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Abstract

Ischemic stroke is characterized by a disruption of blood supply to a part of the brain tissue,
which leads to a focal ischemic infarct. The expression and activity of MMP-9 is increased
in ischemic stroke and is considered to be one of the main factors responsible for damages to
the cerebral vasculature, resulting in compromised blood-brain barrier (BBB) integrity.
However, the regulatory mechanisms of MMP-9 expression and activity are not well
established in ischemic stroke. Since hypoxia/ischemia and reperfusion generates reactive
oxygen species (ROS), | hypothesize that ROS is one of factors involved in up-regulation of
MMP-9 expression in brain cells and ROS-mediated effect may occur via MAPK signaling
pathway. My study has provided the evidence that ROS is responsible for an increase in
MMP-9 expression in astrocytes mediated via MAPK-AP1 signaling pathway. Preliminary
studies with an in vitro model of the BBB suggest that inhibition of MMP-9 is a critical

component of reducing ROS-induced BBB permeability.
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Chapter 1: Introduction

Cerebral ischemia and reperfusion are two pathological conditions that lead to oxidative
stress and blood-brain barrier (BBB) breakdown. Current research suggests that matrix
metalloproteinase 9 (MMP-9) can be activated by reactive oxygen species (ROS) produced
during ischemia and reperfusion and that ROS-induced up-regulation of MMP-9 is one of
the main factors responsible for degrading the extracellular matrix (ECM) proteins of
cerebral vascular basal membrane and the tight junctions between cerebral endothelial cells
leading to disruption of BBB integrity. Disruption of BBB integrity has dire consequences
on the central nervous system (CNS), resulting in brain edema, infiltration of inflammatory
cells, secondary brain damage and poor neurological outcomes (Rosell et al. 2006; Zlokovic
2006). The objective of this research is to examine the molecular signaling mechanisms by
which MMP-9 becomes up-regulated by ROS-induced oxidative stress in ischemic stroke by
using in vitro models whereby interference with this pathway could be developed as an

approach to reduce MMP-9- mediated BBB breakdown.

1.1 Cerebral ischemia and the blood-brain barrier

Stroke is defined as an interruption in blood flow to a part of brain tissue which depending
on severity and location can disrupt brain function. The interruption in blood flow can be
due to a blockage of a cerebral artery namely an ischemic stroke (Figure 1. a) or rupture of
blood vessels in the brain namely a hemorrhagic stroke (Figure 1. b). Interruption of blood
flow results in a lack of oxygen and nutrient delivery to part of the brain which damages the
tissues. Ischemic stroke or cerebral ischemia is responsible for 80% of all stroke patients

which taken in combination is the number one cause of disability and third leading cause of
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Figure 1. Schematic of two main types of stroke

A stroke is characterized by a sudden loss of brain function caused by a reduction of blood
supply to the brain tissue. The type of stroke is defined by the cause of the reduction in
bloody supply. When a thrombus or an embolus causes a blockage in a cerebral artery,
preventing blood flow to brain tissue, this is called an ischemic stroke (a). When a blood
vessel ruptures resulting in uncontrolled bleeding in the cerebral tissue, this is called a
hemorrhagic stroke (b). Stroke is the third leading cause of death in Canada, whereby 6% of
the population will die due to stroke. Of these strokes, 80% are ischemic stroke and 20% are
hemorrhagic. Statistics and images were obtained from the Heart and Stroke Foundation of

Canada.



death amongst Canadians (Heart and Stroke Foundation of Canada 2010). This statistic
highlights the importance of stroke research. At the present time, the only pharmacological
treatment for ischemic stroke is tissue plasminogen activator (tPA) therapy. Tissue
plasminogen activator (tPA) is a serine protease that cleaves the precursor molecule
plasminogen to generate plasmin. Plasmin, the active enzyme, dissolves fibrin-based clots
typical of ischemic stroke. tPA therapy has several caveats including a narrow window for
administration of three hours of stroke on-set and its association with hemorrhagic
transformations, edema, neurotoxic effects and BBB injury (Lee et al. 2007; Pfefferkorn and
Rosenberg 2003). Thus, further stroke research is important to provide insight into the
factors and signaling pathways responsible for BBB disruption in ischemic stroke and new
types of therapeutic intervention for patients to minimize brain damage and to promote

recovery.

The BBB functions in the neurovascular unit (NVU) to provide both a physical and
biological barrier between circulating peripheral blood flow and CNS (Wolburg and
Lippoldt 2002; Zhang and Stanimirovic 2005). By providing this barrier, the BBB maintains
the CNS homeostasis, which is required in order to have “proper functioning of neuronal
circuits, synaptic transmission, synaptic remodeling, angiogenesis and neurogenesis in the
adult brain” (Zlokovic 2008). For the purpose of my research it is important to understand
the function and structure of the BBB. The BBB is a highly specialized structure of cerebral
endothelial cells that together with pericytes, astrocyte end-foot processes, microglia and the

extracellular matrix make up the neurovascular unit (NVU) (Figure 2). The BBB is
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Figure 2. Schematic representation of the neurovascular unit (NVU).

The neurovascular unit (NVU) is comprised of endothelial cells, astrocytes, extracellular
matrix, basal lamina, adjacent neurons and pericytes. Together they provide functional
integrity to the blood-brain-barrier (BBB) and maintain normal cell signaling through
homeostasis. Cerebral ischemia results in loss of integrity in the NVU and initiates
signaling cascades of cell injury. For example, in this schematic oxidative stress upregulates
matrix metalloproteinases (MMPs), which cause BBB leakage, and this leakage allows for
infiltration of inflammatory cells resulting in greater damage to the brain tissue.



described as a composition of tightly sealed brain endothelial cells connected by
transmembrane proteins occludins and claudins which form tight junctions (TJ) and adheren
junctions (AJ) (Hawkins and Davis 2005). The high density of TJ and AJ between the BBB
cells results in a low paracellular permeability and high electrical resistance (Romero et al.
2003). The endothelial cells that make up the BBB are described by Hawkins and Davis
(2005) as having a number of anatomical characteristics that make them differentiable from
peripheral endothelial cells: including an increased number of mitochondria (Oldendorf et
al. 1977), lack of fenestrations (Fenstermacher et al. 1988), and high-density TJ (Kniesel and
Wolburg 2000). Perictyes, a connective tissue type cell, are attached at irregular intervals to
the albumnial membrane of the endothelium (Tagami et al. 1990) that along with endothelial
cells are wrapped in basal lamina sheath (Farkas and Luiten 2001). This basal lamina
membrane, made up of collagen type 1V, heparin sulfate proteoglycans, laminin, fibronectin,
and other ECM proteins, is attached to the plasma membranes of astrocytic end-feet
(Hawkins and Davis 2005).

Similar to the structural physiology the molecular physiology of the BBB is unique and
critically important for providing a physiological barrier allowing the passage of beneficial
molecules and preventing passage of harmful molecules. The transport of molecules across
the BBB is tightly regulated by many different transport systems: carrier mediated
transporters and active efflux transporters (Zhang and Stanimirovic 2005; Zlokovic 2008).
In addition, endothelial cells of the BBB provide a metabolic barrier by expressing enzymes
capable of modifying endogenous and exogenous molecules that may pass the physical
barrier and have a negative effect on neuronal function (Pardridge 2005). Due to the dual

role the BBB plays in maintaining the neurovascular unit and protecting neuronal tissue,



BBB breakdown in cerebral ischemia is a key component in the pathophysiology of

ischemic stroke.

