Eppendorf tubes, 0.5µg or 1µg of
the plasmid DNA was diluted in 50µl of DMEM media and separately 0.5µl, 1µl,
2µl, 3µl or 4µl of EndoFectin Max reagent was diluted with 50µl of DMEM. The
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diluted EndoFectin Max reagent was added to the diluted DNA solution and the
combined solution gently mixed. The mixture was incubated at room
temperature for 25 minutes before being added directly to each well containing
the cells in 0.5ml of DMEM + 10% FCS. Cells were incubated with EndoFectin
Max at 37°C for 48 hours at which point glass coverslips were removed from the
wells, placed cell side down on the microscope slides covered with Vectashield
and sealed with nail varnish. Microscope slides were then viewed under a LSM
700 confocal microscope to determine the proportion of cells that had been
transfected. Those cells which had been transfected with the mCherry-GFAP
plasmid were detected by their fluorescence.
In order to transfect a larger number of cells, T25 flasks were used and the
optimised protocol was modified. There was 1µg of plasmid DNA diluted in
250µl of DMEM and 2µl of EndoFectin Max reagent diluted in 250µl of DMEM.
Diluted solutions were combined and incubated for 25 minutes at room
temperature and added to the flask with 5ml of DMEM + 10% FCS and
incubated at 37°C for 48 hours. Flasks of cells could be viewed under a
fluorescent digital inverted microscope (The EVOS® FL Imaging System).
7.13.1.6

Selection of transfected cells

After transfection the media was removed from the remaining wells and the T25
flask and replaced with fresh DMEM media with 10% FCS containing G418
antibiotic (G418 Sulfate, Geneticin® Selective Antibiotic Powder; Cat no 11811023; Life Technologies) at a final concentration of 400µg/ml. The plasmid
contained the Neomycin resistant gene and thus transfected cells would show
resistance to G418, which allowed for their positive selection. After 48 hours
incubation with G418 at 37°C, the cells attached to coverslips were checked
again for fluorescence as described above. The cells in the T25 flask that had
survived had the media replaced with fresh DMEM media with 10% FCS and
penicillin/ streptomycin and were allowed to grow to confluence.
7.13.1.7

Fluorescence-activated cell sorting

In order to ensure a pure population of transfected cells, fluorescence- activated
cell sorting (FACS) was used. This method allows enrichment of cell
populations on the basis of their fluorescent characteristics. Once cells had
grown to confluence in a T25 flask, they were detached from the flask using
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TrypLE™ and centrifuged to obtain a cell pellet. The pellet was resuspended in
400µl DMEM + 2% FCS supplemented with 1% penicillin and streptomycin. The
suspension was filtered to remove any cellular debris or clumped cells and a
single cell suspension was obtained. A DRAQ7™ live/dead discriminator (Cat
no DR71000; BioStatus; UK) was added to this single cell suspension, which
was applied through a 100µm nozzle at 30psi along with a sheath fluid (Cat no.
342003; BD FACSFlow™; BD Biosciences; USA) in a custom made BD Influx
flow cytometer (BD Biosciences; USA). Dead cells could be eliminated and cells
expressing mCherry were detected by fluorescent lasers at 587nm. mCherry
positive cells become electrically charged and as they passed through an
electrostatic deflection system they are directed into a separate container. The
container used for collection was a 15ml falcon tube with DMEM + 10% FCS
with 1% pen/strep. The selected cells were then transferred into a 24-well plate
with DMEM + 10% FCS and 1% pen/strep and were allowed to grow to
confluence.
7.13.2 Transfection of MIO-M1 cells with the retroviral pCLNCx vector
under the control of an inducible promoter
7.13.2.1

Subcloning mCherry-GFAP into pCLNCx

7.13.2.1.1

PCR amplification

In order to subclone mCherry-GFAP into a retroviral vector the mCherry-GFAP
sequence had to be amplified from the original mCherry-GFAP-N-18 plasmid.
Cloning primers upstream and downstream from the desired sequence were
created containing HindIII and ClaI restriction sites which could be used for
cloning into matching sites in retroviral vector pCLNCx, a gift from Dr. Amanda
Carr. The forward primer created a HindIII site on amplification and the reverse
primer created a ClaI site on amplification (see appendix 6). A reaction mix was
made up consisting of 10μl GoTaq, 1μl of forward and 1µl of reverse primers,
1µl pmCherry-GFAP-N-18 DNA and RNase free water up to a total of 20µl
reaction. The mix was vortexed, centrifuged and transferred to a thermal cycler.
Samples were incubated at 95°C for 5 minutes as an initial denaturation step,
followed by 36 cycles of 95°C for 1 minute, 58°C for 2.5 minutes and an
extension step of 72°C for 1 minute, and a final extension at 72°C for 5 minutes.
PCR products were separated on a 1% agarose gel at 200V for 30 minutes
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alongside a 1kb ladder as a reference. The amplicon at the correct size for the
mCherry-GFAP construct was excised from the gel using a UV light box and
purified using a Qiagen QIAquick Gel Extraction Kit (Cat no 28704; Qiagen) as
per manufacturer’s instructions. DNA concentrations were measured using a
spectrophotometer and stored at -20°C.
7.13.2.1.2

