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Although less appreciated, recent findings introduced critical contributions of
astrocytes to numerous CNS functions, like neurogenesis, synaptogenesis, ion
homeostasis, neurotransmission, and blood brain barrier formation. Their active
participation in the progression of specific CNS pathologies has garnered major attention
and culminated in thorough investigation of astrocyte function in brain. Reactive
astrogliosis, characterized by increases in glial fibrillary acidic protein (GFAP) and
cellular hypertrophy, describes the extensive structural and functional changes that
astrocytes undergo in response to tissue injury. Despite of extensive investigation, the
molecular mechanism of reactive astrogliosis in ischemic stroke still remains elusive. p38
MAPK is a well studied signal transducing pathway known to be involved in modulating
cell type specific responses to ischemic injury. The first study presented in the
dissertation delineates the involvement p38 MAPK signaling pathway in reactive
astrogliosis after ischemic stroke. Results showed that astrocyte specific deletion of p38
MAPK attenuated oxygen-glucose deprivation (OGD)-induced increase in GFAP
expression in primary astrocytes in vitro. Additionally, inhibition of p38 MAPK
(SB239063/genetic deletion) slowed astrocyte migration without affecting astrocyte
proliferation. In vivo deletion of p38 MAPK from astrocytes attenuated reactive
astrogliosis after permanent middle cerebral artery occlusion in mice. These findings

strongly indicated that p38 MAPK plays a critical role in reactive astrogliosis after



ischemic stroke. During ischemic stroke, astrocyte dysfunction causes extensive cell
death through excitotoxicity, disruption of ion and water homeostasis. Restoration of
astrocyte function thus may be beneficial to ischemic tissue in the long term. Methylene
blue (MB), a metabolic enhancer, has been well studied and known to improve cellular
respiration, glucose metabolism and attenuate superoxide production by efficient electron
transport in mitochondria. In the second part of this dissertation we determined the effect
of MB in astrocytes under oxygen glucose deprivation (OGD) and reoxygenation stress
and the underlying protective mechanisms. Our studies demonstrated that MB improved
astrocyte bioenergetics and promoted astrocyte survival following OGD and
reoxygenation. In conclusion, both the studies presented, provide a unique perspective of
the importance of astroglial response in ischemic injury and how its modulation can

benefit the healing and recovery of the brain following ischemic injury.
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CHAPTER 1

INTRODUCTION

1.1 Stroke

1.1.1 Definition and types of stroke:

According World Health Organization (WHO), stroke is defined as “A focal (or at times global)
neurological impairment of sudden onset, and lasting more than 24 hours (or leading to death),
and of presumed vascular origin” [1]. Clinically, stroke refers to a condition caused by sudden
interruption in the blood flow to the brain. Based on the etiology, stroke can be classified into
two major types, ischemic stroke and hemorrhagic stroke. Ischemic stroke is caused by an
obstruction of cerebral blood flow. This obstruction can be due to either a thrombus or embolus.
Ischemic stroke is the major of type of stroke and clinically, 87% of all cases are of this variety
[2]. The obstruction of blood flow results in an infarct that encompasses either all or part of the
territory supplied by the occluded cerebral artery. Hemorrhagic stroke is caused by a rupture of
an already diseased vessel which causes the blood to leak into surrounding nervous tissue.

Clinically, hemorrhagic stroke includes 10% of all the stroke cases. The risk factors for stroke

1



include hypertension, atherosclerosis, diabetes, high blood cholesterol, smoking, physical
inactivity, family genetics and age [3]. Several clinical studies have shown that effective

regulation of cholesterol using statins can reduce the incidence of stroke [4] in risk groups.
1.1.2 Pathophysiology of stroke:

The pathophysiology of stroke is exceptionally complex and involves the spatial and temporal
interplay of events evolving over hours, days or even weeks. An intact mammalian brain is
almost completely reliant on oxidation of glucose to generate energy and even transient
disruption of blood flow can severely affect its function. A sudden reduction in cerebral blood
flow restricts the delivery of vital nutrients, oxygen and glucose to nervous tissue causing energy
failure. This results in ionic imbalance and neurotransmitter release as well as inhibition of
reuptake of neurotransmitters like glutamate [5]. Subsequent excessive activation of glutamate
receptors causes intracellular calcium (Ca®*) overload and activates downstream Ca**-dependent
enzymes leading to excitotoxic cell death [6]. Excitotoxicity is in part attributed to astrocytes
which fail to clear excess glutamate during ischemia promoting excessive neuronal injury and
death [7]. Increased Ca® levels further activates proteolytic enzymes that degrade cellular
cytoskeletal proteins [8] and profoundly damage cellular integrity. Consequently cells undergo
necrotic cell death forming the irreversibly damaged core of the infarct. Surrounding the
ischemic core is the penumbra, a partially viable ischemic territory which is salvageable and the

target of all current neuroprotective strategies [9].

A successful early restoration of blood flow with thrombolytics or surgery is considered
favorable and essential for mitigating the magnitude and extent of tissue injury in ischemic

stroke. However as reperfusion is delayed its adverse effects overshadow desirable outcomes



and further exacerbate initial ischemic damage by causing cerebral reperfusion injury [10].
Reactive oxygen metabolites produced early during reperfusion compromise the structural
integrity of cell membranes by oxidation of proteins and lipids. This severely affects membrane
permeability resulting in change intracellular solute and water content and cytotoxic edema. In
addition, disruption of the blood brain barrier (BBB) causes vasogenic edema [11]. BBB
breakdown also causes macrophage and leukocyte infiltration followed by neuroinflammation
thereby contributing to growth of the infarct [12]. This detrimental chain of events initiated at
the molecular level of ischemic injury severely impairs cellular function and viability and is
manifested as extensive necrotic cell death at micro and macroscopic level. Although ischemia
causes significant damage to the nervous tissue, the susceptibility of the cells in the brain varies
and appears to be cell type specific. For example studies have shown neurons are particularly
sensitive to ischemia-reperfusion induced cell death [13] when compared to astrocytes [14].
While most neurons die in the ischemic penumbra over time, astrocytes and microglia become

reactive and establish a barrier which localizes the spread of injury [15].

The loss of viable neuronal tissue in the affected region of the brain at a functional level
interferes with gross sensory motor activity causing severe neurological deficits in patients
making post stroke recovery extremely difficult to manage in clinical stroke patients. Recent
experimental evidence indicates that ischemic damage during stroke can progress slowly and
evolve over a period of hours to days and even months after primary insult[16-18]. The most
prominently reported example of the evolution of post stroke evolution of injury is the formation
of a glial scar which is known to be both a functional and structural barrier to healing in injured

brain [19, 20].



1.1.3 Impact of stroke on society:

Stroke is currently the fourth leading cause of death and the foremost cause of adult disability in
United States [21]. In an estimate from 2010, it was reported that approximately 6.8 million
Americans above the age of 20 yrs had stroke in their lifetime. Each year, almost 800,000 people
are affected with new or recurrent stroke with an estimated prevalence rate of 2.8% in general
population. Based on projections made by the American Heart Association’s computation
methodology it is predicted that by 2030 the stroke prevalence rate in the general population may
increase by 20.5% indicating an additional 4 million people will suffer from stroke [22]. With
latest advancements in health care ~80% of the stroke patients survive beyond the first year and
most of them sustain lifelong neurological impairment. It is estimated that, in 2010 $73.7 billion
(CDC) was spent in direct and indirect costs to treat and rehabilitate stroke patients across the
USA [23]. Considering the expenditure and its impact on the productivity and quality of life of
the survivors and their families, the need for effective therapeutic interventions to improve stroke
recovery is of prime importance. Unfortunately, the pathology of stroke is still incompletely
understood and post stroke treatment continues to be limited to physical therapy and

rehabilitation methods.