1.2 Matrix metalloproteinase-9 mediated blood-brain barrier breakdown

MMP-9 belongs to the family of matrix metalloproteinases (MMPs) which are known for
their “dependence on metal ions for catalytic activity and their potent ability to degrade
structural proteins of the extracellular matrix” (Stocker and Bode 1995). The MMPs are a
family of functionally and structurally homologous proteins. They exist as secreted or
membrane-bound enzymes that require activation through proteolytic processing from their
pro-form (zymogen) to their active form (Cunningham et al. 2005). MMPs are divided into
four families based on their structure and substrate specificity: collagenases, gelatinases,
stromelysins, and membrane associated MMPs. The MMP family plays a role in
physiological processes such as embryogenesis, tissue remodeling, wound healing, and
angiogenesis as well as in disease states such as inflammatory disease, metastasis in cancer,
and arthritis (Sternlicht and Werb 2001). Recently, scientific research has recognized a role
for MMPs in cortical changes of the brain following cerebral ischemia. In particular, MMP-
9, the most widely studied of the metalloproteinase family, has been identified as being the

most responsive MMP to acute brain injury (Lee et al. 2006).

MMP-9 together with MMP-2 make up the MMP gelatinase family, as they are both capable
of degrading type IV collagen, the major constituent of basement membranes of cerebral
vessels. Although these two MMPs share structural and catalytic similarities, they have
independent transcription due to different regulatory elements within their promoters (Hong

et al. 2005). Structurally, MMP-9 is composed of a signal peptide domain, a pro-domain, a



catalytic domain, a hemopexin-like domain, a hinge region, a fibronectin-like gelatin
binding domain, and a collagen-liked domain. The pro-domain is critical for maintaining the
latency of MMP-9. Once the pro domain is removed by proteolysis the enzyme is activated.
The process of activation is called the “cysteine switch” whereby a conformational change
occurs making the catalytic zinc accessible for a hydrolytic water molecule and for the
substrate (Ram et al. 2006). In addition to autoactivation, there are several activators of
latent MMP-9 including leukocytes, proteases and ROS (Rajagopalan et al. 1996). MMP-9
is expressed in the healthy adult brain at relatively low levels (Cunningham et al. 2005).
However, MMP-9 up-regulation occurs in neurons, astrocytes, oligodendrocytes, microglia
and endothelial cells following acute brain injury. This level of MMP-9 expression differs
by the type (focal vs. global ischemia) (Rosenberg and Mun-Bryce 2004) as well as by the
duration and severity of the insult (Cunningham et al. 2005). The up-regulation of MMP-9
plays a deleterious role in the processes of extracellular proteolysis which contributes to
tissue damage following acute brain injury (Asahi et al. 2001), with the major pathological
effect of MMP-9 activity being the opening of the BBB compromising its integrity
(Cunningham et al. 2005). Compromised BBB integrity means the biological and physical
barrier is no longer able to maintain the homeostasis of the central nervous system (CNS)

(Wolburg and Lippoldt 2002).

An important aspect of this finding is to understand the mechanism by which MMP-9 is
capable of opening the BBB and disrupting its integrity. As previously mentioned, the
physical barrier is made up of tight junctions between endothelial cells that restrict the

passage of solutes between the blood and brain. These tight junctions are built upon the



endothelial cell matrix made up of collagens, laminin and fibronectin. Collagen type IV has
been shown to directly influence the expression of occludin, an integral plasma-membrane
protein located specifically at tight junctions (Savettieri et al. 2000). Loss of laminin,
collagen and fibronectin can disrupt the endothelial tight junctions and loss of BBB integrity
(Hamann et al. 1995). How MMP-9 disturbs BBB integrity, is by specifically attacking
these components of extracellular matrix, which has been demonstrated by several studies.
The idea that degradation of the extracellular matrix protein and disruption of basal lamina
is the primary cause of microvascular hemorrhage following an ischemic event has led to the
report of a close relationship between BBB leakage and MMP-9 expression in animal
models of cerebral ischemia (Fujimura et al. 1999). Elevated MMP-9 levels have been
shown to coincide with a direct neurological outcome, suggesting that MMP-9 plays a role
in neuronal death and brain injury following ischemic stroke (Montaner et al. 2005). MMP-
9 knockout study has demonstrated that the MMP-9 deficient mice are protected against
brain trauma and focal cerebral ischemia (Wang et al. 2000) and show reduced BBB leakage
(Asahi et al. 2001). MMP-9 inhibitors have been shown to prevent laminin degradation,
which maintains the extracellular matrix and BBB integrity and protects neurons from
apoptosis (Gu et al. 2005; Romanic et al. 1998). Thus, increased levels of MMP-9 following
acute brain ischemic injury have been linked to greater infarct size, poor neurological
outcome, and hemorrhagic transformation complications (Rosell and Lo 2008). MMP-9 is
currently being explored as a potential pharmacological target and biomarker of stroke, as
high levels of this protease is detected in the blood of human patients following ischemic

and hemorrhagic strokes in comparison to healthy individuals (Montaner et al. 2001).



The aforementioned research implicates a pathophysiologic role for MMP-9 in the
disruption of the BBB permeability following cerebral ischemia and reperfusion and that
inhibition of MMP-9 expression may have a neuroprotective action following cerebral
ischemia. However the molecular mechanisms responsible for MMP-9 up-regulation in
ischemic stroke have yet to be fully elucidated. Therefore, as previously mentioned the goals
of this research are to provide the insight and characterize the specific mechanisms that

regulate MMP-9 expression in ischemic stroke.

1.3 Potential Mechanisms of MMP-9 activation: MCP-1, VEGF and ROS

1.3.1 Role of MCP-1 and VEGF on MMP-9 Expression

MMPs may be regulated at the level of transcription via chemokines, cytokines and growth
factors released during cerebral ischemia and neuroinflammation. Monocyte
chemoattractant protein 1 (MCP-1) and Vascular Endothelial Growth Factor (VEGF) are
two factors that have been identified as being up-regulated following ischemic brain damage
and have potential as regulatory mediators of MMP-9 expression (Cross and Woodroffe
1999; Valable 2005; Lee et al. 2007; Mojsilovic-Petrovic et al. 2007; Ahmad et al. 2009;
Narasismhan et al. 2009). MCP-1, a potent chemokine, along with other chemokines directs
blood-borne monocytes/macrophages across the BBB into inflammatory sites in the brain.
Proinflammatory chemokines play a role following ischemic damage in neuroinflammation
by which monocytes/macrophages remove dead cells and inflammatory mediators stimulate
multipotent cells to differentiate to functional neuronal or glial cells in the injured area

(Zhang and Stanimirovic 2002). Both the in vitro and in vivo findings suggest that



hypoxia/ischemia-induced infiltration of monocytes and macrophages contributes to the
pathophysiology and damage induced by stroke as well as MMP-9 upregulation. MCP-1 in
vitro work has shown an upregulation in fetal human astrocytes following hypoxia and
cobalt chloride treatment linked to neuroinflammation (Mojsilovic-Petrovic et al. 2007). In
addition, one study found that treatment of a human fetal microglial cell line CHME3 with
MCP-1, MIP1B, RANTES, IL-8, and Fractalkine for 24 h increased the secretion of MMPs
and TIMPs. MCP-1, MIP1p, and Fractalkine also increased MMP-9 secretion in primary rat
brain microglia in vitro (Cross and Woodroofe 1999), but the molecular mechanism of
transcriptional regulation was not characterized in this study. Furthermore, the evidence
provided by in vivo work demonstrated that infiltrating blood-borne monocytes and
macrophages attracted by MCP-1 were recruited into ischemic tissue as early as 18 h
following transient middle cerebral artery occlusion (MCAO) in mice (Weiss et al. 1998;
Chen et al. 2003). Astrocytes, part of the proposed in vitro model, are the main cytokine
and chemokine producing cells in the brain (Andejelkovic et al. 2000) and therefore are a
good model to determine if MCP-1 is involved in MMP-9 upregulation following cerebral

ischemia and reperfusion.