Restriction enzyme digest

Isolated mCherry-GFAP DNA obtained from the PCR amplification and the
retroviral vector pCLNCx were digested with the restriction enzymes HindIII and
ClaI to create complementary sticky ends. The 50µl reactions containing 2µg of
DNA, 5µl of the appropriate buffer, 3µl of each enzyme, and made up with
distilled water were incubated at 37°C for 2 hours. Products were separated on
a 1% agarose gel at 200V for 30 minutes and the restriction digest amplicon for
mCherry-GFAP and pCLNCx were excised from the gel as described above.
DNA concentrations were measured using a spectrophotometer and stored at 20°C.
7.13.2.1.3

DNA Ligation

The restriction digested mCherry-GFAP DNA was ligated into the pCLNCx
vector to create a new vector pCLNC-mCherry-GFAP. T4 DNA ligase (Cat no
M180A; Promega) was used to generate a 10µl ligation reaction mix consisting
of 1µl vector pCLNCx DNA, 1µl ligase, 1µl 10X buffer, 1-7µl insert mCherryGFAP DNA and made up with nuclease-free water. Seven separate reactions
were made, which were incubated at 4°C overnight.
7.13.2.1.4

Transformation

The following day the new ligated vector pCLNC-mCherry-GFAP preparation
was transformed into TOP10 Chemically Competent E. coli cells (One Shot®;
Cat no C4040-10; Invitrogen) for plasmid propagation as per manufacturer’s
instructions. Briefly, the E. coli cells were thawed on ice and 25µl was added to
each ligation reaction and the mix was incubated on ice for 30 minutes. The
cells were then heat shocked in a pre-warmed water bath at 42°C for 30
seconds and then placed back on ice, 200µl of room temperature S.O.C.
medium was added and cells incubated at 37°C for 1 hour shaking at 225rpm.
Each reaction mixture was then spread on a LB + ampicillin agar plate prewarmed to 37°C, left to dry and then inverted and incubated at 37°C overnight.
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The pCLNCx backbone vector contained ampicillin resistance which allowed for
selection of bacterial cells containing the plasmid.
7.13.2.1.5

Verification of transformation and plasmid expansion

Plates were transferred to 4°C and single bacterial colonies were used to
inoculate individual tubes containing 6ml of LB media plus ampicillin. The
bacterial culture was incubated at 37°C on a shaker for 12-16 hours. Following
incubation and bacterial growth, 500µl was removed and stored at 4°C for
future use and 500µl was added to 500µl of 50% glycerol in a cryovial for long
term storage at -80C. The other 5ml was used to isolate plasmid DNA using a
Qiagen Plasmid Mini Kit (Cat no 12123; Qiagen) as per manufacturer’s
instructions. A diagnostic restriction enzyme digest was performed on the
isolated DNA digested with HindIII and ClaI enzymes to verify that
transformation had worked correctly and the plasmids produced contained the
mCherry-GFAP insert. The original bacteria aliquot was then expanded by
inoculating 125ml of LB broth plus ampicillin in a conical flask with 250µl
plasmid-containing bacteria. The flask was incubated at 37°C overnight in a
shaking incubator. Plasmid DNA was finally isolated using a Qiagen Plasmid
Maxi Kit (Cat no 12162; Qiagen) and DNA concentration was measured using a
spectrophotometer and stored at -20°C.
7.13.2.2

Subcloning the tetracycline operator 2 (TetO2) inducible

promoter into the pCLNC-mCherry-GFAP vector
Both the pCLNC-mCherry-GFAP and pcDNA4™/TO/myc-HisB (Cat no
V103020, Invitrogen) (a gift from Prof. Karl Matter) vectors had restriction
enzyme sites for NruI and HindIII either side of the promoters which could be
exploited for cloning. The CMV promoter in the pCLNCx backbone vector could
be removed using NruI and HindIII as well as the TetO2 promoter from the
pcDNA4™/TO/myc-HisB. A restriction enzyme digest was performed as
described above using 2µg of plasmid DNA cut with NruI and HindIII enzymes.
Digested products were separated on a 1% gel at 200V for 30 minutes and
bands of the correct size for the TetO2 promoter and the pCLNC-mCherryGFAP were isolated and extracted from the gel as previously described. A
ligation reaction of pCLNC-mCherry-GFAP and the TetO2 promoter was set up
overnight and subsequently transformed into competent E coli as described
above. The E coli strain used was methyltransferase deficient dam-/dcm251

