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ABSTRACT

Stroke and other brain injuries trigger an extensive glial cell response referred to as
reactive gliosis. Reactive gliosis is characterized by hypertrophic and proliferating
astrocytes, proliferating microglia and NG2-positive cells, which eventually form a
bordering glial scar around the damaged area. Although reactive gliosis may protect
the injured brain initially, the resulting glial scar inhibits neuronal regeneration. This
thesis focuses on the role of intercellular communication and endogenous oxidative
defence systems on reactive gliosis after injury.

Neural cells frequently utilize gap junction channels to transport molecules
between cells. We hypothesised that blocking gap junction communication would
limit reactive gliosis. Two different gap junction channel blockers, octanol and
carbenoxolone, were given to rats 30 min before a minor traumatic brain injury. Two
days after injury, octanol decreased the extent of reactive astrocytes and NG2-
positive cells, and reduced the number of reactive microglia around the wound.
Carbonoxolone did not affect reactive astrocytes, but both octanol and carbenoxolone
significantly  decreased cell proliferation. Thus, blocking gap junction
communication may attenuate the progression of reactive gliosis.

Astrocytes play an essential role in antioxidant defence, much of which is
regulated by the transcription factor nuclear factor (erythroid-derived 2)-like 2
(Nrf2). Nrf2 is activated by xenobiotics like sulforaphane which provides long-term
protection against radical damage, even though sulforaphane is cleared from the body
within a few hours. We hypothesized that this brief sulforaphane stimulation would
be sufficient to induce prolonged Nrf2-induced gene expression. In primary rat
astrocyte cultures, brief exposure to sulforaphane increased Nrf2-dependent gene
expression; mRNA and protein levels were elevated for up to 24 h and 48 h
respectively. Moreover Nrf2-dependent mRNA and proteins accumulated after
repeated exposure and sulforaphane-stimulated astrocytes were more resistant to
oxidative damage. Thus, stimulation of the Nrf2 pathway with sulforaphane results in
prolonged elevation of endogenous antioxidants.

We further hypothesised that sulforaphane-induced Nrf2 stimulation would
modify stroke outcome when given after permanent focal ischaemia. Sulforaphane (a
single dose or repeated dose starting 15 min after injury) did not significantly affect
motor-function, infarct volume, proliferation, or glial cell activation 1 and 3 days
after photothrombosis in mice. Thus, sulforaphane does not provide neuroprotection
in the photothrombotic stroke model in mice when given 15 min after stroke onset.

In summary, this thesis describes the kinetics of Nrf2-mediated gene
expression in cultured astrocytes, and the role of intercellular communication and
Nrf2 activation on aspects of reactive gliosis after brain injury.

Keywords: astrocyte, gap junction, Hmox1, microglia, Nrf2, Nqol, oxidative stress,
reactive gliosis
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POPULARVETENSKAPLIG SAMMANFATTNING

Konsekvenserna av stroke eller traumatisk hjarnskada ar ofta betydande. For
den enskilde leder dessa tillstand ofta till genomgripande férandringar i livet
vilket ofta involverar permanenta fysiska och kognitiva funktions-
nedséattningar. | hjarnan finner man att mycket av den skadade nervvavnaden
och de neurologiska besvar som foljer pa en skada inte direkt ar orsakade av
infarkten eller skadan i sig, utan av de omfattande foérdrojda biokemiska
reaktioner som senare uppstar i vavnaden. Dessa reaktioner ar en konsekvens
av den omfattande cellulédra respons som foljer efter skadan, inkluderande
inflammation, vavnadssvullnad, syrebrist och Overproduktion av fria
radikaler. Idag finns det enbart begréansade mojligheter att i akutskedet
behandla dessa patienter och intresset ar stort inom forskningen for att finna
nya behandlingsmetoder som kan minimera konsekvenserna av dessa
tillstand.

Det centrala nervsystemet ar uppbyggt av nervceller, gliaceller och ett
mycket val utvecklat karltrad. Till familjen gliaceller hor astrocyter,
mikroglia och NG2-celler. Stroke och andra skador som drabbar hjérnan,
resulterar i en omfattande aktivering av gliacellerna, en process som kallas
reaktiv glios. Den reaktiva gliosen karaktariseras av att gliacellerna andrar
utseende och sina funktionella egenskaper. En nybildning av gliaceller sker
ocksa. Reaktiv glios leder ofta i slutdndan till att arrvavnad bildas runt det
skadade omradet. | det inledande skedet efter skada ar den reaktiva gliosen
sannolikt mest fordelaktig da cellerna forsoker kompensera for storningar i
hjarnans mikromiljo. | senare skeden utgor dock den slutliga arrvavnaden ett
hinder for reparation och atervaxt av nya nervceller.

Kunskapen om nervcellernas funktion i hjarnan ar betydligt mer
omfattande i relation till vad man vet om gliacellernas roller och funktioner.
Saledes foreligger ett mycket stort behov av att erhalla mer kunskap om
gliacellernas betydelse i det normala nervsystemet saval som i det av skada
eller sjukdom drabbade nervsystemet. Denna avhandling fokuserar pa hur
den intercelluldra kommunikationen och delar av det inre celluldra skyddet
mot fria radikaler i hjarnan involverar aktivering av gliaceller, och senare det
skydd mot de generella cellskador som uppstar efter inverkan av fria
radikaler, sa kallad oxidativ stress.

Gliaceller, och da framst astrocyterna, anvander vanligen sa kallade
gap junction kanaler for att transportera sma molekyler mellan sig. For de
inledande studierna i avhandlingen var var hypotes att blockad av gap
junction kommunikationen efter en mindre traumatisk hjarnskada i ratta
skulle kunna leda till en minskad reaktiv glios, och darmed pa sa satt
underldtta reparations- processen i ett senare skede. For att studera detta,
anvande vi tva olika gap junction-blockerare, octanol och carbenoxolone. Vi
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fann att behandlingen med octanol paverkade den reaktiva gliosen genom att
minska reaktiviteten av astrocyter, mikroglia och NG2 celler runt det skadade
omradet. Dessutom minskade bade carbenoxolone och octanol signifikant
antalet nybildande celler. Detta tyder pd kommunikationen genom gap
junction kanalerna kan ha betydelse for aktivering av gliaceller efter en
hjérnskada samt att en blockering av dessa kanaler kan reducera utvecklingen
av den reaktiva gliosen.

Vid en hjarnskada, till exempel en stroke, bildas snabbt reaktiva fria
syreradikaler. Dessa reaktiva molekyler leder till oxidativ stress och bidrar
starkt till cellskada och senare cellddd. Astrocyterna spelar en stor roll i
forsvaret mot fria radikaler i hjdrnan genom att de producerar och frisatter
potenta antioxidanter. Produktionen av dessa substanser regleras till stor del
av transkriptionsfaktorer, och en sarskilt viktigt sadan faktor ar Nrf2. Nrf2
kan aktiveras av xenobiotika, kroppsfrimmande dmnen. Sulforafan &r ett
sadant amne och det finns bl.a. i htga koncentrationer i olika kalsorter sasom
broccoli och brysselkal. Sulforafan kan ge langtidsskydd mot de negativa
effekterna av fria radikaler trots att sulforafan elimineras fran kroppen inom
nagra timmar. Var hypotes for avhandlingens andra arbete var att det
langvariga skyddet mot fria radikaler som observerats efter stimulering med
sulforafan kan forklaras med att viktiga antioxidanter anrikas efter en kort
stimulering av Nrf2-sytemet och att nedbrytning av de antioxidanter som
bildas sker langsamt. For att understka detta anvande vi astrocyter som
odlats i cellkulturer, vilka utsattes for kortvarig exponering for sulforafan.
Forsoken visade en Okning av antioxidanter i astrocyterna som bade var
langvarig och gradvis kunde byggas upp av upprepade sulforafan
exponeringar. Dessutom visade sig de astrocyter som exponerats for
sulforafan vara mer motstandskraftiga mot skador inducerade av fria
radikaler. Kortvarig sulforafan aktivering av astrocyternas Nrf2-system i den
anvanda modellen kan saledes resultera i en produktionsckning av cellernas
egna antioxidanter 6ver tiden och ett forstarkt skydd mot exponering av fria
radikaler.

For att vidare undersoka de skyddande effekterna av Nrf2 aktivering,
undersokte vi om sulforafan kunde reducera hjérnskadan och reaktiv glios
efter experimentell stroke. Till dessa forsok anvande vi mdss som efter en
stroke behandlades med sulforafan i enstaka dos eller upprepade ganger.
Efter skadan utfordes analyser avseende motorisk funktion, infarkt volym och
utveckling av reaktiv glios. Resultaten fran denna studie visade att under
dessa experimentella omstandigheter hade sulforafan ingen inverkan pa
nagon av de parametrar som undersoktes.

Sammanfattningsvis har de arbeten som redovisats i denna avhandling
bidragit till 6kad kunskap om Nrf2-systemets funktioner i astrocyter in vitro
samt efter experimentell stroke in vivo. Studierna har ocksa belyst betydelsen
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av intercelluldar kommunikation mellan gliaceller i hjarnan for utveckling och
kontroll av reaktiv glios efter hjarnskada.
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INTRODUCTION

Stroke and traumatic brain injury

Stroke or traumatic brain injury (TBI) often leads to devastating life-changes
for the patients, including physical, behavioural and cognitive disabilities.
Today, there is very little that can be done to treat these patients in the early
stages. Researchers in the neuroscience field are constantly searching for
neuroprotective agents to treat patients with stroke and trauma.

Stroke constitutes the third highest cause of death and the major cause of
adult disability in the western world. In Sweden, more than 30 000 cases are
diagnosed each year. Stroke is most often due to reduced or blocked blood
flow of a major blood vessel in the brain. If the occlusion is not rapidly
reversed, the area will become ischaemic. That is oxygen and nutrients
become deficient in the brain tissue due to a shortage of blood supply. If
ischaemia is prolonged, it can lead to accumulation of metabolic-waste
products, generation of free radicals and extensive cell loss (infarction). In
the ischaemic core, cell death occurs within minutes and is considered to be
beyond rescue. The infarct evolves over time and expands to include the
areas surrounding the ischaemic core, the ischaemic penumbra. The
penumbra is more moderately ischaemic due to collateral blood flow
resulting in more delayed cell death in these regions.

TBI is a major cause of death and disabilities, especially among young adults
and children, in both industrialized and developing countries. TBI is caused
by an external force that, in different degrees, damages the scull, blood
vessels and brain tissue (Gentleman et al., 1995; Povlishock and Christman,
1995). Most of the patients deteriorate over time due to the complex cascade
of molecular and cellular events that occur minutes to days after the initial
injury, resulting in an expansion of the tissue damage (reviewed in
(Kochanek et al., 2000). This secondary damage often includes oedema,
ischaemia, inflammation and overproduction of free radicals (Park et al.,
2008). The expansion of the injury is also the major cause of death occurring
in hospitals following a TBI (Ghajar, 2000).

In stroke and TBI the heterogeneity and complexity of the injuries and the
plethora of molecular events affected, complicate the attempts to identify
agents that potentially can protect or repair the brain tissue after such
conditions. This partly explains why the current treatments are limited after a
severe injury to the central nervous system (CNS). However, with time, most

15



Reactive gliosis

patients do partially recover after stroke or traumatic brain injuries and the
CNS is more prone to plastic changes than previously thought (Albright et
al., 2000). New neurons are born throughout life (Kuhn et al., 1996; Eriksson
et al., 1998). Despite this, the re-growth and repair of damage tissue in the
CNS is not as extensive as after an injury in the peripheral nervous system.
The limited regeneration is mainly due to inhibitory factors from surrounding
non-neuronal cells and the extracellular environment. Further knowledge of
the molecular and cellular mechanisms behind the cellular response and how
to manipulate it, may lead to possible treatment approaches that could be of
great clinical relevance.

The CNS consists of neurons and glial cells. The traditional view has been
that neurons are the main unit for transmitting and processing information
while the glial cells, have been considered as passive supportive cells.
However, more recent studies suggest a gradually more complex and active
role for glial cells in brain function, and particularly for astrocytes (Allen and
Barres, 2009). Although it is now known that glial cells contribute at
different levels to the evolving tissue damage and in subsequent attempts to
repair the damaged or injured areas (Fitch and Silver, 2008), there is still
much to learn about their role after an injury to the brain. The studies in this
thesis focused on the role of intercellular communication and the Nrf2-
induced endogenous antioxidant system on reactive gliosis and cellular
protection in two different in vivo models of stroke and TBI and in an in vitro
model of free radical-induced cellular stress.
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Glial cells

Glial cells comprise most of the cells in the brain and outnumber the neurons
about 10-50 times. Glial cells include astrocytes, microglia, oligodendro-
cytes, and NG2 expressing cells. The different glial cells have specific unique
functions of their own that involve supporting neurotransmission,
maintaining ion homeostasis in the extracellular space and myelinating the
axons (Fig. 1).

Figure 1. lllustration of glial-neuronal interaction. Oligodendrocytes wrap the myelin
around the neuronal axon to isolate and speed up the neurotransmission. Astrocyte
processes make contact with the neuronal synapses and the blood vessel. Activated
microglia survey the environment for damage or intruders. Adapted from Allen and
Barres 2009 (Allen and Barres, 2009)
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Astrocytes

Astrocytes are the most abundant cell type in the brain. They constitute a
heterogeneous cell population with varying complexity and diversity within
different brain regions as well as among species. The size and complexity of
astrocytes increase in proportion to intelligence (Nedergaard et al., 2003;
Oberheim et al., 2009). Astrocytes are classically divided into two main
categories based on their location and morphology. Protoplasmic astrocytes
are mainly found in the grey matter and exhibit branched processes while
fibrous astrocytes have long and fiber-like processes and are mainly found in
the white matter (Privat et al., 1995; Sofroniew and Vinters, 2010). However,
it has been demonstrated that types of protoplasmic, and most likely also
fibrous astrocytes, differ between regions and even within a region, although
the specific functional differences are still not known (Allen and Barres,
2009).

The most common way to identify astrocytes in the brain is through
expression of their main intermediate filament, glial fibrillary acidic protein
(GFAP). When astrocytes were first visualised they appeared as stars and it
was this feature that, gave rise to their name, “astro” which means star in
Latin. However, after microinjecting dye into a single cell, it was revealed
that astrocytes are actually more bush-like with many fine processes
(Bushong et al., 2002; Wilhelmsson et al., 2004). The processes with non-
overlapping domains and their strategic location close to other glial cells,
neurons and blood vessels, enable them to influence and respond to changes
in the environment and to be a part of a broad range of actions in the CNS
(Araque et al., 2001; Fields and Stevens-Graham, 2002; Volterra and
Meldolesi, 2005).