The interaction between VEGF and MMP-9 demonstrates another deleterious effect of
cerebral ischemia. The VEGF family and its receptors are important signaling proteins
involved in the development, maintenance and remodeling of the vasculature through two
main process: vasculogenesis and angiogenesis (Gabhann and Popel 2008). VEGF exists in

7 isoforms from VEGF-A to VEGF-F, which vary in amino acid resides from 165-206.
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VEGF-A is the most important isoform in the developing CNS, as well as, the most potent

inducer of BBB breakdown (Argaw et al. 2008).

Previous research shows that VEGF and MMP-9 are involved in increasing the permeability
of the endothelium, which leads to vasogenic edema (Bates et al. 2002). One study using
oxygen deprivation has shown that VEGF becomes one of the most potent soluble factors,
and causes a hyper-permeability of endothelial cells (Ahmad et al. 2008). VEGF in vivo
research on a rat stroke model (MCAOQ) revealed that two rat VEGF isoforms are present in
the ischemic cortices 3 hours after occlusion (Valable et al. 2005). The aforementioned work
was paired with exogenous treatments, which revealed administration of VEGF exacerbated
BBB leakage during cerebral ischemia whereas a late administration of VEGF promotes
angiogenesis. Furthermore, the effects of exogenous VEGF were compared to the kinetic
activity of MMP-9, which revealed MMP-9 expression that paralleled the kinetics of the
BBB opening in response to cerebral ischemia (Valable et al. 2005). The research suggests

that VEGF could be playing a regulatory role in MMP-9 expression and activity.

1.3.2 ROS-induced Oxidative Stress, MMP-9 Expression and BBB breakdown

Oxidative stress is a major factor to consider in this research as it has been shown to regulate
the proteins comprising junctions of the BBB where reactive oxygen species (ROS) plays a
significant role in BBB disruption and brain edema. Previous studies in cell culture and
animal models have indicated a free-radical induced oxidative stress as playing a significant
role in ischemic brain injury (Kondo et al. 1997; Gasche et al. 2001; Kamada et al. 2007).

More specifically, oxidative stress in cerebral ischemia and reperfusion can play a profound

11



role in the disruption of the BBB (Shukla 1993). ROS are present in many forms such as
superoxide, hydroxyl radicals, hydrogen peroxide, singlet oxygen and in the case of my
research H,O, (hydrogen peroxide). For the purpose of my study, it is important to note the
relationship between oxidative stress and MMP-9 expression/activation. Recent works have
shown that inhibition of MMP can prevent this oxidative stress-induced BBB disruption in
ischemia (Kondo 1997; Gashe 2001). The mechanism of action for ROS-mediated MMP
activation was demonstrated in vitro by Rajagoplan (1996), which showed ROS can oxidize
a thiol bond responsible for activating MMP-2 and MMP-9. This suggests that macrophages
activated during ischemia and reperfusion that release ROS can trigger the activation of
stored latent forms of MMP-9 in the vascular regions of the BBB. This was illustrated by a
loss of function study on mice lacking copper/zinc-superoxide dismutase (SOD1). These
mice are highly susceptible to focal cerebral ischemia-reperfusion with exacerbated
vasogenic edema and a higher mortality than wild-type animals (Kondo et al. 1997).
Furthermore, recent studies using mice deficient in SOD1, have shown that inhibition of
MMPs resulted in a reduction of the ischemia/reperfusion-induced BBB disruption. In
addition, research performed by Ashai and colleagues (2000) showed that the inhibitor of
ROS prevented tPA-triggered cerebral hemorrhage after stroke. In human patients
oxidative stress has been shown to contribute to the pathogenesis of several
neurodegenerative diseases and cerebravascular disorders such as stroke and Alzheimer’s
disease (Uno et al. 2005). A recent human study evaluating biomarkers of antioxidant
therapies in stroke (BEAT-Stroke) shows that there is an increase in oxidative stress and this

is related to MMP-9 expression (Kelly et al. 2009). The aforementioned findings suggest
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that latent form MMP-9 is activated at the protein level by oxidative stress and together

these factors mediates BBB breakdown.

1.4  TIMP1 and MMP-9

MMPs may be regulated at the level of transcription via chemokines, cytokines, and growth
factors released during ischemic stroke and neuroinflammation. MMPs are regulated at the
protein level by endogenous activators and inhibitors that affect the factors such as
secretion, cell surface localization, degradation and removal (Sternlicht and Werb 2001).
MMPs are synthesized as inactive zymogens that require proteolytic activation (Harper et al.
1971). There are now at least four known endogenous metalloproteinase inhibitors, called
tissue inhibitors of metalloproteinases (TIMPS) that inhibit MMPs” activities (Sternlicht and
Werb 2001). TIMPs are dimers consisting of an N-terminal domain, and a smaller C-
terminal domain, where the N-terminal domain, non-covalently binds to the MMP substrate
at the active binding site for MMP inhibition (Gomez et al. 1997; Nagase et al. 1999).
TIMPs act in two ways, either by inhibition of the catalytically active form of the enzyme as
previous described or through prevention of the conversion of matrix metalloproteinase from
zymogens to the active form (Bodden et al. 1994). An imbalanced ratio between
MMP/TIMP may have implications in the pathophysiology of CNS diseases and
inflammation. Expression of the four TIMPS (TIMP-1, TIMP-2, TIMP-3, and TIMP-4)
varies spatial and temporally throughout the nervous system. Of the most interest is TIMP-1,
which inhibits MMP-9 activity (Fager and Jaworski 2000; Vaillant et al. 1999). TIMP-1 in
its inducible form has been identified as a multifunction molecule that plays a role in wound
healing, regeneration, cell morphology, cell survival, tumor metastasis, angiogenesis, and

inflammatory responses (Gardner and Ghorpade 2003). TIMP-1 exerts its neuroprotection

13



via inhibition of MMPs, which is important for the maintenance of the BBB (Tan et al.

2003).

1.5  Regulation of MMP-9 Expression via MAPK-AP1 Signaling Pathways

The goal of this research is to determine what signaling pathways are responsible for
increasing the expression of MMP-9 in brain cells and tissue in ischemia and reperfusion.
The mitogen-activated protein kinase (MAPK) family is a family of protein kinases and
activated by sequential phosphorylation. A number of factors, such as environmental stress,
UV light, heat, osmotic shock and inflammatory cytokines trigger the activation of MAPK
signaling (Junttila et al. 2008). One of the final targeting transcription factors of the MAPK
pathways is activator protein-1 (AP-1). Since MMP-9 gene carries two TPA-response
elements or AP-1 binding sites in its promoter region, | hypothesize that the ROS generated
during ischemia and reperfusion may activate MAPK signaling pathways leading to AP-1
activation by which up-regulates the expression of MMP-9.