Competent E. coli (Cat. no. C29251; NEB, UK) in order to ensure restriction
enzyme sites were not altered. Transformation of these cells was performed as
per manufacturer’s instructions. The E. coli cells were thawed on ice and 50µl
added to each 5µl ligation reaction and the mix was incubated on ice for 30
minutes. The cells were then heat shocked in a water bath at 42°C for 30
seconds and then placed back on ice for 5 minutes. Each reaction was mixed
with 950µl of room temperature S.O.C. medium and incubated at 37°C for 1
hour shaking at 250rpm. After incubation, a 10-fold dilution was performed
using S.O.C. medium and 100µl of each transformation reaction was spread
onto an LB + ampicillin agar plate pre-warmed at 37°C, left to dry and then
inverted and incubated at 37°C overnight. Verification and plasmid expansion
were performed as described above using the restriction enzymes HindIII and
NruI. The newly created plasmid pCLNC-mCherry-GFAP-TO DNA was stored
at -20°C.
7.13.2.2.1

Creating a control plasmid containing mCherry only

In order to create an mCherry only control plasmid, the retroviral vector pCLNCmCherry-GFAP-TO plasmid was restriction digested to remove the mCherryGFAP sequence and replaced with mCherry only. The mCherry sequence was
PCR amplified from the original mCherry-GFAP-N-18 plasmid. Cloning primers
(see appendix 6) flanking the mCherry sequence were created containing
HindIII and ClaI restriction sites that could be used for cloning into matching
sites in pCLNC-mCherry-GFAP-TO after the mCherry-GFAP had been
removed. Amplification PCR was performed as described above and the
mCherry PCR product along with pCLNC-mCherry-GFAP-TO vector were
digested with the restriction enzymes HindIII and ClaI. This process removed
the mCherry-GFAP sequence from the retroviral vector and exposed HindIII and
ClaI sites matching those of the amplified mCherry sequence. The DNA ligation
of the mCherry into the pCLNCx-TO vector, transformation into dam-/dcmCompetent E. coli, plasmid verification, expansion and isolation were all
performed as described above. Control plasmid pCLNC-mCherry-TO DNA was
stored at -20°C.
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7.13.2.2.2

Sequencing new pCLNC-mCherry-GFAP-TO vector and control

vector pCLNC-mCherry-TO
Both plasmids were sequenced using the Sanger Sequencing Service provided
by Source BioScience (Nottingham, UK). Specially designed primers (see
appendix 5) were used to generate readings of the plasmids from the NeoR site
in the pCLNCx backbone through the TetO2 promoter and mCherry with or
without GFAP until the SV40 backbone region. Sequencing readings were
compared to vector maps using Serial Cloner 2.6.1 molecular biology software.
The results confirmed that both plasmid were correct.
7.13.2.3

Development of a stable MIO-M1 cell line expressing the

pcDNA4/TR regulatory plasmid
Before the retroviral transfection of the tetracycline-inducible promoter into cells,
a stable MIO-M1 cell line expressing the regulatory vector, pcDNA4/TR (Cat no
V102520, Invitrogen) a gift from Prof. Karl Matter, containing the TetR gene and
expressing high levels of TetR molecule, was established for use as hosts for
inducible promoter-based constructs. Plasmid DNA was expanded and isolated
as described above.
7.13.2.3.1

Determining antibiotic sensitivity

The regulatory plasmid pcDNA4/TR contains the blasticidin resistance gene
allowing for selection of the plasmid using blasticidin antibiotic (Cat. No.
R21001, Invitrogen). Therefore it was necessary to produce a kill curve, to
determine the appropriate blasticidin concentration which would kill the
untransfected MIO-M1 cells. Cells were seeded at 25% confluence on 6 well
plates the day before treatment to ensure cells were actively dividing. A dose
response curve experiment using 0, 0.5, 1, 1.5, 2, 4, 6, 8 and 10µg/ml
blasticidin was created. The selection media was replenished every 3-4 days
and the percentage of surviving cells was observed after two weeks under a
phase microscope. The concentration of blasticidin determined as being
appropriate for selection was 1μg/ml.
7.13.2.3.2

Transfection and selection of MIO-M1 cells expressing the

regulatory plasmid
MIO-M1 cells at passage 20 or under were seeded onto 6 well plates to reach
80% confluence the next day. The cells were transfected with pcDNA4/TR using
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the EndoFectin Max reagent as described above. Briefly, 2µg of plasmid DNA
was diluted with 200µl DMEM alone whilst 4µl of EndoFectin was also diluted
with DMEM. Both were mixed together and incubated at room temperature for
25 minutes. The mixture was then added to the cells along with 2.5ml of DMEM
plus 10% FCS and incubated at 37°C for 24 hours. An untransfected negative
control was also prepared, which was incubated with EndoFectin only without
the plasmid DNA. After 24 hours cells were washed and fresh medium was
added. 48 hours after transfection the cells were split into fresh medium
containing 1µg/ml blasticidin. Cells were kept at low density such that they were
no more than 25% confluent for the antibiotic treatment. Selective medium was
replaced every 3-4 days until the cells reached confluence and were split again
and a stable cell line was established after 2 weeks. Negative control cells were
killed by the antibiotic after the 2 week period.
7.13.2.4