Astrocytes were previously considered solely as structural and chemical
padding for the neurons. Nowadays, astrocytes are acknowledged as active
participants contributing to various essential functions both in the developing
and mature brain (Araque et al., 2001; Haydon, 2001; Kirchhoff et al., 2001).
During development, astrocytes participate in the formation of synapses
(Christopherson et al., 2005; Barres, 2008) and in the guidance of migrating
axons (Powell and Geller, 1999). In the mature brain, astrocytes play
essential roles for normal CNS functions, including providing energy
metabolites to the neurons, participating in synaptic function, regulating
blood flow, maintaining neurotransmitter and ion homeostasis in the
extracellular space and being key players in the cellular defence against
oxidative stress (Wilson, 1997; Dringen, 2000; Dringen et al., 2000;

18



Heléne Andersson

Nedergaard et al., 2003; Ransom et al., 2003; Barres, 2008; Sofroniew and
Vinters, 2010).

Characteristic for astrocytes is their extensive coupling to each other via so
called gap junction channels which enables them to form large glial
networks. As a consequence, astrocytes can function more as a group rather
than as single cells (Giaume and McCarthy, 1996). These astrocytic networks
play important roles in the normal brain. They can provide long-range
signalling in the brain and enable the transport of molecules along a
concentration gradient, a phenomenon referred to as spatial buffering
(Dermietzel and Spray, 1993; Houades et al., 2006). These astrocytic
networks also facilitate maintenance of homeostasis in the brain including
regulation of the extracellular pH, and uptake and distribution of glutamate
and potassium (Anderson and Swanson, 2000; Anderson et al., 2003; Ransom
et al., 2003).

Unlike neurons, astrocytes do not respond to stimuli by firing action
potentials (Nedergaard et al., 2003; Seifert et al., 2006). Instead, astrocytes
can for example, communicate via calcium waves that can be propagated
from one astrocyte to another, triggered by diffusion of molecules via
intercellular gap junctions channels (Charles, 1998; Giaume and Venance,
1998; Blomstrand et al., 1999b). The regulation of intercellular calcium
concentration is important for the communication with other astrocytes as
well as with neurons (Nedergaard et al., 2003; Volterra and Meldolesi, 2005;
Sofroniew and Vinters, 2010).

The astrocytic networks are also important for energy supply. The position of
the astrocytes, as a bridge between neurons and the blood stream, enables
them to have a bi-directional interaction with the blood (Gordon et al., 2007).
Astrocytes are therefore highly involved in neuronal metabolism (Zonta et
al., 2003). Astrocytes take up glucose and its metabolites from the blood with
specific glucose transporters, and via gap junctions it is distributed to
neighbouring astrocytes and neurons (Giaume et al., 1997; Tabernero et al.,
2006). Moreover, the close interaction with blood vessels make astrocytes
important participants in the formation and regulation of the blood brain
barrier (review in (Abbott, 2005) and the regulation of the blood flow (Parri
and Crunelli, 2003; Gordon et al., 2007; ladecola and Nedergaard, 2007;
Attwell et al., 2010).

Through their presence around the synapses, astrocytes are able to regulate

water, ion and neurotransmitter homeostasis (Ventura and Harris, 1999).
Astrocytes express a number of aquaporin water channels to regulate the fluid
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homeostasis (Zador et al., 2009). Through their potassium channels they clear
the extracellular space from excess potassium during neuronal activity to
prevent depolarization (Giaume et al., 2007). Astrocytes normalize the
extracellular space and protect neurons against glutamate toxicity after
synaptic transmission by taking up excess glutamate, metabolising it and
distributing it via the gap junction channels. They subsequently shunt
metabolites back to the neurons as glutamine (Anderson and Swanson, 2000;
Hansson et al., 2000; Broer and Brookes, 2001; Chaudhry et al., 2002).
Astrocytes also actively participate in synaptic function by interacting with
synaptic activity and by releasing transmitters in response to neuronal activity
(Nedergaard et al., 2003; Andersson et al., 2007; Andersson and Hanse,
2010). The synapse thus consist of three units, the neuronal pre- and post-
synaptic elements and now, recently added, also the astrocyte, that have
given the rise to the” tripartite synapse” theory (Halassa et al., 2007; Perea et
al., 2009; Perea and Arague, 2010).

Microglia

Microglia are characterized for their function as the brain guardians and key
players in the immune defence (Streit, 2002; Hanisch and Kettenmann,
2007). Microglias covers about 5-20% of the glial population in the mature
brain and are most abundant in the grey matter (Lawson et al., 1990). During
physiological conditions, microglia are recognised as highly branched cells
with small processes and are distributed in non-overlapping domains
throughout the brain (Kreutzberg, 1995). They possess ion channels and
neurotransmitter receptors which enable them to sense changes in the CNS
homeostasis (reviewed in (Farber and Kettenmann, 2005).

It is still not clear how microglia communicate. In contrast to astrocytes,
functional gap junctions have only been demonstrated in activated microglia
during pathological conditions (Eugenin et al., 2001). As microglial cells
survey their own territory and maintain a distance from each other, auto- and
paracrine mechanisms are suggested to be important for their communication
(Graeber, 2010). By their constantly moving processes they survey the
surroundings for damage or pathogens (Davalos et al., 2005; Nimmerjahn et
al., 2005). They are extremely sensitive to micro-environmental alterations
such as tissue damage or infections in the brain (Raivich, 2005). Microglia
become activated within minutes in response to such micro-environmental
alterations and can stay activated for a long time (Morioka et al., 1991). They
transform into the macrophages of the brain and achieve phagyocytic and
immunological functions. In response to injury, microglia also start to
proliferate and migrate towards the site of injury (Graeber, 2010).
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Oligodendrocytes

Oligodendrocyte is the Greek name for “the cell with few branches”. They
are derived from oligodendrocyte precursor cells, also named NG2
expressing cells from their expression of the proteoglycan NG2.
Oligodendrocytes are specialized cells that wrap tightly around axons with
the own cell membrane, with the main assignment to provide neurons with
myelin to speed up the electrical signal (action potential). Oligodendrocytes
are able to myelinate several neuronal axons simultaneously (Nave, 2010).
This also explains why oligodendrocytes are most abundant in the white
matter.

NG2-expressing cells

NG2-expressing cells are named and identified for their expression of the
chondroitin sulfate proteoglycan NG2. NG2-expressing cells are relatively
newly accepted members of the glial family and have recently been classified
as the fourth type of glia cell (Peters, 2004; Trotter et al., 2010). They
represent about 5-15% of the non-neuronal cells in the adult brain, are
distributed in both white and grey matter (Staugaitis and Trapp, 2009; Trotter
et al., 2010) and are morphologically highly branched. More recently, NG2-
expressing cells have also been called polydendrocytes because of their
satellite morphology (Nishiyama et al., 2009). The expression of NG2 is
primarily linked to oligodendrocyte progenitor cells and the expression
decreases during cell maturation (Levine, 1994; Nishiyama et al., 1996;
Rhodes et al., 2006). However, recent studies reveal that NG2 cells also can
give rise to neurons and astrocytes (Alonso, 2005; Tatsumi et al., 2005; Zhu
et al., 2008). The function of the NG2 cells in the adult brain are still not well
understood (Trotter et al., 2010). However, they possess neurotransmitter
receptors and ion channels which enable them to interact with surrounding
cells (Wigley and Butt, 2009; Bergles et al., 2010). In addition, NG2 cells are
the only glial cells that have been observed to form synaptic contacts with
neuronal axons (Bergles et al., 2010).

Glial cell response to injury — reactive gliosis

CNS injury leads to cell death, cellular swelling, excitotoxicity (caused by
increased glutamate release and impaired uptake systems) and the release of
free radicals and nitric oxide. This triggers an extensive glial cell response
and activation (Bonfoco et al., 1995; Back and Schuler, 2004). The glial
response, collectively referred to as reactive gliosis, involves mainly
activated microglia, NG2-cells and astrocytes (Giulian, 1993; Alonso, 2005;
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Sofroniew, 2005; Fitch and Silver, 2008). Reactive gliosis is characterized by
hypertrophic and proliferating astrocytes, and proliferating microglia and
NG2-positive cells (Ridet et al., 1997; Fitch and Silver, 2008). Eventually
this process results in a meshwork of tightly interwoven cell processes, that
together with accumulation of activated microglia and various secreted
molecules, form a bordering scar around the lesion, the glial scar. Reactive
gliosis is observed following stroke and TBI, after many viral infections,
tumours and neurodegenerative diseases, and in the aging brain. After injury,
the degree of reactive gliosis often reflects the severity of the tissue damage.

Damage to the brain leads to cell death and alteration of the micro-
environment. Cells at the site of injury secrete factors that commence and
regulate the activation of glial cells, including growth factors, cytokines,
neurotransmitters (glutamate, noradrenalin), nucleotides (ATP) and reactive
oxygen species (Davalos et al., 2005; Fitch and Silver, 2008; Sofroniew and
Vinters, 2010). Many of these factors can also be directly produced and
released by astrocytes and infiltrating blood cells such as macrophages. These
triggering factors, especially the inflammatory-mediated factors, initiate the
activation of microglia, macrophages, NG2 positive cells and astrocytes
(Fitch et al., 1999; Rhodes et al., 2006; Fitch and Silver, 2008).

Activated microglia

Microglia are very sensitive to extracellular changes and can be detected as
early as 24 h after injury with a maximum around 3 days after (Gehrmann et
al., 1991; Kreutzberg, 1996). The first line of cellular defence against
pathogens and cellular damage is mainly orchestrated by the microglia, that
respond by becoming activated (Block et al., 2007; Hu et al., 2008). Upon
activation, microglia transform from highly ramified resting cells to a more
round compact form with retracted processes (Raivich, 2005). They start to
proliferate and migrate to the site of injury (Streit et al., 1999). They also
produce and release pro-inflammatory cytokines and chemokines and
upregulate the expression of cell surface molecules and membrane proteins
such as receptors and channels (Gebicke-Haerter et al., 1996; Streit et al.,
1999). In their active state, microglia have the ability to phagocyte debris and
dying cells (Davalos et al., 2005; Walter and Neumann, 2009) However, their
response also includes the release of potentially harmful oxygen free radicals
(peroxy-nitrite and superoxide) (Dringen, 2005). Microglia and infiltrating
macrophages can be observed within 24 h after injury (Gehrmann et al.,
1991) and precede the astrocytic response which commonly begins a day
later (Norton, 1999). They are also probably a major triggering factor behind
glial cell activation, including the initiation and development of activated
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astrocytes and the glial scar formation (Fitch and Silver, 1997; Fitch et al.,
1999; Rohl et al., 2007; Zhang et al., 2010).

NG2 cell response

NG2 cells respond quickly after injury by upregulating the expression of the
chondroitin sulfate proteoglycan NG2. They migrate to the site of injury and
constitute most of the proliferating cells that can be observed during the first
week after injury (Levine et al., 2001; Hampton et al., 2004). NG2 cells are
observed in several pathological conditions exhibiting a changed morphology
of shorter, thicker and fewer processes (Staugaitis and Trapp, 2009). Reactive
macrophages can also express NG2 following injury (Jones et al., 2002). For
example, NG2 immunoreactivity increases in response to stab wound in the
brain (Hampton et al., 2004) ischaemic injury (Tanaka et al., 2001), and viral
infection of motor neurons (Levine et al., 1998). In addition, the chondroitin
sulfate side chain of NG2 is known to inhibit regeneration and constitute a
component of the glial scar (Chen et al., 2002a; Tan et al., 2005).

Reactive Astrocytes

Reactive astrocytes are commonly observed in basically all pathologies in the
CNS (reviewed in detail by Sofroniew (Sofroniew, 2009)). Activation of
astrocytes includes genetic, molecular, cellular and functional alterations
(Ridet et al., 1997; Eng et al., 2000). Reactive astrocytes are characterized by
cellular hypertrophy, an increase in number and upregulation of intermediate
filament components, in particular GFAP and vimentin, (Pekny and Nilsson,
2005; Sofroniew and Vinters, 2010). Antibodies against GFAP, which is
contained within intermediate filaments, are commonly used to
immunohistochemically identify reactive astrocytes. Although the exact
function of this upregulation is unclear and probably includes multiple
mechanisms, the expression of GFAP is a hallmark of the activation process
of reactive astrocytes and for glial scar formation (Pekny et al., 1995; Pekny
and Pekna, 2004; Li et al., 2007). During normal conditions, GFAP is not
expressed in all astrocytes at levels detectable by immunohistochemistry and
the expression may also vary anatomically (Sofroniew, 2009). However, in
the injured brain the upregulation of GFAP is a reliable marker of reactive
astrocytes. In their reactive state, astrocytes produce and release various
growth factors and inflammatory agents. As important players in the defence
against free radicals in the brain, reactive astrocytes also upregulate their
production and release of antioxidants (Ridet et al., 1997; Wilson, 1997;
Araque et al., 2001; Little and O'Callagha, 2001).
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The mechanisms leading to astrocyte activation are far from clear. Reactive
astrocytosis is not uniform and the progression varies depending on the
severity of the pathological insult. Astrocytes respond to mild pathological
insults such as virus infection or non-penetrating trauma by only some or no
proliferation (Sofroniew and Vinters, 2010). In these cases, astrocytes often
return to their normal appearance when the insult heals (Sofroniew, 2009).
However, when astrocytes are triggered by more severe insults such as
ischaemia, penetrating trauma or autoimmune inflammation, the
proliferation and GFAP expression is more pronounced, and the hypertrophic
processes overlap with neighbouring reactive astrocytes (Sofroniew and
Vinters, 2010). The astrocytic response in severe injuries can proceed for
days up to weeks, and frequently ends with the glial scar formation (Pekny et
al., 1999; McGraw et al., 2001). The glial scar is composed of tightly
interwoven cell processes of activated glial cells, primarily reactive
astrocytes, bordering the lesion. Together with a host of extra cellular matrix
protein, such as the chondroitin sulfate proteoglycan NG2 as an important
element, the permanent glial scar is formed (Silver and Miller, 2004; Fitch
and Silver, 2008; Zhu et al., 2008).

The paradoxical role of reactive gliosis

In the injured brain, reactive gliosis and scar formation might have a complex
dual role for the recovery process (Fawcett and Asher, 1999; Buffo et al.,
2009; Sofroniew, 2009). Reactive gliosis is beneficial in the initial state after
injury, and the process is most likely an attempt to protect and promote
recovery after injury by re-establishing the environment both physically and
chemically (Ridet et al., 1997; Buffo et al., 2009). However, in the brain,
neuronal regeneration following injury is very limited and only few axons
successful re-grow into the injured area. The failure is most likely due to the
inhibiting environment that has been formed, where different components of
reactive gliosis play a important role (Cafferty et al., 2007). Most likely,
astrocytes, microglia, NG2 cells as well as infiltrating blood cells, all
contribute to the non-permissive milieu that hinders regeneration after injury.