1.1.4 Treatment of clinical stroke:

Currently the only FDA approved treatment for acute ischemic stroke is intrarterial thrombolysis
using recombinant tissue Plasminogen activator (rtPA, Activase®) [24]. However the clinical use
rtPA is limited by two major drawbacks. One is a short therapeutic window. Clinically rtPA
administered within 4.5hrs of onset of first symptoms is attributed with better prognosis [25] and
delayed administration of rtPA is accompanied with adverse effects like hemorrhagic
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transformation [26] . The second major drawback of rtPA therapy is limited patient eligibility
for treatment. Because of non-specific thrombolytic function of rtPA on blood clots it is
extremely important to evaluate patients for any pre-existing hemorrhagic incidences. As
administration of rtPA can result in both breakdown of ischemic embolus as well as any other
protective blood clots that are preventing life threatening hemorrhages. This important concern
of preventing hemorrhagic transformation in rtPA administration is the reason why only 1-6% of
stroke patients devoid of any pre-existing hemorrhagic conditions become eligible for
thrombolytic therapy in the event of ischemic stroke [27]. In addition to thrombolytics, recently
results from MERCI clinical trial has suggested that endovascular thromectomy for surgical
recanalization can also be used as alternate approach to restore blood flow especially to remove
large clots where thrombolysis is not effective [28, 29]. Studies have also shown that
hypothermia can be used as effective adjuvant therapy to reduce acute damage and slow down
inflammation [30-32]. Ischemic stroke is also the leading cause of adult disability and
approximately 35% of survivors lose useful function of limbs permanently without any chance of
recovery [33]. In spite of such serious consequences stroke related cognitive, language, and
motor skills deficits still remains untreated and thus treatment is mostly limited to physical

therapy and long term rehabilitation.

1.2 Astrocytes

1.2.1 Astrocytes in physiology:

Astrocytes are complex and highly differentiated cells found ubiquitously throughout the central

nervous system. They are the most abundant cell type in the brain outnumbering neurons by 6:1



(A:N) in rodents and 3:2 in humans [34]. Depending on the anatomical location, 2 major types
of morphologically different astrocytes are seen in brain. Fibrous astrocytes, which are
predominantly distributed in white matter, have long processes that are oriented along the fiber
tracts. Protoplasmic astrocytes have irregularly elongated and sheet like process and are found in
grey matter [35]. Classically, astrocytes are identified by the expression of glial fibrillary acidic
protein (GFAP), a prototypical marker for astrocytes based on immunohistochemical detection
methods. GFAP is an intermediate filament protein (IF), which is required for cyto-architectural
functions of astrocytes under physiological and pathological conditions. Studies performed on
transgenic mice reported that GFAP is extremely critical to astrocyte response to tissue injury
and its deletion severely impairs astrogliosis [36]. Apart from GFAP, astrocytes also express
vimentin, nestin and S100p [37] at varying amounts depending upon stage of maturation and

degree of injury [38, 39].

In a simplified view, astrocytes are the housekeeping cells of the brain that optimize the
microenvironment for efficient neuronal function. During early development astrocytes provide
support to the migrating neuroblasts by establishing molecular boundaries [40] and through
release of molecular signals for the formation and development of functional synapses [41, 42].
An in vitro study indicates that neurons cultured in the presence of astrocytes develop 7 times
more synapses compared to neurons cultured alone [41]. In addition, astrocytes are reported to
regulate neurogenesis by modulating the neuronal stem cells to adopt a neuronal phenotype both
in vitro and in vivo [43]. Astrocytes exert a tight control of water and ionic homeostasis and
optimize the interstitial space for efficient synaptic transmission [44]. Astrocytes are extremely
sensitive to extracellular osmolarity and respond to the changes by the extrusion of intracellular

osmolytes, predominantly K and CI”, and organic molecules such as pyroles, and amines [45].



In addition, astrocytes also express pools of aquaporins-4 which mediate activity-dependent
water fluxes across the membranes [46]. Another important function of astrocytes is regulation
of synaptic transmission. In the mammalian brain, it is estimated that a single astrocyte domain
(numerous non overlapping processes from a single astrocyte) can come in contact with almost
100,000 synapses [47] and glutamate released by astrocyte can synchronously activate up to 12
pyramidal hippocampal neurons [48]. Astrocytes play a direct and interactive role in
neurotransmission by regulating synaptic strength through neuroactive molecules like glutamate,
GABA, ATP, adenosine, and D-serine [49-53]. The most important function of astrocytes in
neurotransmission however, is the clearance of glutamate from the synaptic cleft through Na+
dependent transporters. Astrocytes express two type of glutamate transporters GLT-1 and
GLAST (EAAT1 and EAAT2 human analogues) [54] which are able to clear glutamate against
concentration gradients and prevent neurotoxicity under physiological conditions. Glutamate
taken up astrocytes is then converted into glutamine by the enzyme glutamine synthatase. This
glutamine is in turn released by astrocytes which is taken up by neurons and metabolized to
glutamate, [55,56] which is considered an important pathway in neuron- astrocyte

communication.

Neuronal activity is a high energy consuming process and astrocytes provide metabotrophic
support by coupling cerebral blood flow with neuronal activity [57]. This is achieved by close
association of astrocytes with specialized vascular endothelium and neurons in an anatomically
defined structure defined as neurovascular unit. Studies have shown that astrocytes can trigger
dilation or constriction of neighboring arterioles in response to neuronal activity through release
of nitric oxide [58] cyclooxygenase products [59] and a rise in intracellular calcium [60]. It is

predicted that during ischemic stroke the functional and structural integrity of the neurovascular



unit is severely disrupted causing metabolic failure and extensive cell death [61]. Glycogen
which is a storage polymer of glucose is almost exclusively localized in astrocytes in the brain. It
is reported that these stores of glycogen can be mobilized during peak energy demands and can
sustain neuronal function especially during hypoglycemia [62]. In addition, astrocytes can also
release metabolites like lactate, alanine, citrate, and o—ketoglutarate that can fuel neuronal

metabolism and function which play an important part in neuron-astrocyte communication [63].

The blood brain barrier is a selectively permeable barrier that strictly regulates the flow of solute
from blood into brain extracellular fluid [64]. Astrocytes with their perivascular end feet enwrap
the vessel wall and establish the BBB. Astrocytes also function in the development of gap
junctions through release and induction of several tight junction proteins like occludin, and
caludin as well as junction associated proteins [65]. It is reported that astrocytes regulate BBB
properties through specific bone morphogenic protein signaling mechanisms and disruption of
this signal can induce BBB leakage [66]. Given the sheer number of astrocytes in the brain it is
important to understand that astrocyte function may not be limited to metabolic and trophic
support to neurons and but may also extend into the realms of neuroprotection and

neuroinflammation.
1.2.2 Reactive astrogliosis:

With the increasing knowledge regarding the importance, complexity, and diversity of astrocytes
there is a growing interest in the potential role of astrocytes in many cerebral related pathologies.
The most prominent and well studied feature of astroglial response in CNS disorders is the
process of activation which is collectively termed as reactive astrogliosis. There is consensus in

the scientific community that astrogliosis is not a simple all or none phenomenon but rather a



finely regulated process of progressive changes in astrocyte molecular, genomic and morphology
in response to tissue injury. The changes are highly context dependent and may vary from subtle
perturbations to extreme manifestations as in glial scar formation [67]. Molecular changes
during reactive astrogliosis can be triggered by a wide range of stimuli including hypoxia,
glucose deprivation, and neurodegeneration, as wells as intracellular signaling molecules like
cytokines, ROS, B-amyloid, glutamate, norepinephrine and ATP [68]. These signals in turn
stimulate a plethora of changes in molecular and genomic expression as well as structure and
function in astrocytes. The most consistent and widely accepted change, the hallmark of

astrogliosis is the increased expression of GFAP and astrocyte hypertrophy [69, 70].

Astrogliosis is a complex phenomenon which either results in the loss of beneficial functions of
astrocytes or a gain of detrimental function as a result of activation [68]. As discussed earlier,
astrocytes play an important role in homeostasis, synaptic transmission and BBB integrity.
During astrogliosis, astrocytes may lose some or all of these metabotrophic and supportive
functions [71] and contribute to potential neuronal dysfunction and pathology in various CNS
insults. In contrast, changes in genomic and molecular expression profile during astrogliosis can
induce gain of detrimental function in astrocytes. The prototypical example is the formation of a
glial scar. A glial scar is the extreme manifestation of reactive astrogliosis which establishes a
physical and chemical barrier separating the lesion from healthy tissue. However, in the long
term, this barrier interferes with healing of the injured brain by inhibiting revascularization and
the migration of neurites and axonal regeneration [72]. So far, several signaling pathways
(STAT, NFkB, p38 MAPK) have been postulated to be responsible for astrogliosis, but the
extremely context dependent manifestation of astroglial response complicates the development

of new therapeutic strategies. It is important to understand the signaling mechanism of



astrogliosis in terms of individual pathologies rather than to develop a one shot target approach

for clinical manipulation of astrogliosis.