Retroviral transfection of MIO-M1 cells

In order to create retrovirus, the pCLNC-mCherry-GFAP-TO vector was
transfected into GP2-293 packaging cells with the envelope plasmid pMD.G and
a carrier plasmid pBSK (a gift from Dr. Amanda Carr). GP2-293 cells were
cultured on 0.1% gelatin-coated 10cm2 dishes. To coat the dishes, 5ml of 0.1%
gelatin was used to cover the entire surface of the dish and incubated at 37°C
for a minimum of 30 minutes prior to use. After incubation the solution was
completely removed by aspiration and the cells cultured on this coated surface.
The day before transfection the GP2-293 cells were split 1:5 onto the plates in
8ml DMEM supplemented with 10% FCS and 1% pen/strep.
The following day the GP2-293 packaging cells were transfected with the
plasmids using the calcium phosphate precipitation method as follows. Solution
A was prepared containing 375µl of 2X HEPES-buffered saline solutions (HBS)
at pH7.1 and 7.5µl of 100X PO4, whilst solution B was prepared containing 15µg
of pCLNC-mCherry-GFAP-TO, 5µg of pMD.G and 10µg pBSK, 45µl of 2M
CaCl2 in a total volume of 372.5µl made up with water. The two solutions were
combined by adding solution B dropwise using a Pasteur pipette to solution A
whilst bubbling air through solution A using a 2ml stripette. A calcium phosphate
DNA co-precipitate is formed, the calcium phosphate helps the DNA bind to the
surface of cells, where it is then taken in by endocytosis. The calciumphosphate/DNA precipitate solution was then added to the GP2-293 cells,
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mixed gently and the cells incubated at 37°C for 6 hours. After the 6 hours the
medium was removed and replaced with 10ml of fresh pre-warmed DMEM with
10% FCS and pen/strep. The cells were incubated overnight at 37°C and the
next day the medium was replaced and the cells incubated at 37°C for 48
hours. During this incubation the GP2-293 cells were producing the retrovirus
containing the pCLNC-mCherry-GFAP-TO sequence as confirmed by the
presence of mCherry positive GP2-293 cells under a fluorescent digital inverted
microscope (The EVOS® FL Imaging System).
The medium, containing the retrovirus, was removed following the 48 hours
incubation and 1ml FCS supplemented with 1µl of polybrene (40mg/ml stock;
Hexadimethrine bromide, Cat. No. H9268, Sigma) was added to it. This mixture
was then filtered through a 0.45µm filter to remove any packaging cells and
added to 10ml of DMEM containing 10% FCS and pen/strep. This mixture of
approximately 20ml was split into 5ml aliquots which were stored at 4°C. One
aliquot was used immediately; 5ml of the viral medium was added to a T25
culture flask which had been seeded with 3.5x105 MIO-M1 cells the previous
day. The MIO-M1 cells were incubated with the viral medium for 6 hours at
37°C at which point the medium was replaced with another pre-warmed aliquot
of fresh viral medium which had been stored at 4°C. The MIO-M1 cells were
incubated with the viral medium overnight at 37°C and the process was
repeated twice the following day in the morning and evening.
After two days incubation of the MIO-M1 cells with viral medium this was
removed and replaced with DMEM containing 10% FCS and 1% pen/strep and
cells were cultured until they reached confluence. Cells were then split to 25%
confluence and G418 and blasticidin were added to the media for selection of
the transfected cells. The blasticidin allows selection of the MIO-M1 cells
containing regulatory plasmid pcDNA4/TR and G418 selects for cells with
plasmid pCLNCx backbone. At this stage cells were checked for lack of
mCherry fluorescence under a digital inverted microscope, as the inducible
promoter is “switched off” until tetracycline is added. Once a pure population of
transfected cells was obtained some cells were frozen down for long term
storage and the remaining cells were allowed to expand in culture.
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7.13.2.5

Tetracycline induction of MIO-M1 cells containing pcDNA4/TR

regulatory plasmid transfected with pCLNC-mCherry-GFAP-TO or
control pCLNC-mCherry-TO vectors
Transfected cells were seeded onto 48 well-plates at 25% confluence and
allowed to settle overnight in DMEM media. The next day the selection
antibiotics blasticidin and G418 were added along with various concentrations
of tetracycline. Final concentrations of tetracycline used were 0, 0.1, 0.5, 1, 2, 3,
4, 5, 6, 7, 8, 9 and 10µg/ml and cells were cultured for 8, 16, 24 and 76 hours.
At each time point images were captured under a fluorescence digital inverted
microscope to observe the mCherry fluorescence as the inducible promoter was
“switched on” by tetracycline.
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7.13.3 Co-transfection of MIO-M1 cells with the retroviral vectors pCLNCTetR and pCLNC-mCherry-GFAP-TO or control vector pCLNCmCherry-TO
7.13.3.1