NG2-expressing cells respond to several types of injury by proliferating and
migrating to the site of damage (Levine, 1994; Chen et al., 2002b). Their
ability to give rise to not only oligodendrocytes but also neurons (Belachew
et al., 2003) and astrocytes (Leoni et al., 2009) may be a possible way to
replace damaged cells. However, accumulation of NG2 cells at the injury site
contribute to the detrimental effect of the glial scar by producing inhibiting
chondroitin sulfate proteoglycans, in particular NG2 (Chen et al., 2002b; Tan
et al., 2005). It is also evident that infiltrating macrophages and other serum
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molecules from the breakdown of the BBB are associated with the production
of chondroitin sulfate proteoglycans at the injury site (Fitch and Silver, 1997;
Fitch et al., 1999; Jones et al., 2002).

Activated microglia are involved in neuroprotection and neurogenesis by
releasing neurotropic and anti-inflammatory molecules (Hanisch and
Kettenmann, 2007). They detoxify and phagocyte toxic products and
invading pathogens thereby removing dead cells and debris to promote
neuroregeneration (Streit et al., 1999; Aldskogius, 2001). However, over-
activated microglia can have a toxic effect by releasing cytotoxic substances
and oxidative stress-related factors such as nitric oxide, hydrogen peroxide
and superoxide, and pro-inflammatory agents such as interleukin-1 and
tumour necrosis factor-a, (Block and Hong, 2005). The inflammatory
responses play a major role in the initiation of the cascade of secondary tissue
damage and formation of the glial scar (Fitch et al., 1999; Tian et al., 2007).
The underlying mechanisms and the conditions that lead to activation or
over-activation of the microglia are still not fully understood.

It is well known that reactive astrocytes can provide neuroprotection in
various models of CNS injury, such as in spinal cord injury, and under
conditions of oxidative stress such as ischaemia. Their protective effects are
mediated via their ability to spatially buffer various potentially harmful
molecules, remove excess neurotransmitters (Rothstein et al., 1996; Swanson
et al., 2004), produce glutathione (Shih et al., 2003; Swanson et al., 2004;
Vargas et al., 2008), participate in blood brain barrier repair and reduce
oedema after injury (Bush et al., 1999; Faulkner et al., 2004). It has also been
shown that mature astrocytes proliferate and acquire stem cell properties after
injury suggesting they may have capacity to promote regeneration (Doetsch
et al., 1999; Seri et al., 2004; Buffo et al., 2008). In addition, the resulting
scar is a barrier that seals off the damaged area and prevents spreading of
detrimental molecules to the still viable tissue.

Pathological conditions can result in altered or even reversed normal
astrocytic functions (Rao et al., 1998; Takano et al., 2005). In addition,
astrocytic swelling exacerbates the ischaemic damage by reducing the
vascular perfusion (Sykova, 2001). A reduced extracellular space also alters
the ion concentrations that in turn can affect the neuronal excitability. In
humans, this is most likely one reason for the delayed cell death observed
after stroke (Ayata and Ropper, 2002). In addition, produced and released
inflammatory mediators from reactive astrocytes (Brambilla et al., 2005;
Farina et al., 2007; Brambilla et al., 2009) and reactive oxygen species

25



Reactive gliosis

(Swanson et al.,, 2004) can be involved in creating the detrimental
environment.

Modulation of reactive gliosis

Much research is aimed at elucidating the different underlying mechanisms
for the progression of reactive gliosis in order to manipulate it and create a
more favourable environment for regeneration.

One approach has been to completely or partially ablate reactive and dividing
astrocytes. Studies where reactive astrocytes have been ablated have shown
that reactive astrocytes are essential for the regulation of inflammation after
injury. In these studies, the lack of reactive astrocytes in the injured brain
resulted in increased neuro-degeneration and inflammation and repair failure
of the BBB (Bush et al., 1999; Faulkner et al., 2004). This indicates a
protective role for reactive astrocytes and the scar formation.

Another approach to study the involvement of reactive astrocytes after injury
has been to focus on controlling the upregulation of the astroglial
intermediate filaments, the most common hallmark of reactive gliosis. A
mice model was generated, where the intermediate filaments GFAP and
vimentin were ablated, thus leading to a reduced ability of the astrocytes to
become reactive (Pekny et al., 1995; Eliasson et al., 1999; Pekny et al.,
1999). These mice confirm the role of astrocytes in the scar formation by
exhibiting an abnormal glial scar following injury. Combined with a less
dense glial scar, the mice demonstrated a prolonged healing process,
indicating an important role for astrocytic intermediate filaments for the
successful wound healing (Pekny et al., 1999; Li et al., 2007). However,
although healing was prolonged these transgenetic mice demonstrated
improved synaptic regeneration (Wilhelmsson et al.,, 2004), again
demonstrating the paradoxical role of reactive astrocytes in the brain.

There is also evidence that the chemical environment in the glial scar has a
great impact on the inhibition of regeneration. Several studies demonstrate
that the release of inhibitory molecules by reactive astrocytes and the dense
composition of the glial scar are important aspects for inhibiting the recovery
process (Fawcett and Asher, 1999; Buffo et al., 2009; Sofroniew, 2009). For
instance, the chondroitin sulfate proteoglycan NG2 is increased after injury
and is one component in the glial scar and a key inhibitory-molecule for
axonal regeneration (Chen et al., 2002a; Sandvig et al., 2004; Tan et al.,
2005). This was demonstrated by enhanced regeneration in a spinal cord
injury using an antibody against NG2 (Tan et al., 2006). In addition, several
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studies demonstrate that reducing the injury-induced cell proliferation, that
mostly constitute NG2 cells and microglia, improves regeneration (Rhodes et
al., 2003; Di Giovanni et al., 2005; Tian et al., 2007). In a number of injury
models of inflammation the use of anti-inflammatory agents resulted in
reduced activation of both microglia and astrocytes, and reduced neuronal
cell death (Giovannini et al., 2002; Scali et al., 2003; Ryu et al., 2004).

Attenuation of reactive gliosis has also been demonstrated by the use of
different pharmacological agents. In animal models of TBI, ribavirin,
generally used as an anti-viral medication with anti-proliferating effect,
decreased the number of reactive astrocytes (Pekovic et al., 2005) and
simvastatin, a cholesterol synthesis inhibitor, reduced the activation of
microglia and astrocytes (Li et al., 2009a; Wu et al., 2010).

Gap junctions

Reactive gliosis can be observed at great distances from a brain lesion, and
even in the contralateral hemisphere, (Moumdjian et al., 1991) indicating that
long-distance signaling mechanisms are involved in the transformation of
glial cells to their reactive states.

One form of cell-to-cell communication is mediated via gap junction
channels. Gap junctions channels provide electrical as well as biochemical
signaling and are vitally important for cellular functions in development,
homeostasis, regulation and regeneration (Goodenough and Paul, 2009). Gap
junctions are expressed in basically all tissues, except skeletal muscle and
circulating blood cells (Bennett et al., 1991; Kumar and Gilula, 1996; De
Maio et al., 2002) which attests their importance for cellular function.

Gap junctions are built up by microdomains of channels that are assembled
on the cell membrane, called gap junction plaques (Laird, 2006). The
channels are composed of small conduits that permit direct trafficking of
small molecules from one cell to another. One connexon, also called a
hemichannel, is formed by six connexin proteins named after their molecular
weight in kilo Dalton (kDa) (Sohl and Willecke, 2004). The gap between the
cells is usually about 2-3 nm wide, and two connexons create one channel
between two adjacent cell membranes (fig. 2). A single hemichannel can also
function as a passage for molecules to the extracellular space (Bennett et al.,
2003). In mammals, about 20 connexin family members have been identified
so far (Willecke et al., 2002; Laird, 2006). Cells usually express several
different connexins, some that are generally expressed and others that are cell
specific (Dermietzel, 1998; Rouach et al., 2002). The predominant connexin
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proteins in astrocytes are connexin 43 and 30 (Nagy and Rash, 2000; Rouach
et al., 2002; Theis et al., 2005) and in oligodendrocytes connexin 32 is the
most common (Nagy and Rash, 2000). Microglia express connexin 36 and in
their reactive state they also express connexin 43 (Eugenin et al., 2001;

Dobrenis et al., 2005).
N
NN

Figure 2. lllustration of gap junction
communication. The channels are built

up by connexons, consisting of six @

connexins. A gap junction channel is
formed when connexons on one cell
conjugate with a connexon on a
neighbouring cell.

Gap junction communication

A gap junction channel is 1.0-1.5 nm in diameter and allows the diffusion of
molecules up to approximately 1.2 kDa (Bennett et al., 1991; Rouach et al.,
2002). Molecules known to be able to pass through an open hemichannel or a
gap junction channel include small molecules and second messengers such as
ATP, glutathione, glutamate, and calcium (Cotrina et al., 1998b; Ye et al.,
2003; Laird, 2006; Rana and Dringen, 2007).

It often takes a cluster of multiple gap junction channels to make functional
cell-to-cell communication possible (Bukauskas et al., 2000; Contreras et al.,
2004). The gap junction channels are very dynamic and the pathways can be
regulated at several levels and differ for each connexin type. Different ways
of altering the pathways include changing the properties of the channel
(either mechanically or electrically), increasing or decreasing the protein
expression or changing the connexin pore incorporation to the plasma
membrane. Alteration of the transcription, translation and degradation of the
connexin proteins is long time regulation that takes hours to days.
Phosphorylation and translocation to the membrane is short-term regulation
and takes seconds to minutes (Rouach et al., 2002; Houades et al., 2006).
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The permeability of gap junctions varies depending on the connexins forming
the channels. The astrocytic network that is mainly made up by connexin 43,
is permeable to both positively and negatively charged molecules, wheras
others are more charge specific (De Maio et al., 2002; Bennett et al., 2003).
Gap junction channel permeability is modified by pH, intracellular second
messengers and membrane potential. Increased neuronal activity and a large
number of intra- and extra cellular molecules are able to alter the
communication through the channels (Rouach et al., 2000). For example,
increased extracellular concentrations of glutamate and potassium open the
channels and increase calcium signaling (Enkvist and McCarthy, 1994;
Blomstrand et al., 1999c), while elevated intracellular calcium concentrations
or low pH inhibit the gap junction communication (Martinez and Saez, 2000;
Rouach et al., 2002). Cytokines released during inflammatory conditions
reduce gap junction communication while uncoupled connexons, the
hemichannels, stay open (Hinkerohe et al., 2005; De Vuyst et al., 2007;
Retamal et al., 2007).

In the CNS, neural cells utilize gap junctions to communicate with each
other. The majority of astrocytes are highly coupled to each other via gap
junction channels. The efficiency of the channels expressed by
oligodendrocytes are considered to be very low in comparison to astrocytes
(review in (Giaume et al., 2007). Functional gap junction channels have not
been found on NG2 cells (Lin and Bergles, 2004) and microglia express
functional gap junction channels only when reactive (Eugenin et al., 2001;
Eugenin et al., 2003).

Gap junction blockage during experimental conditions

Various substances have been used to modulate the communication through
the gap junction channels. Commonly used gap junction blockers include
glycyrrhetinic acid, a natural compound found in licorice and tobacco, and its
synthetic analogue carbenoxolone, as well as alcohols such as octanol and
heptanol (Davidson et al., 1986; Rozental et al., 2001; Juszczak and
Swiergiel, 2009). Even if these compounds are strong gap junction blockers,
neither one of them exhibits pharmacological specificity for this mechanism
of action (Juszczak and Swiergiel, 2009). The use of connexin mimetic
peptides to inhibit gap junctions has recently increased (Evans and Boitano,
2001). However, even if the peptides are suggested to be more effective than
other blockers their specificity is also questioned (Wang et al., 2007).
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Function of gap junctions during pathological conditions

The role of gap junction communication during pathological conditions is not
clear. Cell communication via gap junctions channels does persist during
pathological conditions, although with reduced capacity (Cotrina et al.,
1998a; Nodin et al., 2005). Following stroke, proapoptotic substances can
diffuse through the network from dying cells in the ischaemic core, to still
viable cells in the penumbra and cause cell death (Li et al., 1995b; Li et al.,
1995a; Li et al.,, 1995c). Calcium and ATP are examples of molecules
suggested to mediate cell death in the penumbra area (Budd and Lipton,
1998; Lin et al., 1998) . Calcium and ATP are also known to be involved in
the activation of glial cells following injury, suggesting a role for gap
junction communication in the activation of glial cells.

In some studies, alterations of gap junction channels have improved neuronal
outcome and decreased cell death, while in other studies neuronal damage
was increased (reviewed in (Giaume et al., 2007). Gap junction blockage
with octanol or carbenoxolone decreases infarct volume and cell death after
brain injury (Rawanduzy et al., 1997; Rami et al., 2001; Frantseva et al.,
2002). In contrast, mice lacking connexin 43, and thus lacking functional gap
junctions, had increased infarct size following a permanent ischaemic lesion
(Siushansian et al., 2001). The discrepancy of the studies indicates the
complexity of the function of the gap junctions and that the time of
intervention and nature of the injury may be important for the outcome. As
the gap junction channels control the spreading of different molecules
between cells, this could be a pathway involved both in toxicity and
protection (Perez Velazquez et al., 2003; Farahani et al., 2005). More work
needs to be done in order to determine the exact role for gap junction
channels and the communication through them in the propagation of injury as
well as in the development of reactive gliosis.

Oxidative stress

During normal living we are constantly exposed to free radicals. The
generation of reactive oxygene species (ROS) and reactive nitrogen species
(RNS) are physiological phenomenons that occur during essential metabolic
processes like mitochondrial energy production, oxidation of toxins and
protective cytotoxic processes of the immune response. Toxic compounds
from food, exercise, cigarette smoke and fasting also increase the generation
of free radicals in the body. During physiological conditions the amount of
free radical production is relatively small and can be scavenged by
endogenous antioxidant mechanisms and the damage can be prohibited and
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repaired. However, disturbance in the redox-state by increased production of
peroxides and free radicals can cause mutations and cell damage by
modification of lipids, protein and DNA that can result in tissue degeneration,
apoptosis or necrosis. When the production of ROS exceeds ability of the
normal endogenous antioxidant systems or when the detoxification fails, it
leads to an oxidative stress situation.

The brain represents about 2% of the total body weight but demands 20% of
the total oxygen consumption in the body. Consequently, high levels of ROS
are continuously generated during oxidative phosphorylation (Dringen,
2000). Due to high consumption of oxygen and the high content of lipids, the
CNS is especially vulnerable to lipid peroxidation and oxidative stress
compared to other organs (Floyd, 1999). As astrocytes represent the primary
cell-source of antioxidants in the brain, and have the ability to eliminate free
radicals, they play an important role for neuronal viability (Dringen et al.,
2000). However, during pathological conditions or conditions where a
substantial amount of oxidants are generated, these neuroprotective
mechanisms become compromised which may have devastating
consequences for cell survival.