1.2.3 Astrocyte functions in ischemic stroke:

During ischemic stroke astrocytes have both acute and long-term actions. During the acute phase
of ischemia, astrocyte response is focused at maintaining tissue integrity and neuroprotection.
As previously mentioned astrocytes are more resistant to ischemia compared to neurons. This is
due to an efficient anti-oxidant system, glycogen reserves and the ability to clear extra synaptic
glutamate by astrocytes [14, 73, 74]. The latter action is particularly important in neuroprotection
especially against excitotoxicity [75]. The astrocyte response during experimental stroke is
known to begin very early (few hours) and is reported to last for weeks after the primary insult
[76, 77]. During the acute phase of ischemic injury, astrocyte response in the peri-infarct region
is reported to contain the spread of infarct [78], promote the release neurotrophic factors [79] and
aid in restoring BBB function [80]. Astrocytes can sustain neuronal function only for a short
period of time during ischemia by generating ATP through anaerobic glycolysis [81]. However,
in severe ischemia, astrocytes succumb to energy failure induced cell death causing a disruption
of ionic and water homeostasis. This further exacerbates ischemic injury by resulting in

vasogenic and cytotoxic edema [82].

In addition to acute protective functions, long-term astrocyte activation in response to ischemic
injury is detrimental to surviving tissue. Astrocytes are known to mediate neuroinflammation by
increasing the production of proinflammatory cytokines like 1L-6, TNF-o, IL-la and B,
interferon y [83] which can induce apoptosis and impair recovery [84]. The most detrimental

10



effect of astrocyte activation, however, is the formation of a glial scar after ischemic stroke.
Several studies have reported the glial scar is harmful to healing axons in post ischemic injury
[85-87] and prevents axonal remyelination and regeneration [68, 88]. The astrocyte rich glial
scar in addition to being a physical barrier is reported to produce chemically inhibitory molecules
like chondratin sulfate proteoglycans (CSPGs) [89-91]. In addition to their role of inhibiting
neuronal regeneration, reactive astrocytes have been reported to synthesize and secrete vascular
endothelial growth factor (VEGF) [92] which is known to promote pathological angiogenesis
following acute CNS injury like stroke [93] and stab injury [94]. Considering the fact that
astrocytes play a multifaceted and important role in ischemic response, with potential to both
improve and deter neuron survival and function, it is important to focus on this astrocyte-neuron

interaction and mechanism when looking at astrocyte induced neuroprotection for stroke therapy.

1.3 Targeting astrocytes for the treatment of ischemic

stroke.

To date, the majority of the neuroprotective interventions in ischemic stroke invariably aimed at
preserving neuronal survival and function. Many of the interventions are neuroprotective agents
which are designed to block selective steps in the pathologic cascade following ischemia. The
neuroprotective agents have been extensively studied using different animals ranging from
rodents to primates [95] in different experimental stroke models. However with the exception of
few thrombolytics most of the clinical studies with pharmacological agents like glutamate
receptor antagonists [96], calcium channel blockers [97], free radical scavengers [98] and anti-

inflammatory agents [99] have failed to demonstrate any beneficial effects in treating stroke
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[100, 101]. With many failed clinical attempts, it is critical to pay broader attention to
dysfunction and loss and non-neuronal cells in the brain to develop a successful stroke therapy in
future. To put it simply, a neuroprotective agent must protect both neurons and non-neuronal

cells to reduce infarct volume in stroke.

Traditionally, stroke research has often ignored the glial cell populations and has predominantly
focused on neurons for effective stroke therapy. With the increasing understanding regarding the
role of glial cells in both CNS health and disease it has become evident that the neurocentric
view of protection against ischemia may not be ideal for effective stroke therapy. Historically,
the astrocyte response in ischemic stroke has been considered to be detrimental to injured brain
but recent findings suggest that targeting astrocytes for repair can be a successful strategy in the
treatment of ischemic stroke [102, 103]. For example, a recent study indicated that astrocytic
brain derived neurotrophic factor (BDNF) promoted neuronal survival in the ischemic penumbra
and improved motor function in experimental ischemic stroke in rats[104]. Astrocytes have also
been to shown to attenuate glutamate excitotoxicity in neurons by preserving the expression of
glutamate transporters [105] and through glutathione dependent antioxidant mechanisms [106].
In addition, reports from a Phase-I clinical study using arundic acid (AA; ONO-2506) [107], a
novel astrocyte modulator of astrocyte activation, showed a favorable trend in reducing deficits
in clinical stroke patients [108]. Given the multiple functions astrocytes perform; it is not

surprising that targeting astrocytes for neuroprotection in stroke has received major attention.

12



1.3.1 Proposed astrocytic strategies for the treatment of ischemic

stroke:

1.3.1.1 p38 MAPK and astrogliosis

p38 is a member of the Mitogen Activated Protein Kinase (MAPK) super family, p38 is involved
in signaling cellular stress and plays a critical role during the processes of inflammation, cell
differentiation and apoptosis. p38 MAPK modulates the cellular responses like increased
cytokine production, cellular proliferation and apoptosis by phosphorylating a wide range of
downstream substrates including transcription factors (ATF 1/2/6, CREB, NF-kB,) and protein
kinase (MK-2 and 3) as well as cytosolic proteins [109]. p38 induced activation of transcription
factors and protein kinases thus leads to an increased synthesis and secretion of pro-
inflammatory cytokines such as TNFa, IL-1(, and IL-6, [88] free oxygen and nitrogen radicals
[110], and extracellular matrix degrading enzymes [111] all of which are known exacerbate
tissue injury. Results from several studies strongly support that p38 activation in response to
ischemia is detrimental, promoting neuronal cell death [112, 113], blood brain barrier disruption
and vasogenic edema [114] and most importantly, p38 inhibition results in a robust
neuroprotection [115-120]. In astrocytes, activation of p38 during hypoxia is known to induce
pro-inflammatory cytokines like TNF- a, IL-6, generate nitric oxide (NO) and matrix
metalloproteases [121] which are known to aggravate ischemic injury. Studies conducted using a
spinal cord injury model have shown that p38 is activated in astrocytes during astrogliosis [122]
and inhibition of the p38 pathway alleviated neuropathic pain [123]. The aim of the first study
presented in the dissertation is to determine the role of p38 MAPK signaling pathway in inducing
reactive astrogliosis in ischemic stroke.
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1.3.1.2 Methylene blue (MB) for astrocyte protection against oxygen

glucose deprivation

MB also known as methylthioninium chloride is a heterocyclic aromatic compound with the
molecular formula Ci6H1gN3SCI. It was first synthesized almost a century ago (1876) by
Heinrich Caro. Historically, MB was first used as an effective anti-malarial agent during World
War I, but recently several studies have generated new insights and renewed interests in the
anti-malarial property of MB [124, 125]. Currently, MB is one of the recommended strategies in
the treatment of cyanide toxicity [126] as well as in toxin-induced and hereditary
methemoglobinemia [127, 128]. In psychiatry, MB use as an adjuvant has been shown to
improve treatment of maniac depressive psychosis [129] and schizophrenia[130]. Recently MB
has been shown to attenuate hypovolemia and improve circulation in clinical septic shock [131]
and experimental cardiac arrest model[132]. MB has been shown to improve peripheral vascular
resistance and reverse myocardial depression. MB is also shown to improve cognition and

memory function by enhancing cellular metabolism [133].

MB is highly lipophilic easily crosses BBB, and is able to accumulate in the nervous tissue of the
brain[134]. High membrane permeability also enables MB to selective localize in mitochondria
where it interacts with the oxidases [135]. MBs auto-oxidizable potential enables its unique
ability to efficiently transfer electrons or act as an alternate electron carrier and improve
mitochondrial respiration. Subsequent studies performed on cellular respiration indicate that MB
increases cellular oxidative metabolism and energy production [136]. Additionally, MB can also

influence biochemical mechanisms like lipid B—oxidation [137], glycolysis, ATP synthesis,
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extracellular matrix production and Na+/K+ ATPase activity [133, 138] and support MBs energy

enhancing functions.