Subcloning the tetracycline repressor (TetR) into pCLNCx

The TetR gene was cloned into the retroviral vector pCLNCx. Sequences either
side of the TetR gene were also cloned to include the β-globin intron, the T7
promoter upstream and the SV40 poly(A) signal downstream. The restriction
enzyme sites HindIII and ClaI in pCLNCx downstream of the CMV promoter
were used to expose the cloning site. Cloning primers flanking the desired
sequence in pcDNA4/TR were created containing 5’-HindIII and 3’-ClaI
restriction sites. The forward primer created a HindIII site on amplification and
the reverse primer created a ClaI site on amplification (see appendix 6). The
pcDNA4/TR plasmid was used as a template to amplify the TetR gene
sequence. Gel electrophoresis and gel extraction were performed as described
above. Restriction enzyme digests of 2µg of amplified DNA and pCLNCx using
HindIII and ClaI enzymes were obtained and the digested products separated
on a 1% gel at 200V for 30 minutes. Bands of the correct size for the amplified
TetR product and the digested pCLNCx were isolated and extracted from the
gel as previously described. A ligation reaction of pCLNCx and the TetR product
was set up overnight and subsequently transformed into deficient dam-/dcmCompetent E. coli. Verification and plasmid expansion were performed as
described before using the restriction enzymes HindIII and ClaI. The newly
created plasmid pCLNC-TetR DNA was stored at -20°C and glycerol stocks of
bacterial cultures were stored at -80°C.
7.13.3.2

Retroviral co-transfection of MIO-M1 cells

The retroviral transfection protocol was performed identically as described
above but GP2-293 packaging cells were separately transfected with pCLNCmCherry-GFAP-TO, pCLNC-mCherry-TO or pCLNC-TetR. MIO-M1 cells at
passage lower than p20 were seeded into 12-well plates at a concentration of
1X105 per well. Cells were co-transfected with viral medium containing the
pCLNC-TetR vector and pCLNC-mCherry-GFAP-TO vector or pCLNCmCherry-TO control vector at various ratios (Table 6-1). After transfection cells
were selected by using G418 and checked for mCherry fluorescence under a
digital inverted microscope.
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Ratio

pCLNC-TetR

pCLNC-mCherry-GFAP-TO or

μl viral medium

pCLNC-mCherry-TO
μl viral medium

4:1

1000

250

6:1

1000

166.67

8:1

1000

125

10:1

1000

100

20:1

1000

50

50:1

1000

20

100:1

1000

10

200:1

1000

5

500:1

1000

2

1000:1

1000

1

Control

1000

0

Control

0

1000

Table 7-1: Volume (μl) of viral medium applied to MIO-M1 cells during co-transfection to
achieve various ratios between constructed vectors.
Decreasing volumes of viral medium containing vector pCLNC-mCherry-GFAP-TO or pCLNCmCherry-TO were applied to cells along with 1000μl of viral medium containing the pCLNCTetR vector
.

7.13.3.3

Quantification of TetR gene expression compared to

mCherry-GFAP and mCherry alone using qPCR
To quantify gene expression of the tetracycline regulator in comparison to
mCherry-GFAP or mCherry gene under the TetO2 promoter, a two-step
quantitative reverse transcription PCR was performed. RNA was isolated from
transfected cells, reverse transcribed and subjected to qPCR as previously
described. Primers for each gene were optimised prior to running the qPCR
reactions (see appendix 2). RNA extracted from a canine kidney cell line stably
transfected with pcDNA4/TR, a gift from Prof. Karl Matter, was used as a
positive control to optimise the primers for the TetR gene. The calibrator sample
was the RNA from MIO-M1 cells containing the pcDNA4/TR regulatory plasmid
transfected with the pCLNC-mCherry-GFAP-TO vector or the control pCLNCmCherry-TO vector. Ct values were analysed using the ∆∆Ct method and
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expression level of each gene compared to calibrator was calculated for each
sample (different ratios of transfection).
7.13.3.4