Oxidative stress is implicated in many pathological conditions in the brain.
For instance, oxidative stress is one of the main causes of tissue damage
following ischaemic insults in the brain (Kuroda and Siesjo, 1997; Sugawara
and Chan, 2003). Increased levels of oxidants during ischaemia can cause a
depletion of ATP levels and result in uncontrolled cell death (Endres et al.,
1997; Ying et al., 2005). Oxidative stress is also implicated in several
neurodegenerative disorders such as Parkinson’s disease (Wood-Kaczmar et
al., 2006), Alzheimer’s disease (Nunomura et al., 2006), amyotrophic lateral
sclerosis (Goodall and Morrison, 2006) and Huntington’s disease (Browne
and Beal, 2006).

The transcription factor Nrf2

The ability to detoxify ROS/RNS is crucial for cell survival and is
accomplished by complex endogenous detoxification and antioxidant
mechanisms. To detoxify artificial compounds, such as toxins from the
environment, food components and pharmaceuticals, cells utilize enzyme
systems in two steps called phase | and phase Il. Neural cells protect
themselves using mainly phase 1l detoxifying and antioxidant enzymes,
including glutathione (GSH), superoxide dismutase, catalase, glutathione
reductase, glutathione transferase, glutathione peroxidase and, NAD(P)H:
quinone oxidoreductase 1 (Nqol). The transcriptions of these genes, is
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regulated by the transcription factor Nuclear factor (erythroid-derived 2)-like
2 (Nrf2).

Nrf2 is a key element for the cellular redox-state and is an essential
component of endogenous cellular defence. During basal conditions, most
Nrf2 is kept in an inactive state sequestered in the cytoplasm by its repressor
Kelch-like ECH-associated protein 1 (Keapl) (Itoh et al., 1999; Kobayashi et
al., 2002) (fig. 1). Keapl physically entraps Nrf2 in actin filaments and
targets Nrf2 for ubiquitinylation and proteasome-mediated degradation
(Cullinan et al., 2004). Oxidants and other reactive chemicals induce
conformational changes that release and activate Nrf2 (Eggler et al., 2005;
Kobayashi and Yamamoto, 2006; Tong et al., 2006). The liberation of Nrf2
from Keapl is suggested to be due to phosphorylation of Nrf2 by protein
kinases (Huang et al., 2002; Kobayashi and Yamamoto, 2006) or
modification of thiols groups in Keapl (Dinkova-Kostova et al., 2001;
Zhang, 2001). Activated Nrf2 is transported to the nucleus where it, together
with small Maf proteins, bind to promoters containing the antioxidant
response element (ARE) motif (Itoh et al., 1997). Binding of Nrf2 to the ARE
leads to transcription of numerous cytoprotective enzymes that are, for
example, involved in GSH synthesis and degradation of free radicals and
aldehydes, (Ishii et al., 2000)(fig 3). The potential of Nrf2 to induce the
transcription of a wide range of antioxidants, that may lead to cell protection,
has lead to an increasing interest in activators of the Nrf2 system. Nrf2
activation thus represents a key step in endogenous cellular protection
(Copple et al., 2008).
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Figure 3. Nrf2 is sequestered in the cytoplasm and is regulated by Keapl which
under basal conditions targets Nrf2 for ubiquitinylation and proteasome-mediated
degradation. Following cellular stress, Nrf2 can dissociates from Keapl due to thiol
modifications on Keapl or Nrf2 phosphorylation by kinases. Nrf2 then translocates to
the nucleus where it, together with small Maf proteins, binds to the ARE region and
induces the transcription of detoxification and antioxidant enzymes (Zhang and
Gordon, 2004).

The importance of Nrf2-activation

Nrf2 is expressed in a variety of tissues (Moi et al., 1994) and is especially
abundant where the main detoxification reactions occur such as in the kidney,
intestine and lung (Itoh et al., 1997). Activation of Nrf2 is suggested to be the
most important pathway coordinating the regulation of cell protection against
oxidative stress (Dhakshinamoorthy et al., 2000). Substances that activate
Nrf2 protect many different organs and tissues from several injuries and
diseases (Lee et al., 2005). For instance, the Nrf2 system plays a critical role
in protecting tissues from a variety of toxic insults such as carcinogens,
reactive oxygen species, diesel exhaust, inflammation, calcium disturbance,
UV light, and cigarette smoke (Lee et al., 2005). Conversely, mice lacking
Nrf2 are much more sensitive to exposure to free radicals than their wildtype
counterparts, and develop diseases from sunlight and even from minor
exposure to cigarette smoke (Rangasamy et al., 2004; Hirota et al., 2005).
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Nrf2 has been referred to as the multi-organ protector (Lee et al., 2005) and
in comparison to many other antioxidants which act more specifically, Nrf2
regulates the transcription of a whole battery of genes encoding for proteins
involved in detoxification, inflammation and free radical scavenging (Itoh et
al., 1997; Ishii et al., 2000; Copple et al., 2008). These include the
neuroprotective enzymes heme oxygenase-1 (Hmox1) (Alam et al., 1999),
Ngol (Venugopal and Jaiswal, 1996) and enzymes involved in GSH
synthesis and utilization, such as glutathione-S-transferase and glutamate
cysteine ligase (lkeda et al., 2002). The Nrf2-system has long been
investigated as a therapeutic target for the prevention of cancer (Zhang and
Gordon, 2004), while the investigations of the potential cell protective role
for Nrf2 in the neuroscience field has recently dramatically increased.

In neural cells over 200 genes are regulated directly or indirectly by Nrf2
(Lee et al., 2003b; Lee et al., 2003a; Shih et al., 2003) and many of them
have neuroprotective effects after cerebral ischaemia (Panahian et al., 1999;
Crack et al., 2003; Hoen and Kessler, 2003; Arthur et al., 2004; Hattori et al.,
2004). Mice lacking Nrf2 have a larger infarct volume following middle
cerebral artery occlusion than their wildtype counterparts (Lee et al., 2003b;
Kraft et al., 2004; Shih et al., 2005). The mice are also more prone to
developing Parkinson’s disease (Burton et al., 2006) while mice over-
expressing Nrf2 are protected against Parkinson’s disease or amyotrophic
lateral sclerosis (Vargas et al., 2008; Chen et al., 2009). Nrf2-deficient mice
also display an increased occurrence of activated microglia and astrocytes in
different neurodegenerative models (Parkinson’s disease, Huntington’s
disease, multiple sclerosis and amyotrophic lateral sclerosis) compared to
wild type controls (Kraft et al., 2004; Calkins et al., 2005; Kraft et al., 2006;
Jakel et al., 2007; Vargas et al., 2008; Chen et al., 2009; Johnson et al., 2010;
Rojo et al., 2010). A recent study demonstrated that variation in the human
Nrf2 gene can affect the risk and the process of Parkinson’s disease (von
Otter et al., 2010). In addition, astrocytic and neuronal cultures derived from
mice lacking Nrf2 are more vulnerable to oxidative stress and inflammation
(Lee et al., 2003b; Lee et al., 2003a).

Although Nrf2 is active in neurons, recent results indicate that astrocytes
constitute the most important target for Nrf2-stimulating therapy in the brain
(Vargas and Johnson, 2009). In response to Nrf2 activation (by tert-
butylhydroquinone or sulforaphane incubation) or over-expression of Nrf2,
astrocytes exhibit greater Nrf2 activation than neurons. The Nrf2 over-
expression in astrocytes protects neurons from different oxidative insults
(Shih et al., 2003; Kraft et al., 2004; Chen et al., 2009; Vargas and Johnson,
2009). Moreover, transplanted astrocytes over-expressing Nrf2 reduced brain
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injury induced by oxidative stress (Calkins et al., 2005; Jakel et al., 2007).
Studies in cultured astrocytes have shown that sulforaphane preconditioning
for 48 h upregulates Nqol and protects cells against oxidative stress and
death after oxygen and glucose deprivation in an Nrf2-dependent manner
(Kraft et al.,, 2004; Danilov et al., 2009). Exactly how Nrf2-activated
astrocytes contribute to neuroprotection is still unclear. However, genes
regulated by Nrf2 encode for proteins that control key steps in, for example,
heme metabolism (Alam et al., 2000), reduction of quinones (Itoh et al.,
1997) and glutathione synthesis (Shih et al., 2003), mechanisms that are all
involved in cell protection.

Sulforaphane - an activator of Nrf2

Diets rich in vegetables and fruits are associated with reduced risk of several
major diseases, including stroke (Gillman et al., 1995). Several fruits and
vegetables contain phytochemicals which are compounds that allow the plant
to protect itself from different threats, external as well as internal, including
diseases. Several phytochemicals have been demonstrated to be strong
activators of the Nrf2 signalling system (Mattson and Cheng, 2006). One of
these phytochemicals is sulforaphane which is found in high amounts in
cruciferous vegetables such as cauliflower, cabbage and broccoli. The highest
concentration of sulforaphane is found in broccoli sprouts which contain
30 to 50 times more sulforaphane than mature broccoli (Fahey et al., 1997).

Sulforaphane is released from the sugar molecule glucosinolate, during
chewing. Among naturally occurring substances, sulforaphane is the most
potent inducer of Nrf2-regulated phase Il enzymes that has been identified so
far (Zhang et al., 1992; Talalay, 2000). Sulforaphane is suggested to act by
modifying critical cysteine residues of Keapl which leads to liberation of
Nrf2 and the binding to the ARE region of phase Il enzymes (Dinkova-
Kostova et al., 2001). The anticarinogenic action of sulforaphane has long
been known (Zhang et al., 1992; Zhang et al., 2006). More recently the
neuroscience field has also become increasingly interested in sulforaphane
due to its cytoprotective and anti-inflammatory properties (Fahey et al., 1997;
Azarenko et al., 2008; Innamorato et al., 2008).

The Nrf2-mediated anti-inflammatory properties of sulforaphane have been
demonstrated in both in vivo and in vitro models of inflammation
(Innamorato et al., 2009). In a mouse model of inflammation, sulforaphane
administration interfered with the inflammatory response by decreasing
macrophage/microglia activation (Innamorato et al., 2008). In rats with high
blood pressure and with high risk for stroke, sulforaphane decreased
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inflammation and improved the function of heart, artery and kidney (Wu et
al., 2004). Sulforaphane treatment inhibits tumor development in a number of
rodent models (Talalay et al., 1978; Pearson et al., 1983; Zhang et al., 1994;
Fahey et al., 2002), while mice lacking the Nrf2 gene do not acquire cancer
protection from broccoli or sulforaphane (Xu et al., 2006), indicating that the
positive effect of sulforaphane requires a functional Nrf2 response.

Activation of the Nrf2 pathway by sulforaphane reduces brain damage in
models of transient middle cerebral artery occlusion and intracerebral
hemorrhage (Zhao et al., 2006; Zhao et al., 2007). In cultured astrocytes,
sulforaphane preconditioning protects the cells against oxidative stress and
death after oxygen and glucose deprivation (Kraft et al., 2004; Danilov et al.,
2009).

Genes regulated by Nrf2 activation

Activation of Nrf2 increases transcription of a whole army of genes encoding
for enzymes involved in detoxification, defence against ROS and other free
radicals, the synthesis of glutathione, as well as inflammation inhibition. Of
the many Nrf2 induced genes, Ngo1l is a known multi-protective enzyme (van
Muiswinkel et al., 2000; Dinkova-Kostova and Talalay, 2010) and in the
CNS the heme oxygenase and the GSH systems are particularly important for
the neural defence against oxidative damage (Vargas and Johnson, 2009).
However, the cell protection observed is most likely not due to one single
gene but a combined effect of several upregulated proteins induced by Nrf2
activation.

NAD(P)H: quinone oxidoreductase 1 (Ngol)

Ngol is a known multi-protective enzyme (van Muiswinkel et al., 2000;
Dinkova-Kostova and Talalay, 2010) and a well documented antioxidant that
is under direct transcriptional control by Nrf2/ARE (Jaiswal, 2000). Among
the inducible cytoprotective proteins, Ngol is one of the most consistent and
robust genes (Benson et al., 1980). Nqo1l is classified as a phase 1l enzyme
and is functionally found in the cytoplasm in all cell types, but at various
concentrations (Talalay et al., 1995). Nqol is considered to protect cells
against oxidative damage through the reduction of quinones. This
subsequently prevents the generation of ROS as quinones participate in redox
cycling and damage cells by depleting cellular thiol-groups such as
glutathione (Nioi and Hayes, 2004; Talalay and Dinkova-Kostova, 2004). In
the CNS Nqol is most abundant in the glial cells (Stringer et al., 2004).
Upregulation of Ngol protects against oxidative stress in cultured astrocytes
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(van Muiswinkel et al., 2000; Danilov et al., 2009) while the lack of Ngol
enzyme induce disturbance in the redox state and seizures (Gaikwad et al.,
2001; Stringer et al., 2004).

Heme oxygenase-1 (Hmox1)

Among the genes regulated by Nrf2, Hmox1 (Alam and Cook, 2003) is of
particularly interest due to the generation of products that display antioxidant,
anti-apoptotic and anti-inflammatory effects (Prawan et al., 2005). Heme
oxygenase is an essential enzyme that catalyzes the degradation of heme into
biliverdin, iron and carbon monoxide (Kikuchi et al., 2005). Biliverdin can be
further converted into bilirubin by biliverdin reductase. Biliverdin and
bilirubin have free radical scavenging effects, and carbon monoxide has an
inhibitory effect on inflammation, cell death, proliferation, and it facilitates
vasodilation (Baranano et al., 2002; Li et al., 2009b). Iron, on the other hand,
is cytotoxic but enhances the expression of the antioxidant ferritin that is a
molecule that stores intracellular iron. Moreover, Hmox1 regulates the
intracellular iron levels and inhibits the accumulation of iron that can lead to
cells death (Ferris et al., 1999).

There are two isoforms of heme oxygenase, Hmox1 and Hmox2 (Maines et
al., 1986). Under basal conditions Hmox2 is the isoform most widespread in
the CNS with a relatively constant expression. In contrast, Hmox1 expression
can be induced by its substrate heme, or in response to cellular stress, such as
oxidative stress, pro-inflammatory agents or Nrf2 activation. The induction of
Hmox1 is neuroprotective against oxidative stress in neuronal cultures (Chen
et al., 2000) and in animal models of ischaemia (Nimura et al., 1996;
Panahian et al., 1999; Zhao et al., 2006). Hmox1 induction is also important
for redox regulation and to attenuate inflammation in several
neurodegenerative diseases (Cuadrado and Rojo, 2008).