In ischemia-reperfusion (I/R) injury, MB is shown to inhibit superoxide production by
interacting with mitochondrial enzymes and promoting cellular survival [139]. MB can also
induce major transcriptional changes in the genome during cellular response to I/R and induce
the expression of factors involved in inhibition of apoptosis, modulation of stress response,
neurogenesis and neuroprotection [139]. A recent MRI study reported that MB treatment
improved cerebral blood flow, minimized ischemic brain injury and improved functional
outcomes in an experimental ischemic stroke model [140]. However the molecular mechanism
of MB in ischemic injury still remains to be elucidated in the context of ischemic stroke. Loss of
beneficial astrocyte function during severe ischemia has been implicated as one of the important
factors for the wide spread neuronal death in ischemic stroke. The aim of the second study
presented in the dissertation is to delineate the mechanism of MB’s protective function in

ischemia-reperfusion injury using mouse primary astrocytes.

The two studies presented in the dissertation provide a glimpse of the numerous prospects of
utilizing astrocyte function and its modulation as a potential approach for neuroprotection in
future stroke therapies. In the first study, using a novel astrocyte specific p38 MAPK conditional
knockout mouse, we show the involvement of p38 MAPK in signaling astrocyte activation and
how astrocyte specific deletion of p38 MAPK can attenuate reactive astrogliosis following
experimental ischemic stroke in mice. The second study delineates the mechanism behind MB’s
protection against in vitro ischemia-reperfusion (I/R)- induced astrocyte cell death. The study
presents a preliminary drug development perspective of metabolic enhancer, MB and how it can

potentially be used to restore astrocyte metabolism which can be beneficial as an adjunctive
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therapy in stroke management. Together these two studies aid in appreciation of two important
responses of astrocytes against I/R injury seen during stroke and provide further evidence to

strengthen the neuro-astrocentric approach of future stroke therapies.
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ABSTRACT

Reactive astrogliosis is an essential feature of the astrocytic response to all forms of
central nervous system (CNS) injury and disease, which may benefit or harm surrounding neural
and non-neural cells. Despite extensive study, its molecular triggers remain largely unknown in
term of ischemic stroke. In the current study we investigated the role p38 mitogen-activated
protein kinase (MAPK) in astrogliosis, both in vitro and in vivo. In a mouse model of middle
cerebral artery occlusion (MCAO), p38 MAPK activation was observed in the glia scar area,
along with increased glial fibrillary acidic protein (GFAP) expression. In primary astrocyte
cultures, hypoxia and scratch injury-induced astrogliosis was attenuated by both p38 inhibition
and knockout of p38 MAPK. In addition, both knockout and inhibition of p38 MAPK also
reduced astrocyte migration, but did not affect astrocyte proliferation. In a mouse model of
permanent MCAO, no significant difference in motor function recovery and lesion volume was
observed between conditional GFAP/p38 MAPK knockout mice and wild type littermates
however GFAP/p38 knockout mice showed a significant reduction in astrogliosis in comparison
to the wild type littermates. Our findings suggest that p38 MAPK signaling pathway plays an
important role in the ischemic stroke-induced astrogliosis and thus may serve as a novel target to

control glial scar formation.

34



INTRODUCTION

Despite the perception as an immune privileged site, immune responses in the central nervous
system (CNS) are common and can be mediated by resident microglia, astrocyte and infiltrating
peripheral immune cells [1]. Astrocytes are the most abundant cell type in the CNS and respond
to all forms of insults by a process commonly referred as reactive astrogliosis characterized as
hypertrophy of cellular processes and upregulation of intermediate filament proteins as glial
fibrillary acidic protein (GFAP) [2]. Compelling evidence has indicated that reactive astrogliosis
is not simply an all-or-none phenomenon, but rather a finely tuned continuum of molecular,
cellular, and functional changes that range from subtle alternations in gene expression to scar
formation. Studies indicate that reactive astrogliosis may exert both beneficial and detrimental
effects in a context-dependent manner regulated by specific molecular signaling cascades,
including signal transducers and activators of transcription (STAT3), nuclear factor kappaB
(NFkB), and mTOR signaling after spinal cord injury [2-5].

In terms of ischemic stroke, reactive astrogliosis with compact glial scar formation may protect
the surrounding healthy brain from exposure to the toxic elements and cellular debris in the
infarct area. On the other hand, it may also impede axonal regeneration, which, in turn, hinders
the functional recovery process. Surprisingly, our knowledge of astrocyte pathophysiology and
its underlying mechanisms of glial scar formation after ischemic stroke are extremely limited. A
better understanding of signaling mechanisms that regulate specific aspects of reactive
astrogliosis after ischemic stroke may lead to novel pharmacological strategies to attenuate
detrimental aspects of astrogliosis, enhance neural repair processes, and improve stroke recovery.
p38 mitogen-activated protein kinase (p38 MAPK) was first isolated as a 38-kDa protein that

was rapidly tyrosine phosphorylated in response to lipopolysaccharide stimulation. To date, four
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splice variants of the p38 family have been identified: p38a, p383, p38y, and p385. The main
biological response of p38 activation involves the production and activation of inflammatory
mediators to initiate leukocyte recruitment and activation [6]. Of the four p38 variants, p38a. is
the best characterized and perhaps the most physiologically relevant kinase involved in
inflammatory responses [6]. The activation of the p38 MAPK pathway plays essential roles in
the production of pro-inflammatory cytokines such as TNFa, IL-1B, and IL-6. Currently, the
majority of studies favor that these cytokines act as perpetrators in the CNS injury [7]. In
addition, increasing evidence has indicated that p38 plays a role in many other biological
functions in the CNS [8]. Activation of p38 signaling after ischemic stroke has been identified in
neurons, astrocytes and microglia [9-12]. Furthermore, inhibition of p38 activation has been
found to provide protection in experimental ischemic stroke models [9, 13-18]. Thus, p38 MAPK
has been recognized as a potential therapeutic target for ischemic stroke. In the current study, we
evaluated the role of p38 MAPK signaling in astrogliosis after ischemic stroke. Using primary
astrocyte culture and mouse middle cerebral artery occlusion (MCAO) models, we demonstrated
that inactivation of p38 MAPK signaling abrogates ischemic stroke-induced astrocyte

reactivation.
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RESULTS

Ischemic stroke induces GFAP and p38 expression in the peri-infarct area:

To investigate the role of p38 MAPK in astrocyte activation in a transient mouse MCAO
model, Western blot was performed using protein isolated from ischemic cortex. We found that
GFAP expression was increased in the ischemic cortex at day 4, and remained elevated up to day
10 after stroke, in parallel with a similar p38 MAPK activation pattern (Fig. 1A).
Immunohistochemistry indicated that GFAP- and p38 MAPK- immune reactive cells were barely
detectable in the ischemic core. However, these immune reactive cells were slightly increased 1
day (Fig. 1B), and dramatically increased 10 days after stroke in the peri-infarct area (Fig. 1B).
These results suggested the potential involvement of p38 MAPK signaling in astrogliosis after
ischemic stroke.

Inactivation of p38 MAPK inhibits astrocyte activation induced by transient OGD:

We determined the effect of p38 inactivation in astrogliosis in primary astrocyte cultures using
both pharmacological and genomic approaches. Our Western blot analysis indicated that
OGD/reoxygenation insult induced astrogliosis evidenced by the increases of GFAP expression,
which was associated with an activation of p38 MAPK (Fig. 2A). In addition, the increase of
GFAP expression induced by transient OGD was totally blocked by the treatment of p38
inhibitor, SB239063 (Fig. 2A & B).