The MAP kinase signaling pathways include three distinct groups: extracellular signal-
regulated kinases (ERK1/2), c-Jun N-terminal kinases (JNK) and p38 kinases (Whitmarsh
and Davis 1996). All of the MAP kinases are activated by dual phosphorylation at threonine
(T) and tyrosine (YY) residues in a T-X-Y action motif, where X corresponds to glutamic,
proline and glycine for ERK, JNK, and p38, respectively. The ERKSs are widely expressed
and involved in regulation of cell division processes such as meiosis, mitosis, and post-
mitotic function; however, they can also be activated by growth factors, cytokines, or
ligands of G-protein receptors (Kolch 2005). ERK was the first of the signaling roadmaps to
be characterized whereby ERK is activated by sequential phosphorylation of the upstream

kinases Raf and MEK. The activation of Raf occurs through its interaction with membrane-
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bound Ras. MAPKKK (MAP3Ks), e.g., Raf, leads to the phosphorylation of MAPKK
MEK1/MEK2 which then activate MAPK ERK1/2 that lastly activates AP-1 (Whitmarsh
and Davis 1996). JNK (c-Jun N-terminal Kinase) when dually phosphorylated on its tyrosine
and threonine residues phosphorylates serine 63 and serine 73 of c-Jun within its N-terminal
activation domain. The phosphorylation of the serines in c-Jun causes an increase in AP-1
transcriptional activity. If the serines of c-Jun are not phosphorylated by JNK pathway, c-
Jun protein is degraded via the ubiquitin pathway (Manning and Davis 2003). Activation of
JNK pathway follows through MEK-1/3-> MAPK kinase (MKK)-4/7 - JNK 1/2/3->APL1.
p38 is activated by phosphorylation on its threonine 180 and tyrosine 182. The activation of
p38 pathway occurs via MAPK kinase kinase (MAPKKK)—>MKK3/6->p38->AP1. The
MAP kinases are located upstream of AP-1 signaling pathway. AP-1 is a heterodimeric
transcription factor composed of proteins belonging to c-Fos, c-Jun, ATF and JDP families.
AP-1 is activated by TPA (12-O-tetradecanoyl phorbol-mycetate-acetate), phorbol esters,
growth factors, cytokines and oncoproteins (Whitmarsh and Davis 1996). AP-1 activated by
MAPK signaling pathways is translocated to the nucleus where it binds to the promoters of
target genes containing the TPA response element (i.e., AP-1 binding site) and attaches to

DNA via its leucine zipper domain.

Research in recent years has suggested that MAPK signaling pathways and AP-1 could be
involved in MMP-9 up-regulation. In a rat brain astrocytes model, treatment with oxidized
low-density lipoprotein (oxLDL) induced proMMP-9 expression which was thought to be
mediated through JNK1/2 and ERK1/2 pathways leading to AP-1 activation (Wang et al.

2009). In cortical neuronal cultures, ERK1/2 was rapidly and transiently phosphorylated
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upon oxygen and glucose deprivation (Boulous et al. 2007). Sustained ERK1/2
phosphorylation was found to be required but not sufficient for MMP-9 expression
(Genersch et al. 2000). PMA-induced rat astrocytes showed phosphorylation of all three
MAPK pathways but only treatment with an ERK1/2 specific inhibitor significantly reduced
MMP-9 up-regulation (Arai et al. 2003). In addition, recent works show that inhibition
using an ERK inhibitor U0126 ameliorated the degradation of the tight junction protein zona
occludens 1 (ZO-1) and significantly decreased edema, indicating that ERK-MAPK pathway
may trigger the up-regulation in MMP-9 after trauma (Mori et al. 2002). In a human
squamous cell line, cancer research revealed that p38 MAPK and its downstream target
MAPK2 is strongly activated by treatment with a phorbol ester (Simon et al. 1998).
Research on invasiveness in cancer has suggested a link between MKK-6, p38 isoforms,
AP-1 and MMP-9 (Simon et al. 2001). Other research findings have shown the link between
MMP-9 and AP-1: 1) Blockage of AP-1 components c-Fos and c-Jun improved neurological
outcome in rats (Dai et al. 1999); 2) Linoleic acid hydroperoxide (LHP) was shown to
increase AP-1 activity and up-regulate MMP-9 gene response in the rabbit retina (Iwai et al.
2006); and 3) Inhibition of AP-1 with silibinin reduced PMA-induced MMP-9 expression in

MCEF-7 human breast carcinoma cells (Lee et al. 2007).

Given the abovementioned research, it seems likely that MAPK signaling pathways activate
AP-1 and play a role in up-regulating MMP-9 expression. Given this premise, blockage of
MAPK signaling pathways may decrease the expression of MMP-9 and relieve oxidative
stress-induced MMP-9 expression and consequential blood-brain barrier (BBB) damage

following cerebral ischemia and reperfusion.
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Although MMP-9 plays a significant role in the pathology of ischemic stroke, whereby it
aides in the detrimental breakdown of the blood-brain barrier, the signaling required for
MMP-9 up-regulation has yet to be fully elucidated in ischemic stroke. Since MCP-1, VEGF
and ROS are generated in ischemic stroke, it is important to understand whether these
factors affect MMP-9 expression and its activity and the signaling pathways involved. In
this current study, my objective is to provide insight into the molecular regulatory
mechanisms of MMP-9 up-regulation induced by oxidative stress generated during
hypoxia/ischemia and reoxygenation and to show a change in the expression of MMP-9 in a
rat astrocyte cell line (NRA) by activation of JNK, ERK and p38 MAP kinase signaling
pathways that converge onto transcription factor AP-1. The ultimate goal of the research is

to modulate MMP-9 expression and activity to reduce BBB permeability.
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1.6

16.1

Research Proposal

Hypothesis

| hypothesize that reactive oxygen species (ROS) or oxidative stress will up-regulate

MMP-9 expression via MAPK-AP1 signaling pathway in astrocytes which contributes

to BBB disruption. The main objective of this research is to provide insight into the

molecular regulatory mechanisms of MMP-9 expression and to modulate MMP-9

expression and activity which could be used in future studies to reduce MMP-9

mediated damage to the blood-brain barrier (BBB) and consequent brain damage

associated with increased permeability.

1.6.2

Objectives

Develop an in vitro model that mimics oxidative stress in ischemic stroke.
Characterize the gene and protein expression as well as the catalytic activity of
MMP-9 in the in vitro model.

Up-regulate MMP-9 expression in vitro by activating MAPK and AP-1
signaling pathways.

Inhibit the expression of MMP-9 in vitro by blocking the relevant signaling
pathways (MAPK and AP-1) and characterize changes in gene, protein and
catalytic activity.

Clone the AP-1 binding site from human MMP-9 gene and characterize the
effects of my in vitro model in the presence/absence of MAPK inhibitors on
AP-1 reporter gene activity.

Down regulate MMP-9 expression by MAPK inhibitors and test the effect on
permeability of an in vitro model of the blood-brain barrier.

Clone and purify a TIMP-1 fragment for use as an endogenous inhibitor of

MMP-9 activity for future studies.

18



Chapter 2: Materials and Methods

2.1  Chemical and biochemical reagents

Dulbecco’s modified Eagle’s medium (DMEM), M199 phenol free medium,
Antibiotic/Antimycotic, Hank’s balanced salt solution (HBSS), trypsin, reverse transcriptase
MLV enzyme, TagDNA polymerase, restriction enzymes, Trizol reagent, LipoFectamine
2000, ultraPure distilled RNase- and DNase-free water were purchased from Invitrogen
(Burlington, ON). Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT).
Hydrogen Peroxide (H20,), Fluorescein (F6377), Phorbol 12-Myristate 13- Actetate (PMA),
Anti-B-Actin monoclonal antibody (mADb), protease inhibitor cocktail, dimethyl sulfoxide
(DMSO), Triton X-100 and Tween-20 were purchased from Sigma (Oakville, ON). Phospho
p38 (Thrl80/Tyr182) MAP kinase mAb, p38 MAP kinase mAb, Phospho-p44/42 MAPK
(ERK1/2) (Thr202/Tyr204) mAb, p44/42 MAPK (ERK1/2) mAb, Phospho-c-Jun (Ser63) Il
mADb, Phospho-c-Jun (Ser73) Il mAb, and c-Jun (60A8) mAb were purchased from Cell
Signaling (Danvers, MA). Anti-MMP-9 Catalytic Domain mAb and Anti-MMP-9 were
purchased from Millipore (Temecula, CA). Goat-Anti-Rabbit-1gG Secondary Antibody was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-rabbit secondary
antibody conjugated with Alexa 568 was purchased from Molecular Probes/Invitrogen
(Burlington, ON). Western blotting stripping buffer was purchased from Pierce
Biotechnology/Fisher Scientific (Nepean, ON). ECL plus Western blotting detection kit was
purchased from Amersham/Pharmacia Biosciences (Montreal, QC). Precast Zymogram
Gels, Zymograph Buffers, PVDF Membrane, BioRad DC Protein Assay kit and Precision
plus protein standards were purchased from Bio-Rad (Mississauga, ON). Tricholoroacetic