Glutathione

Nrf2 activation is involved in the regulation of GSH synthesis and the
expression of several glutathione S-transferases. GSH plays a central role in
the scavenging of ROS and is the primary antioxidant in the brain. GSH is
comprised of cysteine, glutamate and glycine and is synthesised in two steps
by the enzymes glutamate cysteine ligase, that is the rate limiting enzyme,
and by glutathione synthetase (Dringen and Hirrlinger, 2003). Glutamate
cysteine ligase activity can be modulated by feedback inhibition of GSH.
GSH exists in a reduced state (GSH), and in an oxidized state (glutathione
disulfide, GSSG). In the brain, glutathione is mainly found in its reduced
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form where approximately 90% of the intracellular GSH pool exists in the
cytoplasm.

GSH is a central component of the cellular antioxidant defence and protects
the cell against various ROS (Dringen, 2000; Anderson et al., 2003). GSH is
able to directly detoxify ROS, by a non enzymatic process (Dringen, 2000),
or can be used as a substrate (electron donor) (Dringen et al., 2005). During
the reaction, two reactive GSH molecules form the oxidized state, GSSG.
The GSSG will subsequently be reduced by glutathione reductase to GSH.

A compromised GSH synthesis is often observed in conditions of oxidative
stress occurring during neurological diseases and stroke (Dringen and
Hirrlinger, 2003). The excess of glutamate in the extracellular space that may
follow a brain injury can block the cysteine uptake leading to a decreased
production of GSH, as cysteine is an important building block in the
synthesis of GSH. This decrease of GSH levels may be deleterious to tissues
with a high metabolic activity, such as the brain and may lead to a increased
oxidative stress resulting in more extensive cell injury (Pereira and Oliveira,
2000).

Among neural cells, astrocytes exhibit the highest concentration of GSH
(Raps et al., 1989; Rice and Russo-Menna, 1998; Dringen et al., 2000).
Astrocytic GSH acts either directly as an antioxidant or is used to increase the
levels of glutathione in neurons (Dringen et al., 1999; Dringen et al., 2000;
Dringen et al., 2001). The secreted glutathione from astrocytes into the
extracellular space has been demonstrated to protect neurons against
oxidative damage (Dringen et al., 2000; Shih et al., 2003; Kraft et al., 2004)
whereas under conditions of GSH depletion this protection is lost (Drukarch
et al., 1997; Gegg et al., 2005). Experimentally, the levels of glutathione are
known to be difficult to increase. However, Nrf2 activation induces the
astrocytes to secrete GSH through the hemichannels into the extracellular
space (Stridh et al., 2010). The astrocytic secretion of GSH has demonstrated
to be the most important factor for observed neuroprotection (Vargas et al.,
2008).
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Summary and hypotheses

Neurons are a very well studied cell type and have for long been the main
focus when investigating pathological brain conditions. However,
accumulating evidence indicates a crucial role for astrocytes and other glial
cells in neuronal signal processing both during normal and pathological
conditions (Hamby and Sofroniew, 2010). Still, the roles of glial cells in the
pathological brain are only just beginning to be defined.

Brain injury initiates an extensive glial cell response. Although reactive
gliosis and scar formation exhibit protective and reparative functions, the scar
is also a major obstacle for the recovery process (Fawcett and Asher, 1999).
Reactive gliosis progresses over time and can be observed at great distances
from a brain lesion (Moumdjian et al., 1991; Setkowicz et al., 2004)
suggesting that long-distance signaling mechanisms are involved in the
transformation of glial cells into their reactive states. Our hypothesis was that
blocking gap junction communication would modulate reactive gliosis.

The importance of a functional Nrf2 system in the endogenous defence
against oxidative damage has been described in several different models of
oxidative stress and diseases (Lee et al., 2005). Sulforaphane, a substance
highly enriched in cruciferous vegetables such as broccoli, is a potent
activator of Nrf2. A functional Nrf2 response is required for the protective
effects observed after intake of broccoli or sulforaphane (lida et al., 2004; Xu
et al.,, 2006). Even if sulforaphane is cleared from the body within a few
hours (Ye et al., 2002) it still offers long-term protection from oxidative
stress (van Poppel et al., 1999). Our hypothesis was that brief sulforaphane
stimulation would be sufficient to induce prolonged Nrf2-induced gene
expression.

A previous study in astrocytes has demonstrated an upregulation of Nqol
expression and protection against oxygen and glucose deprivation for up to
48 h after constant sulforaphane-stimulation (Danilov et al., 2009). However,
sulforaphane could possibly be degraded during the constant 48 h of
stimulation, which could limit the Nrf2 activation at late stages of the
experiment. Our hypothesis was that daily transient sulforaphane-stimulation
would result in accumulation of Nrf2-mediated mRNA and protein
expression and increased protection against oxidative damage.

Oxidative stress and reactive gliosis are pathological features of various brain

injuries, including stroke, and contribute to the subsequent tissue damage that
follows the injury. Although the neuroprotective properties of sulforaphane
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are well documented, its effect on reactive gliosis after a stroke is less well
investigated. Our hypothesis was that sulforaphane-induced Nrf2 stimulation
would modify stroke outcome and reactive gliosis when given after
permanent focal ischaemia.
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AIMS OF THE STUDIES

The general aim of this thesis was to investigate the role of intercellular
communication and the Nrf2-induced endogenous antioxidant system on
reactive gliosis and cellular protection after brain injury.

The specific aims were:

e To investigate whether the gap junction blockers octanol and
carbenoxolone reduce the expression of markers of reactive gliosis
after a minor traumatic brain injury in rats.

e To examine the kinetic response of two Nrf2-regulated genes, Nqol
and Hmox1, after exposing cultured astrocytes to sulforaphane.

e To investigate whether repeated transient sulforaphane exposure
results in accumulation of Nrf2-mediated mRNA and protein
expression and protection against oxidative damage in cultured
astrocytes

e To investigate whether stimulation of Nrf2 with sulforaphane affects

stroke outcome and reactive gliosis after permanent focal ischaemia
in mice.
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METHODS

Astrocyte cell cultures (Papers |, II)

Primary astroglial cultures were prepared from 1-2 day old inbred Sprague-
Dawley rats, as described in Paper I and Il. Cells were used after 14-17 days
in culture when a confluent monolayer had formed. For fluorescent detection
of peroxide production, glutathione levels and propidium iodide exclusion,
the confluent cultured cells were harvested and replated in white 96-well
microtiter plates, or in 0.8 cm® chambered coverglasses pre-coated with
collagen solution type 1 for confocal imaging.

Comments:

Primary enriched astroglial cultures have been extensively used for studying
astrocytic properties and function for more than 30 years (Booher and
Sensenbrenner, 1972; Kimelberg, 1983). In the primary cultures, there is a
mix of brain cells. Following two weeks in the petridish with medium that
support the growth of astrocytes, a confluent monolayer is formed where all
astrocytes are in contact with each other and can function as a network. Cell
cultures enable studies of specific cellular properties and response to different
stimuli, where specific mechanisms can be independently investigated
without influences from other cell types. However, the in vitro conditions are
artificial in comparison to the normal brain environment, which includes the
influence from the extracellular milieu and all other cell types. Therefore one
should be cautious in drawing general conclusions from studies performed in
in vitro models. In addition, these cultures originate from the immature
animal brain and therefore may have different properties to cells derived from
the adult mature brain. This, must also be considered when interpreting
results. To obtain a complete picture of the situation one should combine the
in vitro experiments with the use of more complex models.

Scrape loading/Dye transfer (Paper I)

Gap junction communication was assessed by using the scrape loading/dye
transfer technique (Blomstrand et al., 1999a; Nodin et al., 2005). In brief,
confluent astrocyte cultures were incubated in HEPES buffered salt solution
(HBSS) with or without carbenoxolone or octanol. Lucifer yellow in calcium-
free buffer was added, and two parallel scrapes were performed with a
scalpel. The Lucifer yellow was allowed to diffuse into the cell layer before it
was removed, and calcium containing HBSS was added. Images of each
culture were captured with a Nikon Optishot 2 equipped with a Hamamatsu
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C5810 chilled three-chip colour charge-coupled device camera. The extent of
dye spreading from the scrapes is measured and compared to control treated
cells.

Comments:

Scrape loading/dye transfer was used to identify the permeability through the
gap junction channels in cultured astrocytes following exposure to the
commonly used gap junction modulators octanol and carbenoxolone. The
technique is widely used (el-Fouly et al., 1987; Blomstrand et al., 1999b) and
is based on the permeability through the channels of a cell membrane
impermeable fluorescent substance such as Lucifer yellow (Paper I). With a
single cut through the confluent cell layer Lucifer yellow can enter the cells
in the cut area and then diffuse to neighbouring cells via the gap junction
channels. Lucifer yellow was introduced to cells in calcium-free medium as
high concentrations of calcium are known to inhibit the permeability of the
gap junction channel. Lucifer yellow was allowed to enter the cell layer for
just one minute to avoid toxicity from the calcium free medium. Then the
substance was allowed to diffuse for another 8 min before images were taken.

Nrf2 stimulation by sulforaphane in vitro (Paper Il)

To stimulate Nrf2, the isothiocyanate sulforaphane was used. Sulforaphane
was dissolved in dimethyl sulfoxide (DMSO) to a 10 mM stock solution and
was stored at -70°C. To obtain final concentrations, sulforaphane was diluted
in culture medium just before addition to the cultures.

Comments:

The phytochemical sulforaphane is derived from glucosinolate found in
cruciferous vegetables and especially broccoli sprouts. Sulforaphane is a
potent inducer of genes involved in detoxifying oxidants through the
activation of Nrf2 (Thimmulappa et al., 2002; McWalter et al., 2004). Many
phytochemicals have a hormetic effect, where low concentrations result in
beneficial effects while high concentration can lead to cell toxicity (Mattson
and Cheng, 2006). However, the concentrations of sulforaphane used in the
present in vitro study, did not induce significant cytotoxicity and the cultures
stayed viable after exposure.

Peroxide measurements (Paper Il)

Changes in peroxide production in the astrocyte cultures were analysed in
white 96-well microtiter plates with transparent bottoms using the non-
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fluorescent probe, carboxy-H,DCFDA (5-(and-6)-carboxy-2-7-dichloro-
dihydrofluorescein diacetate) as described earlier (Petersen et al., 2008).
Astrocytes were incubated with carboxy-H,DCF-DA for a few hours and the
levels of peroxides were measured after 24 h. The fluorescence was measured
at an excitation wavelength of 493 nm and an emission wavelength of
522 nm in a SPECTRAmax GEMINI spectrofluorimeter.

Comments:

Excess ROS are generated during a variety of cellular stresses including
trauma and ischaemic injury. The production of hydrogen peroxide was
measured in order to investigate the astrocytes ability to clear peroxides
following sulforaphane stimulation. Carboxy-H,DCFDA is a well established
method to detect and quantify hydrogen peroxide in cell cultures (Cathcart et
al., 1983). In the cell, Carboxy-H,DCFDA is cleaved by esterases, yielding
polarized non-fluorescent dichlorofluorescein carboxy-DCFH. Carboxy-
DCFH is oxidized by peroxides to fluorescent carboxy-DCF that can be
analysed using a spectrophotometer. The amount of fluorescence is correlated
to the amount of peroxide there is in the media.

GSH measurements (Paper II)

Levels of GSH were analysed in white 96-well microtiter plates with a
transparent bottom as described previously (Petersen et al., 2008). The cells
were incubated with monochlorobimane (MCB) that forms a fluorescent
conjugate with the reduced form of GSH. Changes in GSH levels were
measured after 2-3 h (excitation wavelength 380 nm, emission wavelength
460 nm). Buthionine sulfoximine is a specific inhibitor of glutamate cysteine
ligase, the rate-limiting enzyme for glutathione synthesis (Anderson, 1998)
and was used as a negative control.

Comments:

MCB is a commonly used probe for measuring intracellular levels of GSH
(Cook et al., 1991; Sun et al., 2005). MCB is added to the culture medium
and forms a fluorescent MCB-GSH conjugate catalyzed by intracellular
glutathione S-transferase. The fluorescence is a measure of the changes in
GSH levels (Chatterjee et al., 1999). The advantage of using MCB is that the
method is simple and can be used on living cells. It is less time consuming
than, for example, high-performance liquid chromatography (Komuro et al.,
1985).
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Oxidative stress generated by xanthine/xanthine
oxidase (Paper Il)

The effect on free radicals following activation of the Nrf2 system was
explored by exposing astrocyte cultures to the superoxide radical-generating
system xanthine/xanthine oxidase. The experiments were initiated by
replacing the normal medium with a mixture of 0.5 mM xanthine and 5-
44 mU/ml xanthine oxidase dissolved in normal medium, which was added to
the cultures for 1 h. As a measure of cell viability, the ATP levels were
analysed 23 h later.

Comments:

The free radical generating xanthine/xanthine oxidase system is a classical
system that results in the generation of ROS. Superoxide, hydrogen peroxide
and hydroxyl radicals are cytotoxic products that contribute to oxidative
stress and is formed by xanthine/xanthine oxidase (Link and Riley, 1988).

ATP measurements (Paper Il)

ATP levels, as a measure of cell viability, were measured 23 h after a 1 h
superoxide challenge. To extract ATP, the cell cultures were rapidly rinsed
with ice-cold phosphate buffered saline, thereafter ice-cold trichloroacetic
acid was added to the cultures (Nodin et al., 2005). ATP analysis was
completed using an ATP Bioluminescence Assay CLS Il kit according to the
manufacturer’s instructions. Samples were loaded into white, flat-bottomed
96-well plates and the luminescence was determined using a Victor Il plate
reader (Wallac). The ATP levels were calculated as fold-change of untreated
control for each independent experiment.

Comments:

Free radicals are toxic for the cells in high concentrations and can cause cell
death. ATP is a way to measure the cell’s viability as it is present in all
metabolically active cells and the concentration rapidly drops during necrosis
or apoptosis. Therefore, the amount of ATP detected using the luminescence
reaction can be correlated with cell viability.

Propidium iodide exclusion (Il)

Propidium iodide exclusion was used as a measure of late stage of cell death.
Propidium iodide was added to the astrocyte cultures to a final concentration
of 10 uM. The cells were stressed by the addition of H,O, and changes in
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fluorescence were measured (emission at 620 nm and excitation at 540 nm).
Finally, the cells were treated with detergent and frozen at -20°C. After
thawing, fluorescence measurement gave an estimate of total cellular nucleic
acids in the permeabilized (dead) cells.