The involvement of p38 in astrogliosis was further evaluated using primary astrocyte cultures
derived from conditional GFAP/p38 knockout mice. Western blot analysis of primary astrocyte
cultures derived from wild type (WT) and GFAP/p38 knock out (GFAP/p38KO) demonstrated
that knockout p38 MAPK dramatically decreased basal GFAP expression under normal cell

culture condition (Fig 3A). Consistently, the transient OGD induced astrocyte activation in wild
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type astrocyte culture which was attenuated in p38 MAPK knockout astrocyte cultures (Fig 3B,
C). Our gelatin zymography indicated that p38 MAPK knockout astrocytes had significant lower
MMP-9 activity as compared with wild type astrocytes (Fig. 3D, E). We then determined the
expression of two important cytokines whose expression is regulated by p38 MAPK pathway.
Results from quantitative PCR analysis indicated that conditional p38 knockout primary
astrocyte cultures had significantly lower expression of the pro-inflammatory cytokine TNF-a
(Fig 4A) and significantly higher expression of anti-inflammatory cytokine TGF-f (Fig 4B)
when compared to wild type primary astrocyte cultures.

Inactivation of p38 MAPK attenuates scratch injury induced increase of GFAP expression:
We investigated the role of p38 MAPK in scratch injury induced astrogliosis in primary astrocyte
cultures. Our immunocytochemistry showed a robust increase in GFAP expression along the
edge of the scratch in primary astrocyte cultures at 3 days after injury, which was attenuated by
the treatment of SB239063 (Fig. 5A). Similarly, wild type astrocytes showed a dramatic increase
of GFAP expression and p38 MAPK activation after scratch, which was almost totally attenuated
in primary astrocyte cultures derived from GFAP/p38 knock mice (Fig. 5B).

p38 MAPK inactivation attenuates astrocyte migration:

We determined the role of p38 MAPK in astrocyte migration using in vitro wound healing assay.
At 24 and 48 hrs after scratch injury large gaps were clearly evident in the SB239063 treated
primary astrocyte culture as compared with wild type astrocyte cultures (Fig. 6A, B).
Consistently, primary astrocyte cultures derived from p38 MAPK knockout mice have
significant slower wound healing process when compared with wild type primary astrocyte
cultures (Fig. 6C). In transwell migration assay, p38 MAPK inactivation by either SB239063 or

p38 knockout significantly attenuates cell migration (Fig. 7A, B). To rule out the probability that
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the effect of p38 inactivation on wound healing and cell and migration assays is due to the
potential action of p38 on cell proliferation, we determined the effect of p38 inhibition on growth
curve and cell cycle in primary astrocyte cultures. No significant difference was observed in
either primary astrocyte proliferation or cell cycle upon SB239063 treatment (Fig. 7C, D, and E).
Conditional GFAP/p38 knockout attenuates astrogliosis after ischemic stroke:

In a pilot study, we chose transient MCAO model in which a lower mortality and smaller
lesion was observed in GFAP/p38 knockout mice. To minimize the potential influence of infarct
volume on astrogliosis, we determined the role of p38 MAPK in astrogliosis induced by
ischemic stroke using a mouse permanent distal MCAO model. The mortality was 50% and 46%
in littermates and GFAP/p38 knockout mice, respectively. The behavioral test battery indicated
that there was no significant different in motor function recovery after ischemic stroke between
GFAP/p38 knockout mice and littermate controls (Figure 89A, B, C,D). Cresyl violet staining of
brain sections after permanent MCAO showed no significant difference in the size of the infarcts
between GFAP/p38 knockout mice and wild type littermates (Figure 8E, F). Morphometric
analysis of GFAP immunohistochemistry demonstrated that GFAP/p38 knockout mice had
significantly less GFAP positive cells in the per-infarct region compared with the wild type
littermates (Figure 9A). Further quantitative analysis of astrocyte size in the per-infarct area
indicated that astrocytes were significantly fewer and smaller in GFAP/p38 knockout mice than
wild type littermates (p<0.001) (Figure 9B, C). Western blot analysis indicated a significant
reduction of GFAP expression in ischemic and non-ischemic cortex of GFAP/p38 knockout mice

as compared with wild type (p<0.05) (Figure 9D & E).
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DISCUSSION

p38 MAPK has been well recognized as the key signaling in peripheral immune response. There
IS increasing evidence that p38 MAPK might also play a role in neuroinflammation in CNS. In
primary neuron-glia co-cultures, activation of p38 MAPK has been found in both neuron and
astrocyte following lipopolysaccharide treatment and inhibition of p38 partially blocked neuron
death in the LPS-treated co-cultures [19]. In an Alzheimer’s disease mouse model, p38 MAPK
inhibitor has been shown to suppress brain proinflammatory cytokine up-regulation and
attenuates synaptic dysfunction and behavioral deficits [20]. It has been suggested that p38
MAPK is involved in the cytokine-stimulated CCL2 and CCL7 production in primary astrocyte
cultures [21]. Activation of p38 MAPK has been reported to be involved in sciatic nerve ligation-
induced proliferation of spinal cord astrocytes [22]. Delayed induction of p38 MAPK in reactive
astrocytes was found in mice brain after kainic acid-induced seizure [23]. In the present study,
we provided both in vitro and in vivo evidence that p38 MAPK signaling pathway plays an
important role in astrocyte activation and glial scar formation after ischemic stroke.

Clinically and experimentally, ischemic stroke is followed by inflammatory response
contributing to both ischemic damage cascade and repairing process. Astrocytes in ischemic core
and peri-infarct region undergo various responses to ischemic injury. In the mouse experimental
ischemic stroke model, a dramatic loss of astrocyte in the ischemic core was observed evidenced
by the loss of GFAP immune reactivity in the ischemic territory. In the peri-infarct region, a
progressive astrogliosis was observed indicated by the increase of GFAP positive cells number
and hypertrophy of GFAP positive cells. In addition, a similar pattern of change in p38 MAPK
immunohistochemistry was found with a loss of p38 MAPK immune reactive cells in the

ischemic core and increase of p38 MAPK immune reactive cells in the peri-infarct region. These
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findings suggest that p38 MAPK might be involved in the astrogliosis induced by ischemic

stroke.

We determined the involvement of p38 MAPK in astrogliosis using primary astrocyte
cultures. Inactivation of p38 MAPK was achieved by either a p38 inhibitor or using primary
astrocyte derived from GFAP/p38 knockout mice. Our findings demonstrated that p38 MAPK
signaling is involved in the astrocyte activation which could be attenuated by both
pharmacological and genomic inactivation of p38 MAPK. P38 MAPK signaling pathway is also
known to play a crucial role in synthesis and signaling of cytokines like TNF-o [24, 25] and
TGF-p [26] both of which are known to altered during reactive astrogliosis [27]. Our study
demonstrated that inactivation of p38 signaling significantly attenuated the proinflammatory
cytokine TNF-a while at the same had a higher expression of anti-inflammatory cytokine TGF-p
expression. Astrocyte migration in the CNS is a fundamental component of glial scarring [28].
There is an indication that p38 MAPK is involved in the cellular migration in epithelial wound
healing process without affecting proliferation [29]. Our study suggested that inactivation of p38
MAPK attenuates astrocyte migration, evidenced by the wound healing and transwell migration
assays. Matrix metalloproteinases (MMPs) degrade a variety of protein constituents in the
extracellular matrix and thus remodel the peri-cellular microenvironment for astrocyte
translocation and glial scar formation [30]. Consistently, our study demonstrated that inhibition
of p38 MAPK decreases MMPs action in primary astrocyte culture. No effect of p38 inhibition

on astrocyte proliferation and cell cycle was observed.

We determined the role of p38 in astrogliosis induced by ischemic stroke using mouse
MCAO model. Since p38 inhibition has been found to be protective in ischemic stroke model [9,

14-18], conditional GFAP/p38 knockout may provide protective effect in the transient MCAO
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model. To minimize the potential influences of infarct size in astrogliosis, we adopted a
permanent distal MCAO model to ensure similar extent ischemic lesion size in both conditional
GFAP/p38 knockout mice and littermates. Similar mortality and motor function outcome were
observed in GFAP/p38 knockout mice and littermate controls. No significant difference in the
infarct volume was found between GFAP/p38 knockout and wild mice. Our unbiased
stereological analysis of GFAP immunohistochemistry indicated conditional knockout of p38 in
astrocyte significantly attenuated astrogliosis at the early stage after ischemic stroke.