acid was purchased from Fisher Scientific (Nepean, ON). Plasmid DNA purification kit and
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Omniscript Reverse Transcription kit were purchased from QIAGEN (Mississauga, ON).
SYBR Green PCR Master Mix Kit was purchased from Applied Biosystems Inc (Foster
City, CA). Luciferase Assay Kit was purchased from Promega/Fisher Scientific (Nepean,
ON). SP600125, an inhibitor of Jun N-terminal kinase (JNK) was purchased from
Caliochem, Inc. SB 203580, an inhibitor of MAP kinase homologues p38a, p3883, and
p38R2, and a MEK inhibitor U0126 were purchased from Promega (Madison, WI). An
inhibitor of p38 MAP kinase PD 169316 and an inhibitor of ERK2 CAY10561 were
purchased from Cayman Chemicals (Burlington, ON). Recombinant rat proteins monocyte
chemoattractant protein- 1 (MCP-1) and vascular endothelial growth factor (VEGF) were
purchased from PeproTech (Rocky Hill, NJ). Recombinant human MMP-9 (catalytic
domain) and MMP-9 chemical inhibitor SB-3CT were purchased from Enzo Life Sciences
(Plymouth, Pennsylvania). Specialized BD Falcon cell culture plates and 1.0 uM pore size

culture inserts were purchased from VWR International (Mississauga, Ontario).

2.2 Cell Culture

Neonatal rat astrocytes (NRA) were generated from the cortex of 4-8 day old neonatal
Sprague-Dawley rats isolated in house and then immortalized with SV40 large T antigen.
The immortalized NRA cells were provided by Dr. D. Stanimirovic at the NRC-Institute for
Biological Sciences. Passages 77 to 84 were used in the experiments of this study. NRAs
were maintained in DMEM supplemented with 10% FBS and 1% antibiotic/antimycotic.
The medium was changed every second day and cells were plated at an appropriate density
according to each experimental scale. HEK293 cells (human embryonic kidney epithelial
cells) were maintained in DMEM with 10% FBS, medium was changed every second day

and cells were plated at appropriate density for transfection protocol. Immortalized rat brain
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microvascular endothelial cells (SV-ARBEC) passages 78-82 were used in the in vitro
model of the BBB for permeability test. SV-ARBEC cells were maintained in M199
medium supplemented with 10% FBS as described previously (Zhang et al., 2003). Cells
were cultured on semi-permeable 1.0 uM pore membrane inserts that were coated with rat-
tail collagen (60 pg/mL) for 1 h before plating. SV-ARBEC cells were grown for 6 days

without feeding to allow a tight monolayer of cells to form.

2.3  RNA isolation, RT-PCR, and Real-time quantitative PCR

NRA cells were treated with H,O; (0.5, 1.0, and 2.0 uM), MCP-1 and VEGF (200 and 400
ng/mL), PMA (1.0 uM) or their respective vehicles H,O, 0.1% BSA in H,O or DMSO for 2,
4, and 6 h, respectively. Total RNA was isolated from cultured cells using TRIzol reagent
following the manufacturer's instructions. TRIzol reagent lysed the cells and the lysates were
transferred to 1.5-mL tubes. Chloroform was added and the samples were shaken for 30
seconds. The mixtures were settled for 2 min and centrifuged at 14, 000 rpm (18, 000 g) for
15 min at 4°C. Clear supernatants were transferred to 1.5-mL tubes followed by addition of
equal volume isopropanol and then vortex. RNA was left to precipitate overnight at -20°C.
After warming up to room temperature, the mixture was centrifuged at 10, 000g for 10 min
at 4°C, and RNA was precipitated as a pellet in the tube. The pellet was washed one time
with 70% ethanol in ultraPure DNase-and RNase-free H,O. RNA pellets were resuspended
in ultraPure DNase-and RNase-free H,0 and heated to 55°C for 10 min. RNA concentration
was read at 260 OD wvalues for each sample using NanoDrop 1000 UV-Vis

Spectrophotometer (Thermo Scientific Inc., Nepean, ON).
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For reverse transcriptase (RT) reaction, 2 ug RNA was pre-heated with 1 pg Oligo
(dT) primers at 70°C for 10 min. After cooling on ice, 5x first strand buffer, 10 mM dNTP,
0.1 M DTT and 50 units of MLV reverse transcriptase were added to the reaction mix and
incubated at 42°C for 2 h according to manufacturer’s instructions. For a negative control,
RT reaction was performed on a chosen sample as described above with the exception of
RNase/DNase-free dH,O instead of MLV reverse transcriptase. Specific DNA sequences
were amplified using PCR master reaction mixture, including 10x PCR buffer, 10 mM
dNTP, 1.5 mM MgCl,, 10 uM primer cocktail, 1.25 units/reaction Taq polymerase, cDNA
and RNase/DNase-free dH,O. All PCR primers (Table 1) were designed according to
published sequences in the GenBank and synthesized by the Alpha DNA (Montreal,
Quebec). Six-time loading buffer was added to amplified products and samples were loaded
(20 pL/lane for MMP-9 and 10 pL/lane for B-actin) on 1.5 % agarose gel in 1x TBE buffer
both containing 0.5pug/mL ethidium bromide. PCR products were resolved on 1.5% agarose
gel by electrophoresis at 100V for 50 min. The gels were exposed using UV light on Alpha
Innotech FluorchemQ system (Santa Clara, California). DNA bands for $-actin and MMP-9
from RT-PCR reactions were quantified using densitometry analysis software UN-SCAN-IT
gel TM Version 6.1 software (Silk Scientific Inc., Orem, Utah). The numerical values given
for the B-actin and MMP-9 bands taken from the gel images represented number of dark
spots in a given area found in each band from the gel photographs. Final values used to plot
bars on graph were determined by taking numerical value of MMP-9/B-actin ratios and
comparing as fold change of stimulus vs. vehicle treated cells.

For real-time quantitative PCR, RNA was converted to cDNA using Omniscript kit

(Qiagen) according to manufacturers’ instructions. For RT reaction, 2 ug RNA was added to
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a total volume of 20 pL RNase/DNase-free dH,O and pre-heated to 65°C for 5 min. After
cooling on ice, 10 x buffers, 5 mM dNTP, 10 uM Oligo-dT, RNase inhibitor 10 units/pl and
Ominiscript Reverase Transcriptase 1plL/reaction were added to the reaction mix and
incubated at 37°C for 1.5 h according to manufacturer’s instructions. For q-PCR reaction,
cDNA was diluted 1/10 and then SYBR green and 5uM of sense and anti-sense primers
were added to the mixture. The plate was covered with optical adhesive strip, spun down
gently and placed in ABI Prism Optical gPCR Machine and run based on manufactures

instructions.