Comments:

Propidium iodide exclusion measures the number of cells unable to sustain
plasma membrane integrity and is used as a marker of late stages of cell
death. Here it was used as an unbiased marker of cell death, after H,O, stress,
detecting both necrotic and apoptotic cells. Cellular damage and death leads
to leakage of propidium iodide into the cells. Propidium iodide then
combines with nucleic acids and the changes in fluorescence can be
measured. The disadvantage of this method is that membrane leakage is a late
marker of apoptosis and necrosis. To complement the propidium iodide
exclusion assay, we also measured resistance to free radical challenge by
change in ATP content which is an earlier marker of cell death

Reverse Transcription quantitative Polymerase
Chain Reaction (RT-gPCR) (Papers ll, IlI)

Analyses of mRNA in cultured cells (paper 11) and in tissue samples (paper
I11) were performed using reverse transcription quantitative polymerase chain
reaction (RT-gPCR). The samples were lysed and total mMRNA was extracted
and purified by using a MagAttract Direct mMRNA M48 Kit with oligo (dT)
covered magnetic beads on a GenoM-48 Robotic Workstation (Geno Vision).
Standard settings for mRNA extraction were used. cDNA was synthesized
from the mRNA extraction. cDNA was quantified in 96-well optical
microtiter plates on a 7900HT Fast QPCR System in TagMan® Fast
Universal PCR Master Mix according to the manufacturer’s protocol with
minor modifications. Primers and probes used for amplification of the genes
of interest are listed in papers Il and I11. PCR results were analyzed with SDS
2.3 software and relative quantity was determined using the AACt method
with untreated samples as the calibrator and Polr2a as an endogenous control.

Comments:

RT-gPCR is a very common technique used to amplify and relative quantify
specific mRNA transcripts within a sample. In comparison to normal PCR
where the result is given at a set time, g-PCR detects the kinetics of the
reaction during each cycle and collects data in the linear phase of the PCR
reaction. By comparing the target gene expression to a gene that is
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constitutively expressed (an endogenous control) the variability in mRNA
can be relatively quantified.

siRNA transfection (Paper Il)

The small interfering RNA (SiRNA) technique was used for down-regulation
of Nrf2 expression. Astrocytes were reseeded in 24-well plates to reach 30—
50% confluence at the time of transfection. The cells were incubated for 5 h
with the siRNA against Nrf2 or control according to the manufacturer’s
instructions. After 24 h, Nrf2 was stimulated with sulforaphane. The mRNA
levels of Nrf2 and its response genes Hmox1 and Ngol were measured with
gPCR after 6 h.

Comments:

Small interfering RNA (siRNA), also called silencing RNA, is used to down-
regulate the expression of a gene product. The siRNA targets a specific RNA
resulting in decreased expression of the protein of interest, in this case Nrf2.
This technique was used in the present study to confirm that the effect of
sulforaphane was mediated by Nrf2 activation and was not a direct effect of
sulforaphane per se. The knockdown of the expression of Nrf2 was
confirmed by RT-gPCR.

Immunoblotting (Papers I, II)

Electrophoresis and western blot technique were used to determine the
increase or decrease of a particular protein in the homogenate. Cell cultures
or tissue samples were lysed and the protein concentration was measured.
Lysates containing equal amounts of protein were introduced into each lane
of the gel. Electrophoresis was conducted to separate the proteins according
to the manufacturer’s instructions. The separated proteins were then
transferred into a membrane by western blot. Unspecific binding of
antibodies to the membrane was prevented by first incubating the membrane
in blocking buffer. Primary antibodies against the protein of interest were
detected with horseradish peroxidase-conjugated secondary antibodies and
visualized using enhanced chemiluminiscence. The observed protein bands
were then related to a housekeeping gene quantified by densitometry.

Comments:

Western blot is a technique used for doing semi-quantitative measures of the
amount of protein in a sample. The samples are usually homogenised and
detergents are used to lyse the cells to solubilise the proteins. A protein
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concentration measurement is done so equal amounts of protein will be
analysed. The proteins in the sample are then separated using gel
electrophoresis where the separation is based on molecular weight. For
antibody detection, the proteins are transferred from the gel onto a membrane
using electrical current. To avoid unspecific binding of the antibody to the
membrane, a blocking step with non-fat dry milk or bovine serum albumin is
done before the primary antibody incubation. Following several washing
steps the membrane is incubated with a horseradish peroxidase conjugated
secondary antibody. The detection reagent is a chemiluminescent agent that is
cleaved by the secondary antibody and the reaction product produces
luminescence. The light is detected and captured as a digital image and then
by using densitometry, the relative amount of protein can be measured. The
advantage of western blot technique over immunohistochemistry is that the
proteins are separated according to their size which facilitates the
identification of the correct antigen. In addition, the samples are loaded with
equal protein concentration and can be quantified using densitometry.

Experimental animals (Papers I, 1ll)

In Paper | adult male Sprague Dawley rats weighing 280-310g (B&K
Universal, Sweden). In Paper Il we used adult male C57BI/6 mice weighing
approximately 25 g (Charles River, Germany). Animals were housed under
standard conditions with a 12 h light/12 h dark cycle, temperature (24-26°C)
and humidity (50-60%) and had access to food and water ad libitum. All
experimental protocols were approved by the Animal Ethics Committee of
Goteborg University and performed according to approved NIH animal care
guidelines.

Comments:

Sprague Dawley rats were used in Paper 1. They are commonly used in
trauma and stroke models. In Paper I11, adult mice were used to enable future
comparisons with gene knockout mice. Mice are most commonly used to
create gene knockout models as the procedure in rats is more difficult and
was first done in 2003 (Zan et al., 2003).

Injury models (Papers I, Ill)

Needle track injury (Paper 1): To study reactive gliosis, a needle track injury
was performed. Rats were anaesthetized and placed in a stereotaxic frame.
The skull was exposed and a cortical stab wound was performed. After 2
days the animals were sacrificed and the brains were extracted. The brains
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were fixed and transferred to cryoprotective sucrose solution. Frozen sections
were cut in the horizontal plane and stored individually in 96-well plates at
-20°C in cryoprotecting buffer until they were processed for immune-
histochemistry or immunofluorescence. For protein determination and
western blot analysis, a 2 x 2 x 5 mm tissue piece was dissected out from the
ipsilateral side including the needle track and frozen immediately in liquid
nitrogen. Tissue samples were then thawed and sonicated and the protein
concentration was determined using the Bicinchoinic Acid Protein Assay kit.

Comments:

The needle track and stab wound injury are commonly models utilized for
studying the glial response following injury (Norton et al., 1992). Horizontal
sectioning allowed us to overview the whole injury in one plane, and the
progression of reactive gliosis could be easily seen and measured after
immunohistochemical staining. The needle produced a discrete and restricted
trauma injury with a necrotic are in the centre of the wound and reactive glial
cells bordering the area.

Photothrombotic stroke (Paper I11): Cortical photothrombosis was induced
by the Rose Bengal technique (Watson et al., 1985; Lee et al., 2007). The
mice were anaesthetised and placed in a stereotaxic frame. A small scalp
incision was made and the laser was positioned as described in Paper 111 and
in a previous study (Paxinos and Watson, 2007). The photosensitive Rose
Bengal was injected into the peritoneum. The laser was turned on and the
area of interest was illuminated. For histochemical analysis, the animals were
sacrificed 24h and 72h after stroke induction by an overdose of
pentobarbital and transcardially perfused with saline followed by fixative.
The brains were extracted and post-fixed overnight in the same fixative prior
to cryoprotection in sucrose solution. Frozen sections were cut in the coronal
plane and thaw mounted and stored at -20°C. For RT-gPCR analysis, 2 mm
by 2 mm blocks of lateral cortex and liver from vehicle- and sulforaphane-
treated mice were snap-frozen in liquid nitrogen.

Comments:

In the photothrombotic stroke model, a dye is injected into the animal
followed by illumination, which activates the dye at the site of the
illumination. This leads to free radical formation, and a cascade of
coagulation and aggregation that blocks the blood vessel. The photo-
thrombotic stroke model has the advantage of being highly reproducible in
location and in size. In addition, the photothrombotic model is minimally
invasive but has a similar cell response to more invasive models such as the
middle cerebral artery occlusion (MCAQO) model. The infarction gives a
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relatively clear border of ischaemic and non-ischaemic tissue, thus
facilitating cell analysis in the peri-infarct region. In the photothrombotic
model the ischeamia is permanent, and has a much smaller penumbra in
comparison to a reperfusion model where some blood supply can still enter
the site of injury (Kuroda and Siesjo, 1997). In consequence, lower levels of
ROS are produced in the photothrombotic stroke model in comparison to a
reperfusion model.

Administration of BrdU (Papers I, IlI)

To detect proliferating cells, the animals were injected with bromodeoxy-
uridine (BrdU). In paper | rats were intraperitoneally (i.p.) injected with
150 mg/kg BrdU twice a day, 8 h apart, with the first injection 30 min after
injury, and sacrificed two days later. In paper Il1l, 50 mg/kg BrdU was i.p.
injected to the mice once a day over 3 days with the first injection 15 min
after stroke onset.

Comments:

The injection of BrdU is a common way to detect proliferating cells. BrdU is
a thymidine analogue which is incorporated into the DNA of dividing cells
and can be detected immunohistochemically in the daughter cells. There are
alternative markers for in vivo cell proliferation such as Ki-67, PCNA and
doublecortin. However these markers do not identify new born cells after
differentiation. A potential problem of with BrdU is that it can be
incorporated into cells during DNA repair. However, genome replication will
include larger amount of BrdU, than a cell that repairing its DNA (Biebl et
al., 2000).

Administration of gap junction blockers (Paper I)

The rats received i.p. injections of either gap junction blocker or vehicle
30 min before or after the needle track injury. Octanol was dissolved in
DMSO and a final dose of 710 mg/kg was administered to the rats
(Rawanduzy et al., 1997). As octanol has a slight anaesthetic effect (Kurata et
al., 1999), the rats receiving octanol before injury were anaesthetized with
85% of the normal dose of ketalar and rompun. Control rats for the octanol
group received injections of DMSO only. Carbenoxolone was dissolved in
saline and a final dose of 90 mg/kg administered to the rats. Control rats for
carbenoxolone received injections of saline only.
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Comments:

To investigate the effect of gap junction communication on the progression of
reactive gliosis we used two commonly used gap junction blockers. Octanol
and carbenoxolone are identified as potent blockers of gap junction channels
(Juszczak and Swiergiel, 2009). Although both of these compounds are
strong gap junction blockers, neither exhibits a pure pharmacological
specificity for this mechanism of action. As selective gap junction blockers
are currently lacking (Juszczak and Swiergiel, 2009), and many normally
used blockers have side effects that may be neuroprotective, we used octanol
and carbenoxolone, two structurally different gap junction blockers.

Octanol, like other long chain alcohols, is suggested to block gap junctions
quickly and reversibly. Its mechanism of action is not clear and is probably
due to multiple factors. Its anaesthetic effect is probably due to octanol’s
agonist-like effect on GABA, receptors (Kurata et al., 1999). Carbenoxolone
acts more slowly and closes the gap junctions indirectly by activating
enzymes, ATPases, G-proteins for example (Jahromi et al. 2002). The ability
to enter the brain probably also differs between the two drugs as octanol is
lipophilic and carbenoxolone is hydrophilic. As octanol and carbenoxolone,
have other effects on the cell, in addition to their ability to block gap
junctions, one should be cautious when saying that possible observed effects
of octanol or carbenoxolone are only due to their effect on gap junction
channels.

Nrf2 stimulation by sulforaphane in vivo (Paper lll)

Sulforaphane was dissolved in DMSO and further diluted in either corn oil or
sterile saline. For mRNA, behavioural, and histological analyses, animals
were i.p. injected with 5 mg/kg or 50 mg/kg sulforaphane, 15 min after the
ischaemic injury, and sacrificed 24 h later. For further histological and
behavioural analyses, an additional set of animals were injected with 5 or
50 mg/kg sulforaphane 15 min, 24 h and 48 h after the ischaemic injury and
sacrificed 72 h later.

Comments:

Sulforaphane is an inducer of the Nrf2 system and is described under the
paragraph “Nrf2 stimulation with sulforaphane in vitro”. To maximize the
Nrf2 system, sulforaphane was repeatedly administered for up to three days
in order to investigate its neuroprotective effect.
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Immunohistochemistry (Papers I, Ill)

Immunohistochemistry was used to determine the distribution and presence
of the different types of glial cells, as well as proliferating cells. Endogenous
peroxidase activity was blocked with H,O, and for detection of BrdU-labeled
nuclei, the DNA was denatured. Unspecific binding was blocked and the
sections were permeabilized. Primary antibodies against glial cells and
proliferating cells were used. Thereafter the sections were incubated with
biotinylated conjugated secondary antibodies followed by avidin-biotin-
peroxidase complex. The peroxidase was detected by 3, 3"-diamino-
benzidine tetrahydrochloride (DAB) solution in the presence of H,O, and
nickel ammonium sulphate. Negative controls were performed by omitting
the primary antibodies and applying the secondary antibodies alone. Rinsing
in water stopped the reaction and the sections were dehydrated and mounted.
The sections were viewed by bright field microscopy and images were
captured with a Nikon Optishot 2 and microscope equipped with a
Hamamatsu C5810 colour chilled 3CCD camera.

Comments:

Immunohistochemistry is a sensitive method and an important tool for
determining cell distribution and morphology. The method is based on the
specific binding of the primary antibody to an antigen on the tissue/cell. The
outcome and quality of the binding is influenced by factors such as fixation
and the specificity of the antibody for example. Non-specific binding of
secondary antibodies can be detected by incubating some sections without
adding primary antibodies.

In paper | the staining was performed on free-floating sections. The
advantage with free-floating staining is that it allows the antibody to
penetrate throughout the whole section. In paper Il1, frozen sections were put
onto glass directly at sectioning. This facilitated the staining of sections from
a stroked area, which is relatively fragile and could easily have been broken
during a free-floating staining.

Immunofluorescence (Paper I)

Immunofluorescence was used to determine the phenotype of the
proliferating cells. Free-floating sections were treated for DNA denaturation
as described above. Unspecific binding was blocked and the sections were
permeabilized. Primary antibodies against glial cells and proliferating cells
were used, and fluorescin conjugated secondary antibodies were subsequently

53



Reactive gliosis

added to visualize the primary antibodies. Negative controls were performed
by omitting the primary antibodies and applying the secondary antibodies
alone. The sections were mounting on glass slides. The specific proteins were
detected using a confocal laser-scanning microscope. Images were captured
with Leica imaging software.

Comments:

Immunofluorescence was used to detect the phenotype of proliferating cells
using specific antibodies recognizing different cell types and proliferating
cells. Immunofluorescence is based on the same principal as traditional
immunohistochemistry with specific binding of antibodies to an antigen.