Compelling evidence has indicated that reactive astrogliosis is a complex process either
through loss of essential functions performed by astrocytes or by gain of detrimental effects after
activation [2]. It has been long recognized that astrogliosis may have a pathological effect by
interfering with the function of residual neuronal circuits. Many studies have demonstrated the
detrimental effects of glial scar on axonal regeneration after ischemic injury [31-33], preventing
axonal remyelination and inhibiting axonal regeneration [2, 7]. The inhibitory action of glial scar
on axonal regeneration may impair motor function recovery. On the other hand, increasing
evidence has indicated that reactive astrocytes have potentially beneficial effect. Cell type-
specific and temporal control of astrocyte deletion has been applied in combination with various
forms of experimental CNS insults, including forebrain stab injury [34], spinal cord injury [35],
traumatic brain injury [36] and autoimmune encephalomyelitis (EAE) [37]. In all of these
models, ablation of proliferating reactive astrocytes disrupted scar formation, which in turn
resulted in increased spread and persistence of inflammatory cells, failure of BBB repairing,
increased tissue damage and lesion size, increased neuronal loss and demyelination, and
exacerbation of clinical signs or impaired function recovery, providing evidence that scar

forming astrocytes play essential roles in neural protection and repair [2].
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Knockout of molecules produced by reactive astrocytes has provided insight regarding
the roles of specific molecules in reactive astrogliosis [2, 38]. Double deletion of GFAP and
vimentin reduces astrogliosis and increases axon regeneration, but exacerbates ischemic stroke
[39] by increasing lesion size and worsening outcome. In contrast, conditional deletion or
functional knockdown in astrocytes of the signaling molecules suppressor of cytokine signaling
or NFkB reduces inflammation and lesion size after spinal cord injury or EAE [40, 41]. Taken
together, these findings indicate complex functions of reactive astrogliosis, which might differ in
response to different signaling mechanisms in a context-specific manner [2]. Thus, intervention
of specific signaling pathway might be able to augment or block specific function of reactive
astrocyte, hence, enhance neural repair process without comprising the beneficial effect of
astrogliosis. Our study indicated that p38 signaling is involved in astrogliosis after ischemic
stroke and that inactivation of p38 MAPK attenuates astrogliosis without affecting the acute
outcome in a permanent MCAO model. As stroke induced neurogenesis and axonal sprouting in
the peri-infarct area matures in a much delayed manner [42, 43], future studies are needed to
examine the effect of p38 signaling inactivation on neurogenesis, axonal sprouting, and long

term functional recovery in experimental ischemic stroke models.

In summary, the present study provides the first in vitro and in vivo evidence that p38
MAPK signaling pathway plays an important role in the astrogliosis after ischemic stroke. The
neuroprotective effect of acute p38 MAPK inhibition against ischemic stroke has been well
defined in experimental ischemic stroke models [9, 14-18]. The robust neuroprotection induced
by p38 MAPK inhibition emphasizes a significant opportunity for targeting p38 MAPK for the
treatment of ischemic stroke. However, the translational potential of p38 inhibition to clinical

practice for acute stroke treatment is very limited, given the short therapeutic window of
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neuroprotective intervention for acute stroke treatment and the disappointing outcome of the
neuroprotection clinical trials. On the other hand, given the progressive course of astrogliosis and
well-established inhibitory action of glial scar on axonal sprouting and neurite growth, p38
MAPK may serve as an essential target for dissecting the molecular mechanism underlying glial
scar formation after ischemic stroke. In addition, given that some p38 MAPK inhibitors are
already in clinical trials, p38 inhibition may provide a novel therapy for temporal control of glial
scar formation, hence, enhance axonal sprouting and neurite growth and improve stroke

recovery.

Limitations: In our current study, the role of p38 in reactive astrogliosis was determined in
primary astrocyte cultures in order to understand the fundamental mechanism behind astrocyte
activation in response to ischemic injury which is very difficult in vivo considering the
interaction of multiple cell types and also due to the expression of p38MAPK in both neuron and
glial cells. Our in vitro studies employed the use hypoxia-reoxygenation model as form of
cellular injury which closely if not exactly simulates clinical ischemic stroke. Scratch injury
assay, a most commonly used model of in vitro astrogliosis [44-46] was used as an additional
model of cellular injury to further validate our findings from hypoxia-reoxygenation model.
However as with every in vitro model our study presented certain limitations like short duration
of endpoints compared to in vivo studies. This was to minimize the detrimental effects of lack of
trophic support (FBS free media) on astrocytes especially in our hypoxia-reoxygenation model
[47]. Finally, the absence of improvement in neurological outcome after permanent MCAO in
GFAP/p38 knockout mice could be attributed to the relatively large lesion size induced by
permanent middle cerebral artery occlusion. This intense and prolonged ischemic insult could

dampen a possible beneficial effect of astrocyte-specific p38 deletion.

44



MATERIALS AND METHODS

Animals: Animal experimentation was approved by Institutional Animal Care and Use
Committee (IACUC) of University of North Texas Health Science Center. Adult male C57B/6
mice (3 months old: Charles River, Wilmington, MA) were used for the study. The astrocyte
specific p38 knockout mice were established by crossing two mouse lines, the FloxP p38a and
Tg (GFAP-cre) 25MEs (JAX laboratory). Flox p38a has floxed alleles that were generated by
homologous recombination in embryonic stem cells (Lexicon), in which the first exon
(containing ATG) was flanked by two loxP sites [48]. When crossed with FloxP p38a mice,
GFAP-cre mediated recombination results in astrocyte-specific deletion of the p38a. In our

/

breeding strategy, Flox p38 *** were cross bred with (Floxp38 **) / (GFAP cre *" mice), which

generate 50% conditional astrocyte p38 knockout mice and 50% wide type littermates.

Genotyping: All the pups were weaned at age of 4 weeks and ID chips were implanted. Tails
were cut and lysed overnight at 55 °C. The lysate was centrifuged at 10,000 rpm for 10 min and
supernatant was collected. The supernatant was diluted at 1:100 and used for PCR using standard
Cre and p38 primers: GFAP CreF, 5-AGCGATCGCTGCCAGGAT-3’; GFAP CreR, 5°-
ACCAGCGTTTTCGTTCTGCC-3’; p38 B12-125L, 5’-AGTCCCCGAGAGTTCCTGCCTC-3;
p38 B12-41L, 5>-TCCTACGAGCGTCGGCAAGGT-3’ [48]. Thirty-five PCR cycles were run
consisting of denaturation at 95 °C for 1 min, annealing at 60 °C for 2 min, and extension at 72
°C for 1 min, followed by a final extension for 5 min. The PCR products were resolved on a
2.0% agarose gel. The transgenic GFAP cre/ Flox p38 mice were then confirmed by the presence

of transgene at 190 base pair (internal positive control at 700 bp).
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Middle cerebral artery occlusion models: All surgeries were conducted under 2.0% isoflurane
anesthesia. Body temperature was maintained at 37 = 0.5 °C with a thermostat-controlled heating
blanket during the entire procedure. Transient MCAO was performed to induce transient focal
cerebral ischemia in adult C57B/6 mice. A midline incision was made on the neck. Common
carotid artery, external carotid artery and internal carotid artery (ICA) were dissected from the
connective tissue. A silicon coated 6-0 nylon monofilament was inserted into the left ICA and
advanced till it occluded the origin of MCA. The MCA was occluded for 90 minutes and then
reperfusion was obtained by withdrawing the suture. The animals were sacrificed at days 1, 4
and 10 after MCAO and brains were harvested for immunohistochemistry and Western blot
analysis. In a separate set of mice (11 to 12 months of age), permanent distal MCAO was
induced in GFAP/p38 knockout mice (n=15) and wild type littermates (n=8) via craniectomy as
previously described [49]. A skin incision was made between the left eye and ear. A burr hole
was drilled through the temporal bone. The dura mater was removed and the MCA was occluded
permanently using a bipolar coagulator. The mice were sacrificed at 4 days after stroke and brain

harvested for immunohistochemistry and Western blot analysis.