Tetracycline induction of GFAP in MIO-M1 cells co-

transfected with the pCLNC-TetR and pCLNC-mCherry-GFAP-TO
or control pCLNC-mCherry-TO
The transfected cells were seeded onto 48 well-plates at 25% confluence and
allowed to settle overnight in DMEM media supplemented with 10% FCS and
G418. After 24 hours, various concentrations of tetracycline were added. Final
concentrations of tetracycline used were 0, 0.5, 1 and 5µg/ml and cells were
incubated for 8 and 24 hours. At each time point images were taken under a
fluorescence digital inverted microscope to capture mCherry fluorescence. This
was repeated three times for quantification; from each image, at least 100 cells
were analysed and the number of mCherry positive cells within that
representative sample were calculated.
7.13.4 Retroviral transfection of MIO-M1 cells with pCLNC-mCherry-GFAP
As the tetracycline-inducible promoter was not successfully working in the MIOM1 cell line, the original pCLNC-mCherry-GFAP vector was used for
transfection. However, the ratio of virus particles to cell number was altered to
attempt the insertion of varying amounts of vector into cells to cause gradient
GFAP overexpression. Retroviral transfection was performed as previously
described above. The protocol was only altered in regards to the amount of viral
medium, and therefore number of virus particles, that was applied to the MIOM1 cells. For example, 100% transfection was achieved by addition of 5ml of
viral medium to the T25 culture flask of confluent MIO-M1 cells, and 50%
transfection was achieved by addition of 2.5ml of viral medium mixed with 2.5ml
DMEM to the same size flask of MIO-M1 cells (Table 6-2).
After an initial gradient transfection, cells were grown to confluence and then
sorted by FACS to obtain a pure population of transfected cells. FACS also
allowed determination of the transfection efficiency by counting the mCherry
positive cell numbers as well as the quantitation of mCherry fluorescence
intensity of transfected cells. The mCherry fluorescence intensity gave
indication of the amount of vector transfected and thus the relative quantity of
GFAP gene expression. Cells selected by FACS were then grown to confluence
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and expanded in G418 selection antibiotic to maintain a pure population.
Transfection was repeated with a further two passages of MIO-M1 cells using
0%, 5%, 20%, 60% and 100% viral medium containing the pCLNC-mCherryGFAP retroviral vector. A total of three passages were analysed through FACS
for statistical analysis. Following expansion some cells were stored in freezing
medium at -80°C and some were used for further experimental work. RNA and
protein lysates were collected from transfected and untransfected control cells
and RT-PCR and western blot were performed to measure mRNA and protein
expression of GFAP in these cells.
Transfection with
pCLNC-mCherry-

ml of viral medium

ml of DMEM

100

5

0

90

4.5

0.5

80

4

1

70

3.5

1.5

60

3

2

50

2.5

2.5

40

2

3

30

1.5

3.5

20

1

4

10

0.5

4.5

5

0.25

4.75

0

0

5

GFAP (%)

Table 7-2: Volume (ml) of viral medium containing the pCLNC-mCherry-GFAP vector
applied to MIO-M1 cells for transfection.
Decreasing volumes of viral medium were applied to cells to reduce the number of virus
particles and reduce the amount of GFAP overexpression
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Chapter 9

Appendices

Appendix 1: RT-PCR Primers
Gene of interest
β-actin

Sequence

Forward: CATGTACGTTGCTATCCAGGC

Source

Sigma Aldrich

Reverse: CTCCTTAATGTCACGCACGAT
Glial fibrillary acidic protein

Forward: CTGGGCTCAAGCAGTCTACC

(GFAP)

Reverse: GAGTCATCGCTCAGGAGGTC

Tenascin (TNC)

Forward: TCAAGGCTGCTACGCCTTAT

Sigma Aldrich

Sigma Aldrich

Reverse: TTCTGGGCTGCCTCTACTGT
Galectin-1 (LGALS1)

Forward: CTCTCGGGTGGAGTCTTCTG

Sigma Aldrich

Reverse: ACGAAGCTCTTAGCGTCAGG
Vimentin (VIM)

Forward: GAGAACTTTGCCGTTGAAGC

Sigma Aldrich

Reverse: TCCAGCAGCTTCCTGTAGGT
Procollagen

Forward: ACAGACTCCCAGTTGGGTTG

Galactosyltransferase (GLT25D1)

Reverse: GCAAGGAGGTAAAGCACAGG

Nuclear Receptor Subfamily 2,

Forward: GGCGTGGAGTGAACTCTTTC

Group E, Member 3 (NR2E3)

Reverse: CTGGCTTGAAGAGGACCAAG

Recoverin (RCVRN)

Forward: AGCTCCTTCCAGACGATGAA

Sigma Aldrich

Invitrogen

Sigma Aldrich

Reverse: CAAACTGGATCAGTCGCAGA
NR2E3 Hari

Forward: AGCATGGAGTCCAACACTGAG

Sigma Aldrich

Reverse: GGTCATTGCTGGTGACATCAA
Recoverin Hari

Forward:

Sigma Aldrich

CTCCTTCCAGACGATGAAAACA
Reverse: GCCAGTGTCCCCTCAATGAA
NFκB1

Forward: GAAGCACGAATGACAGAGGC

Sigma Aldrich

Reverse: GCTTGGCGGATTAGCTCTTTT
NFκB2

Forward: ATGGAGAGTTGCTACAACCCA

Sigma Aldrich

Reverse: CTGTTCCACGATCACCAGGTA
TNF-R1

Forward: TCACCGCTTCAGAAAACCACC

Sigma Aldrich

Reverse: GGTCCAGTGTGCAAGAAGAGA
TNF-R2

Forward: CGGGCCAACATGCAAAAGTC

Sigma Aldrich

Reverse: CAGATGCGGTTCTGTTCCC
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Appendix 2: qPCR Primers
Gene of interest
β-actin