Immunohistochemical Analysis (Paper I, )

In both Paper I, and Il the quantification was performed by an observer
blinded to treatment group. In Paper I, the assessment was conducted by two
observers blinded to treatment. For each brain, 2-3 sections (100 um apart)
from equivalent locations were selected. The immunostained needle track
area on the sections was visualized by light microscopy using a Nikon
Optishot 2 and images were captured with a Hamamatsu C5810 color chilled
camera. The Easy image measurement program (Nikon, Tekno Optik,
Sweden) was used to determine the area of the actual hole that the needle
produced including the surrounding necrotic area, until the GFAP expression
appeared. The extension of increased GFAP and NG2 was analyzed in one
area that included the needle track injury (2800 x 2100 um). A mean value
was calculated and averaged, from eight compass point measurements from
the edge of the necrotic area to the rim of the elevated protein expression on
each section. The number of ED1 and BrdU positive cells was determined
using the Nikon Easy image analyzing program, in two areas (900 x 950 pum)
adjacent to the needle track. The mean value for each group was then
calculated. To quantify the number of cells double-positive for BrdU and the
respective cell specific markers, a confocal laser-scanning microscope (Leica
TCS SP2) was used. On each section, eight images (350x350 pum and a stack
of 30-40 sections) adjacent to the needle track were captured. Sections were
scanned in z-direction at 0.65 um intervals (total 20 um). The number of
double-labeled cells was expressed as percentage of the total number of
BrdU-labeled cells analyzed, and the average of each group was calculated.

In Paper 111, the infarct volume was quantified. Digital images containing a

calibration standard of the haematoxylin and eosin stained sections were
produced. Using Image J (NIH, version 1.410), the observer, who was the
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blind to drug treatment allocation, outlined the total area of the hemisphere,
and the infarct on nine standard coronal planes from each brain (from
Bregma in mm: 1.98, 1.54, 0.98, 0.5, 0.02, -0.58, -1.06, -2.06, -2.54). Three
sections (25 um, 200 um apart) from 8-10 animals per group were viewed by
bright field microscopy and images were captured with a Nikon Optishot 2
and microscope equipped with a Hamamatsu C5810 colour chilled 3CCD
camera. The sections, from the middle of the infarct core, represented A0.9 to
A0.5 mm from bregma. Using the program Stereo Investigator, the number of
positive cells was determined in the peri-infarct, transition region and infarct
core, each 300 um wide, with the transition zone classified as 150 um either
side of the infarct boundary. The number of cells was divided by the area and
is presented as a density.

Comments:

In Paper I, the horizontal sections provided a clear view of the injury site and
the surrounding cell activation. As reactive gliosis was most obvious close to
the needle track, areas adjacent to the injury were analysed. GFAP and NG2
expression demonstrated a gradient of increased expression with highest
closest to the injury. Analysis of the expression of these proteins by compass
point measurements provided a good estimation of how gap junction
blockage had affected the extent of the protein expression.

To determine the phenotype of proliferating cells in Paper I, confocal laser
scanning microscopy was used. The confocal microscopes laser beams excite
specific fluorophores conjugated to the secondary antibodies. The emitted
fluorescence is obtained with high spatial resolution in the z-axis. Several
fluorophores can thus be examined in single cells and a three-dimensional
image of cells and structures can be performed with special software. To
determine the presence of co-localization of two or more antigens in the same
cell, consecutive z-series scans from different focal levels with a step size of
0.65 um were used. In order to avoid bleed-through, which can be a problem
due to partially overlapping emission spectra of fluorophores, sequential
scanning was performed.

In Paper 11, volumetric measurement of the infarct volume was performed on
the cross-sectional areas of the neocortex, and expressed as the percentage of
the contralateral hemisphere. This was to avoid overestimation of the infarct
volume by including structures that have undergone secondary tissue loss.

In Paper | and Ill, cell quantification was performed in regions of interest
bordering the injury where high glial reactivity was observed. In Paper lII,
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the penumbral region was divided in peri-infarct, transition region and infarct
core in order to easier determine the extent of cell reactivity.

Evaluation of neurological deficits —
Behavioural testing (ll)

The ability of the mice to control fine and gross motor control was assessed
using multiple functional tests. Mice were acclimatized to the behavioural
tests prior to the commencement of stroke induction and drug treatment, and
measurements taken 24 h prior to stroke were used as their respective
baseline. The animals were then tested 24 and 72 h after stroke onset.
Assessors of the animal’s behaviour were blinded to the treatment group of
each animal. All behavioural tests had objective outcome measures.

Beam walking- The distance and time taken to walk across a 60 cm long
beam of 1.2 cm square diameter and a round 1 cm diameter, suspended 60 cm
over the bench was recorded for each animal.

Cylinder test- The method of Schallert and colleagues (Schallert et al., 2000;
Schallert, 2006) was used with minor modifications. A glass cylinder, 12 cm
in diameter, was used as it allowed mice to stand comfortably on the base
with only 1-2 cm in front and behind them, encouraging them to stand. The
number of times the mice reared, and the front paw that first made contact
with the glass wall, were recorded.

Adhesive test- The test was performed in the home cage of the mice, except
that the bedding had been removed. Small adhesive stickers were placed onto
the front paws of the mice and then length of time taken to remove the sticker
was recorded. This test was repeated twice on each occasion and the mean of
both scores was used in the analysis.

Comments:

These tests are commonly used for their ability to detect motor and sensory
deficits in experimental animals shortly after injury. The photothrombotic
model used in Paper Il affects the brain regions that represent motor-
function, especially the front paw area. The beam walking test is mainly a
motor test, but the time it takes to cross the beam also depends on the degree
of anxiety experienced by the animal. The cylinder test is also a test where
both anxiety and motor-function can be measured. Mice like to explore their
environment while anxious mice will sit still. The small size of the cylinder
forces the mice to stand up and rear in order to explore. This provides
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information about which paw they prefer to use to lean against the glass (if
one paw is paralyzed it won’t be used). The adhesive test evaluates the
animals sensory deficits (whether they feel the sticker or not) and motor-
function (how well they then remove the stickers).
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RESULTS AND DISCUSSION

Modulation of gap junctions decreases cell
proliferation and markers for reactive gliosis after
traumatic brain injury (Paper I)

Our hypothesis was that blocking gap junction communication would
modulate reactive gliosis.

To evaluate the effect of gap junction blockage on reactive gliosis, two
commonly used gap junction blockers, octanol (710 mg/kg) or carbenoxolone
(90 mg/kg) were injected i.p. 30 min before or after traumatic brain injury
induced by a needle track in the adult rat. In order to mark dividing cells,
animals were injected with BrdU (150 mg/kg i.p.) twice a day, 8 h apart, with
the first injection 30 min after injury, and sacrificed two days later. The
expression of reactive glial cells was investigated using immuno-
histochemical techniques. To investigate the extent of reactive gliosis, we
measured the distance of astrocytic GFAP expression and NG2 expression
from the edge of the needle track. The numbers of proliferating cells and
activated microglial cells were counted in two areas adjacent to the needle
track.

We found that the needle track injury induced reactive gliosis located in the
area surrounding the injury site in the ipsilateral hemisphere. The GFAP
expression was increased in the cytoplasm of hypertrophic astrocytes
adjacent to the needle track with a gradient from high to low expression
radiating away from the injury site. Octanol administration prior to or post
injury significantly decreased the distance of GFAP expression from the
wound margin by 32% and 18% respectively (fig. 4A). Treatment with
carbenoxolone also reduced the GFAP expression although the difference
was not statistically significant (fig. 4A). Octanol and carbenoxolone
administered prior to injury significantly decreased the number of BrdU-
positive cells by 60% and 70% respectively, indicating decreased cell
proliferation, while injection after injury resulted in a non-significant
decrease in proliferation (fig. 4B). To further investigate the effect of octanol
on reactive gliosis, we analyzed the microglial response. The number of
reactive microglia was significantly decreased by about 55% following
octanol administration prior to or post injury (fig.4C). As the majority (about
50%) of proliferating cells analyzed were identified as NG2-positive cells
(see fig. 6, Paper 1), we also analyzed the effect of octanol on NG2
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expression. Octanol significantly reduced the distance of NG2 expression
from the needle track by 48% when administered prior to injury (fig.4D).
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Figure.4 The distance of GFAP expression from the wound margin was significantly
decreased when octanol was administered prior to or post injury (A). Carbeonxolone
decreased the distance of GFAP compared to saline, although the difference was not
statistically significant (A). Octanol and carbenoxolone administered prior to injury
also significantly decreased cell proliferation (B). Treatment with octanol decreased
the number of reactive microglia (C) and when administered prior to injury, octanol
reduced the distance of NG2 expression from the wound (D).

In summary, our results demonstrated that gap junction blockage with
octanol and carbenoxolone decreased GFAP expression after a minor
traumatic brain injury. This is line with previous studies where suppression of
connexin 43 expression using an antisense oligodeoxynucleotide or mimetic
peptide, which results in dysfunctional gap junctions, reduced upregulation of
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GFAP expression after spinal cord injury (Cronin et al., 2008; O'Carroll et
al., 2008). As it has been suggested that the gap junction channels act as
pathways for triggering molecules released from dying and activated cells
(Spray et al., 2006; Sofroniew, 2009), modulation of the channels with
octanol or carbenoxolone, might inhibit the path for the triggering factors.

Carbenoxolone was less effective in attenuating the up-regulated GFAP
expression in comparison to octanol. This could be explained by the different
pharmacokinetics of the drugs, as well as their ability to pass the blood brain
barrier. Octanol is lipophilic and probably it enters the brain rapidly and
might therefore be able to modulate gap junctions prior to the time of injury.
Carbenoxolone is hydrophilic and its possibility to cross the BBB has been
guestioned (Leshchenko et al., 2006). However, this is not likely to have been
a problem in the present study as the traumatic injury model used results in
local BBB disruption. This should provide a direct entrance of carbenoxolone
into the brain parenchyma.

The attenuation of the glial response was most obvious when the drugs were
given prior to injury, suggesting that octanol and carbenoxolone interfere
with early cellular events following injury. For instance, both octanol and
carbenoxolone decreased the number of BrdU-positive cells when given
before, but not after the needle track injury. Although the mechanisms behind
the attenuated cell proliferation are unclear, these results suggest that gap
junction communication is involved in cell proliferation after injury.

In accordance with previous studies using the stab wound injury model
(Alonso, 2005), we found that a fifth of the proliferating cells were microglia,
approximately half of the population of proliferating cells were NG2 positive,
and hardly any of the proliferating cells were GFAP positive. However, the
ratio of glial markers co-labeled with BrdU did not differ between octanol-
and control-treated animals. These results suggest that the decreased cell
proliferation was not due to a specific effect on just one cell type.

As activated microglia express functional gap junction channels, which can
be inhibited by gap junction blockade (Eugenin et al., 2001; Eugenin et al.,
2003), the attenuated microglial response observed in our study could result
from the modulating effect of octanol on gap junctions. Moreover, attenuated
connexin 43 expression reduces microglial activation (Cronin et al., 2008). In
addition, injury-induced morphological microglial changes involve the
release of ATP via connexin channels from neighboring astrocytes (Davalos
et al., 2005). Therefore, the observed attenuation of the microglial response
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could result from modulation of gap junctions on both astrocytes and
microglia.

NG2 cells do not express functional gap junction channels (Lin and Bergles,
2004), thus the attenuation of NG2 expression may have been mediated
indirectly via other cells or by other effects of octanol. Inflammatory
molecules such as cytokines, released from activated microglia and
infiltrating blood cells, are known to activate both NG2 cells and astrocytes
(Rhodes et al., 2006; Fitch and Silver, 2008). Hence, it is possible that the
decreased inflammatory response resulted in reduced activation of NG2-
positive cells and astrocytes.

Increasing evidence demonstrates the importance of the injury-induced glial
response on the outcome of the degree of tissue damage and the failed
neuroregeneration that follows (Fitch and Silver, 2008). The current study
suggests that communication via gap junction channels is involved in the
process of reactive gliosis. The results further indicate that inhibition of
intercellular communication is one way to attenuate progression of reactive
gliosis after traumatic brain injury.

Brief stimulation of the Nrf2 pathway results in
long-lasting antioxidative response in cultured
astrocytes (Paper Il)

Our hypothesis was that brief sulforaphane stimulation would be sufficient
to induce prolonged Nrf2-induced gene expression. The aim of this study was
to examine the kinetics of Nrf2-mediated gene expression, Ngol and Hmox1,
after sulforaphane exposure in cultured astrocytes.

To evaluate the Nrf2 response following activation by brief sulforaphane
stimulation, we examined the Kinetics of two well-known Nrf2-regulated
proteins, Ngol and Hmox1, after exposing astrocyte cultures to sulforaphane.
We analyzed the induction of Ngol and Hmox1 mRNA and protein at
various time points following transient exposure to 10 uM sulforaphane. We
also analyzed the levels of GSH, the main antioxidant in the brain. In order to
investigate the capacity of the astrocytes to clear peroxides, peroxide levels
were measured after exposing the cells to a hydrogen peroxide challenge. To
investigate whether the astrocytes exhibited alterations in the cellular defence
against superoxide-mediated oxidative stress, ATP levels were analyzed as a
measure of cell viability following exposure to xanthine/xanthine oxidase.
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We found that after a 4 h sulforaphane-stimulation, Ngol exhibit slow
induction kinetics and mRNA levels were still highly elevated at 24 h. The
Ngol protein levels continuously accumulated for up to 48 h (fig 5A).
Hmox1 mRNA accumulated during the first 6 h and then declined gradually.
Hmox1 protein increased for the first 16 h. Thereafter, they started to decline,
but remained elevated up to 48 h (fig 5B). In addition, the cellular GSH
levels (fig 5C) and the cellular capacity to clear peroxides (fig 5D) were
elevated for at least 20 h after a transient 4 h sulforaphane-stimulation. In
addition, a relative preservation of cellular ATP content after a superoxide
challenge was observed 20 h after sulforaphane stimulation (fig 5E).
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Figure 5. Rat astrocytes were exposed to sulforaphane stimulation (SF) for 4 h. Ngol and
Hmox1 mRNA levels were measured by quantitative PCR and the levels of protein were
analyzed using immunoblotting (A, B). The GSH levels were measured at 24 h following
sulforaphane stimulation for 4 h or continuous stimulation for 24 h (C). The cells capacity to clear
peroxides following a peroxide-challenge was also measured at 24 h following 4 h sulforaphane-
stimulation (D). The cellular ATP content was measured at 24 h after the superoxide challenge,
following continuous or 4 h sulforaphane-stimulation (3-10 pM) (E).

In summary, we stimulated the astrocyte cultures for 4 h with sulforaphane
in order to simulate the brief sulforaphane exposure that could be expected
after ingestion of broccoli. This short stimulation was sufficient to elevate
levels of GSH, as well as the cells capacity to clear peroxides, for at least
20 h. In addition, a long-term increase in the expression of Ngol and Hmox1,
two enzymes important for free radical protection in neurons and astrocytes
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(Chen et al., 2000; van Muiswinkel et al., 2000), was observed following the
brief sulforaphane stimulation. Furthermore, by demonstrating sustained ATP
levels in sulforaphane pre-treated astrocytes after exposure to superoxide, we
confirmed that the prolonged Nrf2-mediated response was protective.