Primary astrocyte cultures: Primary astrocyte cultures were prepared from 1-day old pups of
C57B6 mice, conditional GFAP/p38 MAPK knockout mice, or wild type littermates. Under
aseptic conditions cerebral cortices were dissected and placed in sterile phenol red free
Dulbecco’s Modified Eagle’s Medium (DMEM, 4500 mg/l Glucose, 4 mM L-Glutamine, 1 mM
Sodium Pyruvate, Thermo Scientific) containing 1% of streptomycin (10,000 pg/ml)-penicillin
(10,000 units/ml). Cerebral cortices were then incubated in 0.5% trypsin at 37 °C for 20 minutes
and using a sterile glass Pasteur pipette were dissociated into a single cell suspension. Primary

astrocytes were then cultured in High Glucose DMEM (4500 mg/L Glucose, 4 mM L-Glutamine,

46



1 mM Sodium Pyruvate, Thermo Scientific) containing 10% FBS and 1% of streptomycin
(10,000 pg/ml)-penicillin (10,000 units/ml) in a humidified incubator at 37 °C and 5% CO,. At
90% confluency the microglia in the cultures was removed by shaking constantly for 48 hrs.
Primary astrocytes isolated from GFAP/p38 knockout mice and littermates were further
confirmed by Western blot of p38. For p38 MAPK inhibition, cells were treated with SB239063

diluted in the media at a final concentration of 10 pg/ml.

In vitro hypoxia-reoxygenation model: Astrocytes were seeded in 6-well culture plates at a
density of 2.5 x 10° cells/well in high glucose DMEM (4500 mg/L Glucose, 4 mM L-Glutamine ,
1 mM Sodium Pyruvate) with 10% FBS and 1% of streptomycin (10,000 pg/ml)-penicillin
(10,000 units/ml). When the cells reached 80% confluence, media was removed and cells were
washed twice with sterile PBS and replaced with glucose, pyruvate and FBS free DMEM. The
cell culture plates were then placed in anaerobic chamber containing 0.5% O, and 5% CO, for 3
hrs. At the end of oxygen glucose deprivation (OGD) the cells were replenished with FBS free
DMEM containing D-glucose (4500 mg/L) and pyruvate (1 mM) and were placed in incubator
for 24 hrs. For inhibitor studies the cells were pre-treated with p38 MAPK inhibitor, SB239063

(20 pg/ml), 2 hrs before OGD.

Wound healing assay: The astrocytes (2.5 x 10° cells/well) were cultured in high glucose
DMEM (10% FBS and 1% of streptomycin (10,000 pg/ml)-penicillin (10,000 units/ml)) to a
monoconfluent layer in 6-well cell culture plates. Using sterile 200 ul pipette tip scratches were
made on the cell layer, the plates were then rinsed with sterile PBS to remove cell debris and
replaced with fresh cell culture media or SB239063 (10 pg/ml) containing media. At 0, 24 and
48 hrs after scratch, cells were stained with Calcein AM (10 uM), fluorescent images were

obtained randomly using a Zeiss fluorescence microscope. For quantitative analysis, images
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from Calcein AM staining were used. Using NIH Image J software the distance between the two
edges of the scratch was determined and these values were used to quantify and plot wound

healing.

Migration assay: Migration assay was performed with BD matrigel ™

invasion chamber (24
well) according to manufacturer’s instruction. Briefly, the transwell inserts were rehydrated in
FBS free DMEM for 2 hrs at 37 °C. After rehydration a suspension 1 X 10° cells/ml in FBS free
DMEM was added to each insert and 5% FBS as chemoattractant to bottom wells and were
incubated for 22 hrs. At the end incubation period the insert were removed from the transwell
and non migrating cells were removed by gently swiping the interior of the transwell using a
cotton swab. The migrating cells were then fixed with methanol (100%) and stained with
Toluidine Blue (1% in Borax solution). The inserts were air-dried and images of the migrated
cells were taken using a Zeiss Microscope. For quantitative analysis, the number of cells
migrated in each insert was counted from the images and then plotted using Prism software. For

p38MAPK inhibition study, SB239063 was added to both cell suspension and chemoattractant

media.

Growth curve assay and cell cycle analysis: For growth curve assay, primary astrocytes were
seeded into 12-well culture plates at 200,000 cells/well in 0.5 ml of DMEM with pyruvate (10%
FBS and 1% of streptomycin (10,000 pg/ml)-penicillin (10,000 units/ml)). Drugs were added to
each well to obtain the desired concentration in a final volume of 1 ml per well. Day of seeding
was considered day 0. Plates were incubated in a humidified incubator at 37 °C and 5% CO..
Cells were harvested on each indicated day using 0.25% Trypsin-EDTA (Gibco) and counted
using an inverted phase contrast Zeiss microscope. For cell cycle analysis, Cells were plated at a

density of 200,000 cells/well and attached overnight. The following day, the cells were deprived
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of FBS overnight to standardize the cell cycle followed by fresh DMEM containing 10% FBS
and the indicated concentration of drug. At the indicated times, cells were harvested using 0.5%
trypsin (Invitrogen) and washed with Wash Buffer (0.1% FBS in PBS) twice. Cells were fixed in
ice cold 70% ethanol for 45 minutes at 4 °C. Ethanol was removed by washing twice with PBS,
the cells were then incubated with propidium iodide (PI) (40 pg/ml) and RNAse (10 pg/ml) for
30 min at 37 °C. Samples were analyzed using Beckman Coulter FC500 Flow Cytometry

Analyzer.

Immunohistochemistry and immunocytochemistry: For immunohistochemistry, the animals
were anesthetized with isoflurane, decapitated and transcardially perfused with ice cold normal
saline and 4% formalin. The brains were removed and fixed in 4% formalin and further
processed to be embedded in paraffin. Using a microtome 10 micron thick sections were
prepared. Sections were stained with primary antibodies for GFAP (Santa Cruz, 1:100), p38
(Cell signaling, 1:100), Phoshporylated p38 (Cell signaling, 1:100) followed by secondary poly
horse radish peroxidase (HRP) and 3,3-Diaminobenzidine (DAB) staining. For
immunocytochemistry, primary astrocytes were cultured on a glass cover slip in DMEM
containing 10% FBS and 1% Streptomycin (10,000 pg/ml)-Penicillin (10,000 units/ml).
Astrocytes monolayer was fixed in 4% formalin for 10 minutes and permeabilized with 1%
Triton-X for 15 minutes at room temperature. After blocking with goat serum (5%) for 30
minutes, primary antibodies for GFAP (Santa Cruz, 1:100) or phoshphorylated p38 (Cell
signaling, 1:100) were applied and incubated overnight at 4 “C followed by species specific

secondary antibodies. Images were taken using a Zeiss Microscope (Carl Zeiss).

Gelatin Zymography: Gelatinolytic activity of Matrix Metalloproteases (MMP 2 & 9) in the

media was determined by zymography. At the end of reoxygenation, media from the cultures
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Figure 4: Methylene Blue induced increase in OCR does not generate superoxides.
Representative image depicting MitoSOX™ fluorescence in Control (A), Antimycin-A (50 uM)

(B) and Methylene blue at 10 nM (C) , 100 nM (D), 1 uM (E) and 10 uM (F).
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Figure 5: Methylene Blue increases glucose uptake and hexokinase activity. A.
Representative image of 2-NBDG fluorescence in control and MB treated astrocytes B.
Quantitative analysis of MB induced uptake of 2-NBDG. MB significantly increased 2-NBDG
uptake in a dose dependent manner. C. Quantitative analysis of hexokinase activity in astrocytes.
Methylene blue significantly restored H/R induced loss of hexokinase activity. **, *** p<0.0001

vs. control. ### p < 0.0001 vs. hypoxia control / 0 uM MB

103



CONTROL

vy

(% CONTROL)
3 a B
s o o

a
o

RELATIVE INTENSITY

o
1

* %%

TYO
o o o
A M

(Unit/m g protein)

e
—
1

*
*
-*

1

HEXOKINASE ACTIVI

'
(=]
1

METHYLENE BLUE (pM)

HYPOXIA REOXYGENATION

MB ()

MB (puv)



Figure 6: Methylene Blue increases ATP production and attenuate phosphorylation of
glycogen synthase in astrocytes. Quantitative analysis of ATP production in MB treated
astrocytes at A. 30 min and B. 60 min. MB significantly increased ATP production in primary
astrocytes. C. Representative western blot of glycogen synthase (GS), Phospho glycogen
synthase (PGS) and actin in astrocytes after OGD and reoxygenation. D. Quantitative analysis of
western blot demonstrated that ratio P-GS/GS was significantly increased in astrocytes following
H/R and significantly reduced in MB treated astrocytes **, *** p<0.0001 vs. control. ###p <