Sequence

Forward: CCAACCGCGAGAAGATGA

Source

Sigma Aldrich

Reverse: CCAGAGGCGTACAGGGATAG
NR2E3

Forward: AGCATGGAGTCCAACACTG

Sigma Aldrich

Reverse: GGTCATTGCTGGTGACATC
TetR

Forward: AAAAATAAGCGGGCTTTGCT

Sigma Aldrich

Reverse: CCCCTTCTAAAGGGCAAAAG
GFAP

Forward: ATCCACGCTGTTTTGACCTC

Sigma Aldrich

Reverse: GTGATGCGTCCTCTCCAT
mCherry

Forward: ATCCACGCTGTTTTGACCTC

Sigma Aldrich

Reverse: ACCTTGAAGCGCATGAACTC
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Appendix 3: Primary Antibodies
Primary Antibody

Source

Host

Use

Dilution
used

Monoclonal Anti-β-actin

Sigma Aldrich

Mouse

Western blot

1:5000

Rabbit

Western blot

1:1000

(Cat no. A2228)
Polyclonal Anti-Glial

DAKO

fibrillary acidic protein

(Cat no. Z033401-2)

Immunocytochemistry

(GFAP)
Polyclonal Anti-NR2E3

Santa Cruz

(B-4)

Biotechnology

Mouse

Western blot

1:100

Rabbit

Immunocytochemistry

1:100

Rabbit

Immunocytochemistry

1:100

Western blot

1:500

Mouse

Immunocytochemistry

1:100

Mouse

Western blot

2µg/ml

Rabbit

Western blot

1:5000

Mouse

Immunocytochemistry

1:200

Western blot

1:1000

Immunocytochemistry

1:100

Western blot

1:500

Western blot

2µg/ml

(Cat no. sc-374513)
Polyclonal Anti-NR2E3

Merck Millipore
(Cat no. AB2299)

Polyclonal Anti-

Santa Cruz

Vimentin

Biotechnology
(Cat no. sc-5565)

Monoclonal Anti-Nestin

Merck Millipore
(Cat no. MAB5326)

Monoclonal Anti-TNF

Novus Biological (Cat.

RI/TNFRSF1A (16805)

No MAB625-SP)

Polyclonal Anti-TNF

Abcam (Cat. No

Receptor II

ab15563)

Monoclonal Anti-NFkB

Novus Biological (Cat.

p105/50 (5D10D11)

No NBP2-22178)

Polyclonal Anti-NFkB

Novus Biological (Cat.

p100/52

No NB100-82063)

Monoclonal IkB-alpha

Novus Biological (Cat.

Antibody (6A920)

No NB100-56507SS)

Rabbit

Mouse
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Appendix 4: Addgene plasmid information
pmCherry-GFAP-N-18

Sequence Number: GFAP-10x

GCCACGATG - mCherry Sequence (708 Nucleotides - 236 Amino Acids AY678264)
ATGTACGGC - mCherry Chromophore (MYG)
ATGGTGGGT - Human GFAP Sequence (1296 Nucleotides - 432 Amino Acids)
LINKER - 18 Amino Acids (54 Nucleotides) between mCherry and GFAP
ATG - Methionine Start Codon
TAG TAA TGA - Stop Codons