The prolonged increase in Nrf2-mediated gene expression may provide an
explanation for the molecular mechanisms underlying free radical-induced
hormesis. Hormesis is defined as an adaptive response that can protect the
cell from harmful stimuli when exposed to sub-maximal levels of a stimulus
(Mattson, 2008). For example, preconditioning with a mild ischaemic lesion
protects the brain against subsequent ischaemic insults (Dirnagl et al., 2003).
This phenomenon is probably caused by the free radical production during
the mild ischaemia that activates the Nrf2-response. Recent results indicate
that astrocytes, the main source of antioxidants in the brain, are the most
important target for Nrf2-stimulating therapy (Vargas and Johnson, 2009). In
this study, we demonstrate that only brief stimulation of the Nrf2-pathway by
sulforaphane is sufficient to induce a long-lasting elevation of endogenous
antioxidants in astrocytes and results in a sustained protection against
oxidative damage.

Repeated daily stimulation of the Nrf2 pathway
mediates sustained protection against radical-
induced damage in cultured astrocytes (Paper Il)

Our hypothesis was that daily transient sulforaphane-stimulations would
result in accumulation of Nrf2-mediated mRNA and protein expression and
increase protection against oxidative damage.

To evaluate the effect of intermittent sulforaphane stimulation on the Nrf2-
response in cultured astrocytes, we examined Ngol and Hmox1 mRNA and
protein expression and measured the levels of GSH and ATP, after exposing
the astrocytes to 10 pM sulforaphane for 4 h per day for up to 4 days.

We found that repeated sulforaphane treatment resulted in accumulation of
both Ngol mRNA and protein (fig. 6A, B). In contrast, daily 4h
sulforaphane stimulations increased Hmox1 mRNA the first day but no
further increase was observed on subsequent days. Hmox1 protein also
increased the first day, as expected, but remained thereafter at control levels
(fig. 6C, D). Both GSH levels (fig. 7A) and the protection against
superoxide-induced damage (fig. 7B) remained elevated, but no evidence of
GSH accumulation or increased protection was found following daily 4 h
sulforaphane stimulation.

64



Heléne Andersson

>

Ngo1 mRNA fold change

O
Day4| 0
0
0
0

o o o &
o & B
o & & &

0

SF stimulation (h)

P S

Ngo1 protein fold change

ro

—

Hmox1 protein fold change

0
Day 4 4
Day 3 4
Day 2 0
Day 1

o o o o
o o o K
(=T
E R

0
SF stimulation (h)

Figure 6. Repeated stimulation with sulforaphane (SF) (10uM) 4 h per day for up to
4 days resulted in accumulation of both Ngqol mRNA and protein levels (A, B). In
contrast, no accumulation was observed in Hmox1 mRNA or protein levels (C, D).
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Figure 7. Repeated sulforaphane stimulation resulted in sustained GSH levels (A)
and protection against superoxide-induced damage (B).
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In summary, to investigate the kinetics of Nrf2-mediated mRNA and protein
after repeated transient stimulation of the Nrf2-response, we exposed
astrocytes to daily 4 h sulforaphane-stimulation for up to 4 days. By using
repeated sulforaphane stimulations, the astrocytes were exposed to same
concentration each day, which allowed, at least partly, a more efficient Nrf2-
mediated response. Daily stimulation resulted in an accumulation of Ngol
expression, continuous induction of GSH, and a persistent protection against
superoxide-damage. In contrast, repeated sulforaphane stimulation did not
result in an accumulation of Hmox1 mRNA or protein levels.

Our findings that Nrf2-induced prolonged gene expression following daily
sulforaphane treatment, could potentially explain how consumption of
vegetables and xenobiotics protect against free radical-linked disease
(Primiano et al., 1995; van Poppel et al., 1999). Although Ngol accumulated
and GSH remained increased, repeated daily sulforaphane stimulation did not
result in an accumulation of Hmox1 mRNA or protein expression. These
findings suggest that the Hmox1 response is subject to feedback-regulation.
Thus, parts of the Nrf2-response may be attenuated by repeated sulforaphane
stimulation. Even though an induced expression of Hmox1 is protective, a
chronic upregulation might be toxic and cause cell death (Schipper, 2004;
Stahnke et al., 2007). However, despite the fact that some parts of the Nrf2-
response were attenuated, there was no attenuation of the sulforaphane-
mediated superoxide protection following daily sulforaphane stimulation in
our study. In conclusion, our observations demonstrated that some of the
Nrf2-induced gene expression can be enhanced by repeated transient
sulforaphane stimulation, which in turn could explain why intermittent intake
of Nrf2-activating substances can result in long-term protection from free
radical induced disease.

The effect of sulforaphane on stroke outcome and
reactive gliosis following photothrombotic stroke
in mice (1)

Our hypothesis was that sulforaphane-induced Nrf2 stimulation would
modify stroke outcome and reactive gliosis when given after a permanent
focal ischaemia.

To evaluate the hypothesis that sulforaphane-induced Nrf2 activation would
modify stroke outcome, reactive gliosis and cell proliferation, mice were
subjected to permanent cerebral focal ischaemia induced by photothrombosis
followed by sulforaphane treatment. Sulforaphane (5 or 50 mg/kg i.p.) was
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administered 15 min after occlusion, either as a single dose or as a repeated
daily dose for three days. To detect proliferating cells, mice were injected
with BrdU (50 mg/kg) 15 min, 24 h and 48 h after the ischaemic injury.
Histological investigations were performed to assess infarct volume at 24 and
72 h post ischaemic injury. To investigate the effect of sulforaphane on
reactive gliosis at 72 h post-ischaemia, antibodies against GFAP (reactive
astrocytes), Ibal (activated microglia) and BrdU (proliferating cells) were
used. Different behavioural tests were used to evaluate neurological functions
24 and 72 h after stroke onset. The ability of sulforaphane to activate the
Nrf2-pathway was evaluated by analysing the mRNA levels of the Nrf2-
regulated gene Ngol 24 h after sulforaphane injection.

We found that sulforaphane administration did not alter the infarct volume
(fig.1, Paper I11), the number of activated glial cells or proliferating cells (fig.
2, Paper 111) when analyzed 24 and 72 h after stroke. No significant effect on
motor-function was observed in sulforaphane-treated animals after the
photothrombotic lesion (fig. 3, Paper IlI). As our results showed that
sulforaphane did not affect stroke outcome under these experimental
conditions, an additional group of naive mice were injected with sulforaphane
to ensure that the dose of sulforaphane used was able to activate the Nrf2-
pathway in mice. The mRNA levels of Ngol were analysed 24 h after
sulforaphane injection in these naive animals. The increased transcription of
Ngol mRNA levels in both the liver and brain (fig.4, Paper IlI) after
sulforaphane treatment confirmed that the Nrf2 system was activated under
our experimental conditions.

In summary, Sulforaphane activated the Nrf2 system in naive mice, as
indicated by the upregulation of Nqol mRNA expression. However, glial cell
markers, infarct volume and motor-function did not differ significantly
between sulforaphane-treated and vehicle-treated following photothrombotic
stroke.

The beneficial effects of sulforaphane are, at least partly, mediated through
the Nrf2 pathway. As we did not see an effect of sulforaphane on the
outcome measures in this study, we confirmed that the treatment paradigm
was sufficient to upregulate Nrf2 in mice. Activation of the Nrf2-pathway
after sulforaphane treatment was investigated by analysing the expression of
Ngol. Our results demonstrated that sulforaphane significantly increased the
levels of Nqol, 24 h after treatment in naive animals. Thus, the treatment
paradigm used should have been sufficient to activate Nrf2 in the experiment
animals.
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The photothrombotic stroke model was chosen as it has the advantage of
being highly reproducible in location and in size, generating small infarcts
limited to the cortex. The photothrombotic model is minimally invasive but
has a similar cell response to the MCAO model (Schroeter et al., 1994;
Jander et al., 1995). After photothrombosis, we observed a maximal
ischaemic lesion 24 h post-ictus and at 72 h post-ictus there was no difference
in infarct volume. In contrast to Zhao and colleagues (Zhao et al., 2006)
where 5 mg/kg sulforaphane reduced infarct size by 30% when given 15 min
after a transient middle cerebral artery occlusion in rats, we failed to observe
any difference in infarct volume with 5 or 50 mg/kg sulforaphane using
single or multiple doses in mice. The photothrombotic model that was used
has a much smaller penumbra than a reperfusion model where the collateral
blood flow is greater (Kuroda and Siesjo, 1997). This, together with the small
volume of injured cortical tissue seen after photothrombosis, generates less
ROS compared to middle cerebral artery occlusion. The small size of the
penumbra and the lower generation of ROS may explain why we did not see
neuroprotection with sulforaphane in the photothrombotic stroke model.

In this study, repeated sulforaphane treatment did not alter the number of
BrdU-, GFAP- and Ibal-positive cells compared to vehicle. In line with this,
dietary antioxidants can reduce oxidative stress by increasing the endogenous
antioxidant defence without altering the activation of glial cells in a rat model
of chronic gliosis (Bates et al., 2007). In addition, sulforaphane decreased the
macrophage/microglial activation in a invivo model of inflammation
(Innamorato et al., 2008). However, this decrease in inflammatory response
was only present when sulforaphane was administrated prior to
lipolysaccharide (LPS) challenge. The fact that the number of proliferating
cells, activated astrocytes and microglia were not attenuated by sulforaphane
in our study suggests that, at the time points and concentrations used,
sulforaphane did not interfere with the mechanisms involved in the activation
of glial cells or cell proliferation after photothrombotic ischaemia.

The use of several specific tests on forepaw motor function demonstrated that
photothrombotic infarction results in animals losing fine control of their paw.
However, animals treated with sulforaphane had the same functional motor
deficit as vehicle treated animals and recovered within the same timeframe as
vehicle treated animals.

In summary, 5 or 50 mg sulforaphane was not sufficient to affect cell death or

reactive gliosis when given as a single or multiple daily doses, starting 15
min after photothrombotic stroke in mice. Whether sulforaphane has an effect
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on reactive gliosis in a transient stroke model, or other models of injury, is
not known and needs to be investigated.
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CONCLUSIONS AND RESPONSES TO
GIVEN AIMS

e The gap junction channels blockers octanol and carbenoxolone,
decreased markers for reactive gliosis and cell proliferation following
traumatic brain injury in the adult rat. These results suggest that cell
communication through the gap junction channels are involved in the
activation and progression of reactive gliosis.

e Brief sulforaphane exposure was sufficient to induce prolonged
expression of the Nrf2-mediated genes Ngol and Hmox1 and
provided a long-lasting protection against peroxide- and superoxide-
induced oxidative damage. This may explain why brief sulforaphane
exposure results in long-term protection against free radical-induced
damage, although absorbed sulforaphane is cleared from the body
within a few hours.

e Repeated transient Nrf2-activation by sulforaphane resulted in partial
accumulation of the studied Nrf2-induced antioxidants and persistent
cell protection against oxidative damage. This may explain why
intermittent intake of Nrf2-activating drugs or vegetables can result
in long-term protection from free radical-induced disease.

e Sulforaphane was not sufficient to affect cell death or reactive gliosis

when given as a single dose or multiple daily doses, starting 15 min
after photothrombotic permanent stroke in mice.
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CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Stroke or traumatic brain injury are major causes of death and disability. To
date there is very little that can be done to treat these patients in the early
stages. It is becoming increasingly clear, although the processes are still far
from understood, that glial cells, and especially astrocytes, contribute to the
evolving tissue damage and subsequent attempts to repair the damaged or
injured areas (Fitch and Silver, 2008; Allen and Barres, 2009).

Reactive gliosis is a double edge sword when it comes to the recovery
process after a brain injury. The molecular mechanisms behind reactive
gliosis are not well understood. The results presented in this thesis
demonstrate that modulation of gap junction channels attenuates markers for
reactive gliosis, as well as the injury-induced increased cell proliferation
surrounding the injury. This indicates an important role for cell
communication through the gap junctions on the activation and progression
of reactive gliosis. It is tempting to believe that attenuating reactive gliosis by
blocking the gap junction channels may lead to modification of the glial scar
and subsequently improved regeneration. This is still not known and needs to
be investigated. Important aspects to further explore include when and what
triggers the glial response to go from being beneficial to becoming
detrimental for the outcome after brain injury.

Oxidative stress is one of the main causes of tissue damage following
ischaemic insults in the brain (Kuroda and Siesjo, 1997). Astrocytes are
highly involved in the defence against oxidative stress in the brain, and in
many important aspects for neuronal function. Their close interactions with
surrounding cells indicate that alterations in astrocytic function would also
have an effect on other cells. The essential role of astrocytes in protecting
neurons against oxidative insults via Nrf2 activation has been confirmed in
several studies, suggesting that astrocytes constitute a primary target for
future Nrf2-stimulating therapy (reviewed in (Vargas and Johnson, 2009).
Here we demonstrate that Nrf2 activation in cultured astrocytes results in a
long-lasting elevation of cytoprotective proteins that provide protection
against free radical-induced cell damage. This provides an insight into how
the Nrf2-system might be stimulated to optimize neuroprotection. In addition,
we also demonstrated that part of the Nrf2-mediated response accumulates
after transient repeated Nrf2 activation. These observations may provide a
puzzle piece in the understanding of how short-term exposure to Nrf2-
activating drugs can provide prolonged protection against free radical-linked
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disease. These results also support the use of astrocyte cultures for studying
Nrf2 activation, the Kinetics of the response and the potency of new
neuroprotective substances.

Most experimental studies demonstrate neuroprotection against oxidative
stress-induced related disease when the Nrf2-pathway has been activated
prior to the onset of free radical production. This suggests that Nrf2
activating drugs could be useful as prophylactic treatment in patients with a
high stroke risk, which could help to protect against a potential stroke.
Support for this view can be found in human studies, for example in studies
where the relationship between consumption of fruit and vegetables and
ischeamic stroke was investigated (Joshipura et al., 1999). In the exemplified
study, cruciferous and green leafy vegetables were included in the fruit and
vegetables group that was in particular associated with a reduced risk of
ischeamic stroke. It is possible that the protective effects of this particular
group of fruit and vegetables are mediated, at least partly, through the
activation of Nrf2. In our study, activation of the Nrf2 response shortly after a
permanent stroke induced by photothrombosis did not provide any
neuroprotection even when sulforaphane was given as a once daily dose for
three days. Due to the time it takes from gene transcription to form a
cytoprotective enzyme, and the fact that free radical production is highest in
the acute phase after a permanent stroke, it is conceivable that the Nrf2-
system needs to be activated prior to injury in order to provide
neuroprotection. However, as the extensive injury-induced cell responses,
including inflammation and reactive gliosis, continue for up to weeks after an
ischaemic lesion, it is motivating to find out whether activation of the Nrf2-
system with repeated dosing for longer a longer time period would improve
the functional outcome and facilitate the regeneration process after stroke.
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