0.0001 vs. hypoxia control (no MB).
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transcriptional changes that facilitates cellular response to the stress[9]. Our study demonstrates
that ischemic stroke induces upregulation both p38 MAPK and GFAP proteins in the peri-infarct
region in a time dependent fashion. The conditional deletion of p38 MAPK from astrocytes
significantly reduced GFAP expression and attenuated astrogliosis after MCAO. Our study also
demonstrated that inhibition of p38 MAPK (pharmacological/genetic) attenuated astrocyte
migration without affecting cellular proliferation. A morphometric analysis of astrocytes on
transgenic mice brain sections demonstrated that conditional knockout of p38 from astrocytes
significantly attenuated astrocyte hypertrophy and reduced the number of astrocytes in the
perinfarct area compared to wild type animals. These findings are particularly important in the
context of ischemic stroke as unregulated reactive astrogliosis in time transforms into a compact
glial scar [10]. The alteration of genomic and molecular expression in activated astrocytes
induces an upregulation of cytokines, proteases, trophic factors, extracellular matrix molecules
especially CSPGs like aggrecan, neurocan, brevican, phosphocan and NG-2 [11] which
completely changes cellular microenvironment around the glial scar. The altered
microenvironment establishes a crude concentration gradient of inhibitory molecules which
becomes increasingly prohibitive as migrating axons and blood vessels reach the glial scar
territory resulting in dystrophic end bulbs [12, 13]. However in the current study inhibition of
astrogliosis did not improve neurological deficits in mice after ischemic stroke at the acute stage.
Future studies are warranted to determine the long term effect of p38 MAPK inhibition on glial
formation and functional outcome after ischemic stroke. In addition, further studies to determine
the delayed deletion of p38 MAPK in astrocytes on glia scar formation and functional recovery
may provide important insight for clinical translation. We have established a tamoxifen

inducible ERT2-GFAP-cre/ FloxP p38 mice line which would enable us to temporally regulate
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p38 MAPK expression in astrocytes after ischemic stroke and determine the effect of delayed
astrocyte specific p38 MAPK knockout at different time points after stroke on reactive

astrogliosis.

Inhibition of p38 MAPK has been well studied in various experimental and clinical settings and
has been shown to be an effective therapy in diseases like rheumatoid arthritis [14], Crohn’s
disease [15], and hematological cancers [16, 17]. In ischemic stroke, most of the preclinical
study data shows that inhibition of p38 MAPK reduced infarct volume and improved functional
outcome [18-21]. However, like many other neuroprotective agents mentioned above, the use of
p38 inhibitors for neuroprotection in clinical trials presents certain important limitations [22].
The first and foremost is the lack of knowledge regarding the effect of p38 inhibition in post
stroke recovery period. Majority of the preclinical studies using p38 inhibitors were limited to
24 hours of ischemic injury and the efficacy of p38 inhibition was determined only in acute stage
of ischemic injury. Moreover, studies have shown that p38 MAPK activation following
ischemia has differential responses in cell type specific manner [23]. For example, activation of
p38 MAPK following ischemia is reported to induce apoptosis in neurons [24] whereas our study
clearly showed that p38 MAPK signaling was critical for astrocyte activation following ischemic
injury. This further limit the use of p38 inhibitors in acute phase, as inhibition of reactive
astrogliosis during early phase of ischemia is known to be detrimental to the nervous tissue [25].
In contrast, our study using novel astrocyte specific conditional p38 MAPK knockout mice has
successfully demonstrated that p38 MAPK is critical in signaling reactive astrogliosis and glial
scar formation induced by ischemic stroke. This is indeed the first study to show the effect of
astrocyte specific p38 MAPK inhibition in chronic stage of ischemic stroke. Thus, we present a

possible new target for p38 MAPK pathway inhibitors that is beyond its original intended
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purpose of acute neuroprotection in ischemic stroke. Nevertheless, further extensive studies are
still required to determine if indirect modulation of astrocyte function using p38 inhibitor could

enhance neuronal survival and functional recovery.

The second study reports MBs protective role in astrocytes in an in vitro ischemia reperfusion
model. Cerebral metabolism of glucose and oxygen under physiological conditions is extremely
dynamic and adapts instantaneously even to minuscule changes in the demands of neuronal and
non-neuronal cells. In ischemic stroke this regulation is severely disrupted by the occlusion of a
cerebral artery which reduces the blood flow below the threshold of energy metabolism required
for maintenance of brain cells function. Positron emission tomography(PET) studies demonstrate
that following ischemia cerebral metabolic rates of both glucose and oxygen are significantly
decreased in the peri-infarct and restoration of cerebral blood flow did not improve
metabolism[26]. Our study demonstrated that MB protected astrocytes against OGD and
reoxygenation induced cell death. Further investigation revealed that MB augmented astrocyte
oxygen flux through a direct increase in cellular oxygen consumption without inducing ROS
production. During ischemia, lack of oxygen, impairs the oxidative phosphorylation pathway
and renders the enzymes involved in mitochondrial electron transport chain heavily primed for
hyperactivity and reintroduction of oxygen during reperfusion cause an exponential increase in
ROS production [27]. MB unique redox nature promotes efficient electron transport and
prevents the leakage of electron and improves cellular oxygen utilization there by inhibiting ROS
production during reperfusion. In the present study we also demonstrated that MB enhances
glucose metabolism. MB increased glucose uptake and restored OGD induced loss of hexokinase
activity. These effects of MB are particularly beneficial to cells surviving in the post ischemic

brain where increased dependence on aerobic glycolysis results in increased lactate production
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and acidification of extracellular environment [28]. Together, excess ROS production and
acidosis severely impairs cellular function and cause extensive cell death during reperfusion.
Moreover our study demonstrated that MB increased glycogenesis in astrocytes, thus sustaining
neuronal activity during energy failure [29]. Taken together these findings provide a strong
evidence for the unique function of MB in maintaining astrocyte metabolic integrity which could

be beneficial in restoring neuronal function.

Despite numerous beneficial effects of MB like cerebral metabolic and hemodynamic enhancer
[30], neuroprotection [31] and memory enhancing functions [32], its clinical application still
remains limited very few clinical conditions like cyanide toxicity and methemoglobinemia. The
biggest drawback for clinical use of MB seems to be aesthetic value of MB use. Long term use
of MB is known to stain tissue and body fluids blue which decreases patient compliance for
long-term dosing. In addition, MB is known to have a hormetic dose-response curve (inverted U
shaped response) where the beneficial effect seen at intermediate concentration are either lost or
become detrimental at higher concentrations [33]. This also explains the loss of protective
function seen at doses higher than 1 uM of MB in our in vitro OGD-reoxygenation model. This
dose-response effect thus makes it difficult to determine the effective therapeutic dose of
methylene blue for use in clinical conditions. In spite of above downsides, the unique sui generis

nature of MBs effects, that is, non classical drug-receptor interactions for its physiological and

pharmacological effects makes it an excellent molecule for drug development studies especially
in ischemic stroke. However, further studies are required to complete elucidate the potential of
MB as an adjuvant in stroke therapy using in vitro in neuron and mixed (neuron-astrocyte)

cultures and in vivo experimental ischemic stroke models.
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In last decade, emerging research on astrocyte function in health and disease has elevated the
status of astrocytes from simple supportive cells to key players in disease progression. Given the
close association of astrocytes in neuronal survival and function, it is not surprising that potential
loss or gain of astrocyte function is involved in neuropathology of CNS disorders [34]. Thus, in
future a neuro-astrocentric view of CNS related pathologies is important both conceptually and
methodologically for the development of astrocyte based therapies for neuroprotection in

ischemic stroke.
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Conceptual model: The figure summarizes the conceptual model of our findings from the two
studies regarding astrocytes in the context of ischemic stroke. Our first study demonstrated the
critical role of p38 MAPK in reactive astrogliosis induced by ischemic stroke. The second study

demonstrated the protective role of MB in astrocytes against OGD-reperfusion injury.
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