Antibiotic = Kan/Neo

GFAP is Human glial fibrillary acidic protein (NM_002055.2)
GTCAGATCCGCTAGCGCCACCATGGAGAGGAGACGCATCACCTCCGCTGCTCGCCGCTCCTACGT
CTCCTCAGGGGAGATGATGGTGGGGGGCCTGGCTCCTGGCCGCCGTCTGGGTCCTGGCACCCGCC
TCTCCCTGGCTCGAATGCCCCCTCCACTCCCAACCCGGGTGGATTTCTCCCTGGCTGGGGCACTCA
ATGCTGGCTTCAAGGAGACCCGGGCCAGTGAGCGGGCAGAGATGATGGAGCTCAATGACCGCTTT
GCCAGCTACATCGAGAAGGTTCGCTTCCTGGAACAGCAAAACAAGGCGCTGGCTGCTGAGCTGAA
CCAGCTGCGGGCCAAGGAGCCCACCAAGCTGGCAGACGTCTACCAGGCTGAGCTGCGAGAGCTG
CGGCTGCGGCTCGATCAACTCACCGCCAACAGCGCCCGGCTGGAGGTTGAGAGGGACAATCTGGC
ACAGGACCTGGCCACTGTGAGGCAGAAGCTCCAGGATGAAACCAACCTGAGGCTGGAAGCCGAG
AACAACCTGGCTGCCTATAGACAGGAAGCAGATGAAGCCACCCTGGCCCGTCTGGATCTGGAGAG
GAAGATTGAGTCGCTGGAGGAGGAGATCCGGTTCTTGAGGAAGATCCACGAGGAGGAGGTTCGGG
AACTCCAGGAGCAGCTGGCCCGACAGCAGGTCCATGTGGAGCTTGACGTGGCCAAGCCAGACCTC
ACCGCAGCCCTGAAAGAGATCCGCACGCAGTATGAGGCAATGGCGTCCAGCAACATGCATGAAGC
CGAAGAGTGGTACCGCTCCAAGTTTGCAGACCTGACAGACGCTGCTGCCCGCAACGCGGAGCTGC
TCCGCCAGGCCAAGCACGAAGCCAACGACTACCGGCGCCAGTTGCAGTCCTTGACCTGCGACCTG
GAGTCTCTGCGCGGCACGAACGAGTCCCTGGAGAGGCAGATGCGCGAGCAGGAGGAGCGGCACG
TGCGGGAGGCGGCCAGTTATCAGGAGGCGCTGGCGCGGCTGGAGGAAGAGGGGCAGAGCCTCAA
GGACGAGATGGCCCGCCACTTGCAGGAGTACCAGGACCTGCTCAATGTCAAGCTGGCCCTGGACA
TCGAGATCGCCACCTACAGGAAGCTGCTAGAGGGCGAGGAGAACCGGATCACCATTCCCGTGCAG
ACCTTCTCCAACCTGCAGATTCGAGAAACCAGCCTGGACACCAAGTCTGTGTCAGAAGGCCACCTC
AAGAGGAACATCGTGGTGAAGACCGTGGAGATGCGGGATGGAGAGGTCATTAAGGAGTCCAAGCA
GGAGCACAAGGATGTGATGAGCAGCGGTGGAGCAAGCGCAGCCAGTGGTAGCGCGGATCCACCG
GTCGCCACCATGGTGAGCAAGGGCGAGGAGGATAACATGGCCATCATCAAGGAGTTCATGCGCTT
CAAGGTGCACATGGAGGGCTCCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGC
CGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCCCTTCGC
CTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACAT
CCCCGACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGA
CGGCGGCGTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGA
AGCTGCGCGGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAG
GCCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAGGGCGAGATCAAGCAGAGGCTGA
AGCTGAAGGACGGCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCCCGT
GCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGACATCACCTCCCACAACGAGGACTACA
CCATCGTGGAACAGTACGAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCTGTA
CAAGTAAAGCGGCCGCGACTCTAGATCATAATCAGCCATACCACAT
mCherry-GFAP-N-18 in HeLa Cells
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Appendix 5: Sequencing primers for constructed vectors
5.1 Source BioScience sequencing

Name of plasmid

Name/ Sequence of primers

Source

pCLNC_mCherry_GFAP_TO

NeoR_Forward: CGACCAAGCGAAACATC

Sigma Aldrich

TO_seq_Forward: GCTGCTTCGCGATGTACG
PCLNCx_seq_Reverse:
CTTTTATTGAGCTCGGGGAG
GFAP_mCherry_Forward1:
TCCGCTAGCGCCACCATG
GFAP_mCherry_Forward2:
GAGATCCGGTTCTTGAGGAA
GFAP_mCherry_Forward3:
ACCAAGTCTGTGTCAGAAGGC
pCLNC_mCherry_TO

NeoR_Forward: CGACCAAGCGAAACATC

Sigma Aldrich

TO_seq_Forward: GCTGCTTCGCGATGTACG
PCLNCx_seq_Reverse:
CTTTTATTGAGCTCGGGGAG
pcDNA4/TR

CMV_seq_Forward:

Sigma Aldrich

TCACTTTTTTTTCAAGGCAATCA
SV40_seq_Reverse:
CCAGACATGATAAGATACATTGA

5.2 Sanger sequencing
Name of plasmid

Sequence of primers

Source

mCherry-GFAP-N-18

Forward: GCTGGTTTAGTGAACCGTCAGA

Sigma Aldrich

Reverse: ATGTTGACGTTGTAGGCGCCGG
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Appendix 6: Cloning primers
Sequence to be

Sequence of primers

Source

Forward: CCGCGACTATCGATCATAATCAGCC

Sigma Aldrich

amplified
mCherry-GFAP

Reverse: GGCTGATTATGATCGATAGTCGCGG
mCherry

Forward: GCGGTGGAGCAAGCTTAGCCAGTGG

Sigma Aldrich

Reverse: ATGGCTGATATCGATCTAGAGTCGC
TetR

Forward:

Sigma Aldrich

CGGATCGATCCTGAAGCTTCAGGGTGAG
Reverse:
CGAGCGGCCGCCAGTGTGATCGATTCGAC
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Appendix 7: pCLNCX retrovirus expression vector
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