Table 1. PCR Primers used in the study

Gene Primer Sequences
B-actin Sense 5’-GGCTACAGCTTCACCACCAC-3’
(RT-PCR) Anti-Sense 5’-TACTTCCGCTCAGGAGGAGC-3’
MMP-9 Sense 5’-CAG AGT CTT CGA CTC CAG TAG-3’
(RT-PCR) Anti-Sense 5’-ACG TGG TCC ACC TGG TTC AC-3’
B-actin Sense 5’-TGTCCACCTTCCAGCAGATGT -3’
(QPCR) Anti-Sense 5’-AGTCCGCCTAGAAGCATTTGC-3’
Sense 5’-GTTTCCACAACCGGGTGAAC -3’
MMP-9 (QPCR) | Anti-Sense 5’-GCACCGCTGAAGCAAAAGA -3’

2.4  Western blot analyses

Confluent NRA cells grown in 12-well culture plates were treated with 0.5, 1.0, and 2.0 uM
H,0, for 2, 4, and 6 h, respectively. The cells were washed 2 times in colour-free HBSS
and then were lysed in loading buffer. After 10 min shake, the cells were scraped off and
transferred to 1.5-mL tubes. The lysates were then vortexed and put on ice for 3 min, boiled
at 100°C for 10 min, cooled and centrifuged at 14,000 rpm (18, 000 g) for 10 min at 4°C.
Protein concentration was determined using trichloroacetic acid (TCA) protein assay. TCA

assay was performed on 96-well plate where known concentration of bovine serum albumin
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(BSA) was used as a standard curve to generate protein concentrations, from 10 pL of each
sample done in duplicate. TCA was added to generate reaction, and the plate was incubated
for 15 min until yellowish color developed and was then read by Spectra MAX 340
spectrophotometer under 570 nm (Molecular Devices Inc.) using SoftMax PRO program.
Equal micrograms of protein were loaded on 10% SDS-PAGE gel. Proteins were transferred
to PVDF membrane sandwiched in western blot transfer unit and ran at 150 mA overnight.
Blots were blocked for 1 hour at room temperature in fresh blocking buffer [0.1 % Tween-
20 in Tris-buffered saline (TBST), pH 7.4, containing 5% non-fat dried milk). At dilutions
of 1:1000, primary antibodies of Phospho p38 (Thr180/Tyr182) MAP kinase mAb, p38
MAP kinase mAb, Phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) mAb , p44/42
MAPK (ERK1/2) mAb, Phospho-c-Jun (Ser63) Il mAb, Phospho-c-Jun (Ser73) 1l mAb and
c-Jun (60A8) mAb (Cell Signaling) and Anti-MMP-9 Catalytic Domain mAb (Millipore)
were made up of 0.1% TBST containing 1% non-fat dried milk and the blots were incubated
overnight at 4 C. Following three washes in 0.1% TBST, the blots were incubated with
1:5000 secondary antibodies conjugated with horseradish peroxidase (donkey anti-rabbit
IgG) (Santa Cruz Inc) for 1 h at room temperature. Blots were washed again three times with
0.1% TBST and were subsequently developed using ECL Plus substrate solution for 5 min

according to manufacturer’s instructions and visualized using X-ray film.

2.5  Gelatin Zymography for MMP-9 Activity in Astrocyte-Conditioned Media

Confluent NRA cells grown in 12-well culture plates were treated with 0.5, 1.0, and 2.0 uM
H,O, in the presence or absence of a pharmacologic inhibitor. After treatment, the
conditioned media were collected, spun down by 10,000 rpm (9,000 g) centrifugation and

mixed with equal amount non-reduced sample buffer (BioRad). Samples were loaded on a
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10% gelatin SDS gel (precast by BioRad) and electrophoresed for 90 min at 100 V. Mixed
blend of collagenases (Sigma) was used as a protein standard and positive control. Cell
lysates were washed 1 time in colour-free HBSS and lysed in RIPA buffer for normalization
with BioRad Protein Assay. BioRad protein assay was performed in 96-well plate where 2
mg/mL BSA was added in known amounts diluted with H,O providing a standard curve.

Protein concentration was determined using BioRad DC Protein Assay kit (BioRad
Laboratories Inc., CA). Protein assay was performed on 96-well plate format by initially
establishing a standard curve using 2 mg/mL BSA and serially diluting it in H,O and spiking
it with RIPA buffer. Each sample was added to the plate, diluted in H,O and then received
mixture of Reagent A and S, followed by addition of reagent B obtained from the kit. Plate
was placed on a shaker for 15 min until bluish colour developed and was subsequently read
by Spectra MAX 340 spectrophotometer under 750 nm (Molecular Devices Inc.) using

SoftMax PRO program.

26  MMP-9 Activity Assay

Confluent NRA cells in 24-well culture plates were pretreated with a pharmacologic
inhibitor of MAP kinases at concentration of 20 uM for 30 min. After pretreatment, H,O,
was added to full culture media to final concentrations of 0.5 and 1.0 uM. H,0O, was left for
30 min, then media were switched for DME with 1% FBS for 2, 4, and 6 h. After treatment,
conditioned media were collected, spun down by 10,000 rpm (9,000 g) centrifugation. Cell
lysates were washed one time with colour-free HBSS and lysed in RIPA buffer for
normalization with BioRad Protein Assay. MMP-9-containing conditioned media were
added to black 96-well plates. For every sample, 50 uL. was added in triplicate and then 50

uL of warmed component D (Fret-peptide/ flourogenic substrate) was added. Plate was
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immediately placed into BioTek FLx800 Fluorescence Microplate Reader (Winooski, VT);
readings were taken every 5 min for 1 h. Readings were normalized to 1% FBS DME media

and reported as fold change in fluorescence.

2.7 Immuncytochemistry

NRA cells were plated at 80, 000 cells/mL in 24-well culture plates until reached
75% confluence. The cells were treated for 4 h with 1.0 uM H,O; in regular culture media in
the presence or absence of a pharmacologic inhibitor of MAP kinases at 20 uM. Media were
aspirated; cells were washed 1 time in colour-free HBSS solution and then fixed by addition
of ice-cold methanol for 5 min. Cells were washed in 4 times with HBSS. After ensuring
integrity of the cells, they were permeablized with the addition of 0.1% Triton X-100 for 10
min at room temperature. Cells were washed in 3 times with HBSS for 5 min each. Cells
were then blocked with 4% normal goat serum in HBSS for overnight at 4°C. Primary
MMP-9 antibody was then added at 1/100 dilution in 1% goat serum overnight at 4°C, and
for secondary alone, control 1% goat serum in HBSS was added. Cells were washed in 2
times with HBSS before the addition of secondary Alexa568-conjugated anti-rabbit antibody
at 1/500 dilution in HBSS, and the cells were incubated for 30 min at room temperature in
the dark. Cells were then washed 3 times in HBSS before the addition of Hoechst 33342 at
1/5000 dilution in HBSS for 15 min. Images were taken with fluorescent microscope

Olympus 1X81 (Center Valley, Pennsylvania) at 10x and 20x magnification.

2.8  Transient transfection and AP-1 reporter gene luciferase assay

HEK293 cells were plated at 50,000 cell/well in 48-well plates or 100 000 cell/well in 24-

well plates 24 h before transfection at which point they were 80 % confluent. HEK293 cells
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were transiently transfected with a reporter gene vector construct that contains AP-1(2)
binding insert (Panomics Inc) or AP-1 binding insert cloned from human MMP-9 gene
promoter region into pGL-3 basic vector (Promega Corp.) using LipoFectamine transfection
reagent (2:1 ratio of reagent to plasmid in pg). After 48 h recovery period at 37°C, cells
were treated with 1.0 uM PMA, 1.0 uM H,0O, or vehicle for 30 min, 2, 4, 6, and 24 h. The
30-min time point was determined to be the best for AP-1 activation by H,0O,. After
treatment cells were lysed in 1x cell lysis buffer provided in the Luciferase assay kit and
spun down at 10,000 rpm for 2 min. Luciferase assay was performed using a kit purchase
from Promega Co., (Cat# E1500, Madison, WI, USA). For luciferase assay, 20 pL of each
sample was added to a black 96-well plate and 100 pL of luciferase enzyme was added by
plate reader injector. Luminescence units were determined using BioTek FLx800
Fluorescence Microplate Reader (Winooski, VT). Luciferase units were normalized to
protein in pg protein per sample using BioRad DC protein assay reagents previously
described. HEK293 cells were used for reporter gene assay experiments due to low

transfection efficiency in NRA cells (<5%).

2.9 Blood-Brain Barrier in vitro Assay

An in vitro Blood-Brain Barrier (BBB) model was cultured using SV-ARBEC cells and
conditioned media collected from confluent NRAs. On day one of the experiment, cell
culture inserts were coated with rat tail collagen at 60 pg/mL and SV-ARBEC cells were
plated at the density of 80, 000 cells/mL. A 1:1 ratio of complete M199 phenol red free SV-
ARBEC medium was mixed with DME phenol red free 1% FBS, NRA conditioned media
(72 h off NRA confluent cells). Cells were incubated at 37°C for 6 days with no feeding for

cells to form a tight monolayer. Before the experiment was done, the monolayer was tested
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for its permeability coefficient (Pe) with sodium fluorescein to ensure proper amount of in
vitro transport across the in vitro BBB from the top chamber into the bottom chamber. In
order to calculate Pe, culture inserts were gently lifted and washed 3X in warmed HBSS
clear, and then placed in warmed 1X transport buffer. A known concentration of sodium
fluorescein (50 pg/mL) was mixed 1:1 with pre-existing SV-ARBEC media, resulting in a
final concentration of 25 pg/mL in the upper chamber. The plate was then placed into a
shaking incubator at 37°C. At time intervals of 15, 30, 45, 60, 90 and 120 min, 100 pL of
transport buffer was removed from the bottom chamber, and 100 pL of fresh transport
buffer was added. For inserts without SV-ARBEC cells, the same protocol was used with
the exception of time intervals of 3, 7, 10, 15 and 20 min periodically during and after the
experiment had been completed, the cell monolayers were checked under the microscope to
ensure no folding or loss of cells indicating disrupted membrane integrity. After all of the
time points had been collected, the 100 uL for each time point was added to a 96-well black
plate and read in the plate reader at an excitation of 485 nm and an emission of 580 nm.

After the Pe had been calculated as being between the standard rates for permeability
generally between 0.5-0.8 X 10" cm/min, different treatments were added to the cells with

a known concentration of sodium fluorescein and permeability was tested. The different
treatments include: active MMP-9, active MMP-9 + MMP-9 inhibitor (SB-3CT), H,0, at 1.0
MM in NRA media, and conditioned media from NRA experiments where H,O, had been
treated for 4 h at 1.0 uM H,0, and their respective vehicles. Standard curves were then used
to calculate the amount of sodium flourescein passing through the membrane, indicating the
effect of treatments on BBB permeability. Once all time points were recorded, the

permeability’s were compared to determine if treatment disrupted membrane integrity.
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2.10 Statistical analysis
Data were presented as mean +SD. Statistical analysis for single comparison was

performed by unpaired or paired Student’s t-test where each experiment was repeated at
least 3 times (n=3). Statistical analysis for group comparison where one factor was being
analyzed was performed by one-way ANOVA with Dunnett’s post-test where each
experiment was done at least 3 times (n=3). The criterion for statistical significance was
p<0.05. Statistical analysis for group comparison where two factors were being analyzed
was performed by two-way ANOVA where each experiment was done at least 3 times with

Bonferroni’s post-test (n=3). The criterion for statistical significance was p<0.05.
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Chapter 3: Results

3.1 Development of an in vitro model of MMP-9 up-regulation

3.1.1 AP-1 agonist PMA induces MMP-9 gene expression via MAP kinase pathways and
Activator Protein-1.

The first objective of this research was to develop a model to test the signaling pathways of
MMP-9. Seven cell lines and six different stimuli were tested to develop a consistent,
biologically relevant model in which there was significant up-regulation in expression of
MMP-9 (Table 2). Although under some of the treatment conditions MMP-9 was detectable,
it was not in significant levels to test the effect of inhibitors or modulate expression.
Preliminary experiments were done using a known AP-1 agonist PMA as the stimulus to
induce MMP-9 expression in the neonatal rat astrocytes (NRA). NRAs treated with 1 uM
PMA resulted in an increase in the expression of MMP-9 compared to controls at 6 h
(Figure 3). Gene expression was normalized using B-actin. Gene expression showed an
increasing trend from 2 h to 6 h of treatment. DME media with 0.01% DMSO represent the
internal control for PMA treatment and did not significantly affect MMP-9 gene expression
in NRAs. The addition of a pretreatment with MAPK inhibitors for p38 kinase showed a
significant reduction in MMP-9 gene expression (Figure 4). Gene expression was
normalized using p-actin. DME media with 0.06% DMSO represent the internal control for
inhibitor treatment and did not significantly affect MMP-9 gene expression in NRAs. This
suggests that p38 MAP kinase pathway is involved in the regulation of MMP-9 gene
expression. MAP kinase pathways have been shown to converge on AP-1, which can induce
gene transcription. | hypothesized that AP-1 may induce MMP-9 gene expression, as PMA

is a known AP-1 agonist. To confirm this finding, reporter gene assays were performed
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using AP-1 binding sites from the MMP-9 human promoter region. The human MMP-9
gene has two AP-1 binding sites in the promoter region (Figure 5). The two binding sites
were cleaved and inserted into pGL-3 reporter gene vector (pGL-3/AP-1). Results confirmed
that treatment with PMA at 1.0 uM for 24 h led to significantly greater luminescence than
vehicle (Figure 6 Panel A). Internal control showed pGL-3/AP-1vector has significantly
greater luminescence than empty pGL-3 vector under all treatment conditions (Figure 6
Panel B). This result demonstrates that AP-1 transcription factor is stimulated by PMA and
that this could be the mechanism of how MMP-9 gene expression is activated. The
preliminary results show that I can induce MMP-9 gene expression in NRA cells and that
MAP kinase pathways and AP-1 transcription factor play a role in the increase in
expression. The preliminary findings of this study were used to establish a working cell
culture model and in later experiments PMA was used as a positive control in establishing a

more biologically relevant stimulus.

Table 2. Cell lines and stimuli tested to find a biologically relevant in vitro model.

Detection MMP-9
Cell Line Stimulus Method Result
Immortalized Human
Brain Endothelial Hypoxia Chamber/PMA/MCP-
(IHBEC) 1/VEGF RT-PCR & WB | Negative
Human Astrocytes PMA RT-PCR Positive
Human Microglial
(C13NJ) Hypoxia Chamber/PMA/CoCI2 RT-PCR & WB | Negative
Human Umbelical Vein
Endothelial Cells
(HUVEQC) Hypoxia Chamber RT-PCR Negative
Human Brain Endothelial
Cells (HBEC) MCP-1/VEGF g-PCR Negative
Rat Endothelial Cells
(SV-ARBEC) MCP-1/VEGF/PMA RT-PCR Positive
Neonatal Rat Astrocytes
(NRA) MCP-1/VEGF/PMA/H202 RT-PCR Positive
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Figure 3. RT-PCR to detect the effect of PMA on MMP-9 gene expression in
astrocytes (NRA).

Panel A) RT-PCR shows MMP-9 gene expression in NRA cells following treatment with
an AP-1 agonist PMA at 1.0 uM for 2, 4, and 6 h. Panel B) Densitometry analysis
demonstrates MMP-9 expression is significantly higher at 6 h in PMA-treated cells than
the vehicle (N=3, One-way ANOVA with Dunnett’s post-test, F (2,8), 4.459, * p<0.05).
R-actin was used as an internal control. NTC: negative control for RT-PCR.
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Figure 4. RT-PCR to detect the effect of MAPK inhibitors on MMP-9 gene
expression in astrocytes (NRA) treated with PMA.

Panel A) RT-PCR shows MMP-9 gene expression in NRA cells following pretreatment
with vehicle, 10 uM of p38 MAPK inhibitor PD 169316, ERK2 inhibitor CAY 10561
and JNK Inhibitor SP600125 followed by 1 uM PMA treatment for 4 h. Panel B)
Densitometry analysis shows MMP-9 expression is reduced by a p38 kinase inhibitor
(N=3, t-test, p<0.05). B-actin was used as an internal control. NTC: negative control for
RT-PCR. JNK treatment (N=1)
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Figure 5. Cloning AP-1 binding site from human MMP-9 gene and luciferase
reporter gene assay.

Panel A) An AP-1 binding site from MMP-9 gene and its cloning into pGL3-basic
vector. Panel B) Restriction and sequencing analysis confirm AP-1 is cloned into the

pGL-3 vector.
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Figure 6: Reporter Gene Assay for effect of PMA on AP-1 Transcriptional Activity.
Panel A) HEK293 cells were transfected with pGL-3/AP-1 vector and then treated with
vehicle or PMA for 2, 4, and 24 h. PMA strongly stimulated reporter gene activity at 24h
treatment (N=3, One-way ANOVA with Dunnett’s post-test, F3 9= 32.58, ***p<0.001).
Panel B) HEK?293 cells were transfected with an empty pGL-3 vector or pGL-3/AP-1 vector
and then treated with PMA for 2, 4 and 24 h, respectively. The AP1 promoter was strongly
activated by PMA treatment at 4 and 24 h compared to the empty vector (N=3, One-way
ANOVA with Dunnett’s post-test, F3=23.41, **p<0.01, ***p<0.0001).
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3.1.2 MCP-1 and VEGF show no significant effect on MMP-9 gene expression in
astrocytes

As mentioned previously, the goal was to establish a more biologically relevant
stimulus for testing MMP-9 gene expression in astrocytes. Since both MCP-1 and
VEGF were highly produced during ischemic stroke, the two cytokines were tested in
NRA cells for 2, 4, and 6 h and analyzed by RT-PCR. Densitometry analysis of PCR
data found that there was no significant change in MMP-9 gene expression given this
treatment dosage and time course (Figure 7). Gene expression was normalized using
B-actin. DME media with 0.1% BSA represent the vehicle internal control for
recombinant MCP-1 and VEGF treatment and did not significantly effect MMP-9 gene
expression in NRAs. Although the results suggest a trend of increasing MMP-9 gene
expression, additional experiments were not pursued, as hydrogen peroxide
experiments were being undertaken at the same time and proved to be an effective

stimulus for the project.
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Figure 7: RT-PCR to detect the effect of MCP-1 and VEGF on MMP-9 gene expression
in astrocytes (NRA).

Panel A) RT-PCR shows MMP-9 gene expression in NRA cells following treatment with
Vehicle, 200 ng of MCP-1 and VEGF for 2, 4, and 6 h. Panel B) Densitometry analysis
shows MMP-9 expression is trending higher in MCP-1 treated cells at 2 h and VEGF treated
cells at 2 h and 4 h (N=3, One-way ANOVA, p>0.05). p-actin was used as an internal
control. NTC: negative control for RT-PCR.
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3.2 Characterization of H,O; - Induced Oxidative Stress on MMP-9 Expression

3.2.1 H,0;- Induced Oxidative Stress increases MMP-9 gene expression in Astrocytes

Treatment of NRA cells with H,O; at 0.5, 1.0, and 2.0 uM for 2, 4, and 6 h was
analyzed using RT-PCR (Figure 8). Densitometry results show a significant increase in
the mRNA level of MMP-9 in H,0, treated NRAs. Gene expression was normalized
using B-actin. The increase in gene expression is shown to peak with treatment of
H,0, at 1.0 uM for 4 h. DME medium with H,O represents the vehicle internal control
for H,O, treatment and did not significantly affect MMP-9 gene expression in NRAS.
The RT-PCR result was confirmed by real-time quantitative PCR, which confirmed
1.0 uM treatment for 4 h results in the greatest increase of MMP-9 gene expression

(Figure 9). Gene expression was normalized using B-actin.

3.2.2 H,0;- induced oxidative stress decrease MMP-9 parent protein expression in
astrocytes

To further understand the effect of H,O, on MMP-9 expression, western blotting was
done for the same treatments to show the effect on pro-MMP-9 (parent protein)
expression. Treatment of NRA cells with H,0; at 1.0 and 2.0 pM for 2, 4, and 6 h
(Figure 10). Densitometry results show a significant decrease in the level of pro-MMP-
9 in H,O,-treated NRAs at 4 h and 6 h but not at 2 h. Protein expression was
normalized using B-actin. DME medium with H,O represents the vehicle internal
control for H,O, treatment and did not significantly affect MMP-9 protein expression
in NRAs. Western blot results demonstrated that H,O,-induced oxidative stress

significantly reduced the amount of pro-MMP-9 with the greatest reduction occurring
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with treatment of 1.0 uM for 4h and 2.0 uM 6 h. A decrease in MMP-9 protein was
unexpected given our previous result showing an increase in MMP-9 gene expression.
Thus, | hypothesized this reduction in pro-MMP-9 was a result of cleavage to the
parent resulting in a truncated active MMP-9. Other potential hypotheses include: gene
expression had increased but not sufficient time had passed to increase protein
expression in 6 h, another factor within the cell stopped translation of MMP-9 protein
from increased mRNA expression, and H,O»-induced oxidative stress could increase
the levels of endogenous inhibitors of MMP-9 such as TIMP-1 which could be

sequestering MMP-9 as quickly as increase gene expression is producing MMP-9.

3.2.3 H0;- induced oxidative stress increases MMP-9 activity in astrocyte conditioned
media.

To show that this was in fact occurring, gelatin zymography was performed on the
conditioned media of NRA astrocytes. However, under our zymography conditions the
level of MMP-9 activity was not conclusive (Figure 11). The conditioned media were
then tested on a more sensitive MMP-9 activity assay, to measure the activity of
MMP-9. This result showed a significant increase in active MMP-9 in the media of 0.5
MM H,0, treated NRA cells at 2 h (Figure 12). In combination, PCR, Western Blotting
and activity assays show that MMP-9 expression was being significantly affected by

H,O, treatment.
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Figure 8: RT-PCR to detect the effect of H,O, on MMP-9 gene expression in
astrocytes (NRA).

Panel A) RT-PCR shows MMP-9 gene expression in NRA cells following treatment
with vehicle and H,0, 0.5, 1.0, and 2.0 uM for 2, 4, and 6 h. Panel B) Densitometry
analysis shows MMP-9 expression is significantly higher in 1.0 uM H,O,-treated cells
at 4 h compared to vehicle at 4h (N=3, two-way ANOVA with Bonferroni’s post-test,
interaction Fg 24=2.77, *p<0.05, H,O, treatment F3 2,=10.50,*** p<0.0001 and time
F224=0.1241, p>0.05). B-actin was used as an internal control. NTC: negative control
for RT-PCR.
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Figure 9: Quantitative-PCR (gqPCR) to confirm MMP-9 gene expression in
astrocytes

(NRA).

MMP-9 gene expression in NRA cells following treatment with H,O, for 2, 4, and 6 h.

Statistical analysis shows MMP-9 expression is significantly higher in H,O, -treated

cells at 4 h with 1.0 uM and 6 h with 2.0 uM compared to vehicle (N=3, two-way

ANOVA with Bonferroni’s post-test, interaction Fg2,=4.12, *p<0.05, H,O, treatment

F324=4.37, *p<0.05 and time F;,,=4.89, *p<0.05). B-actin was used as an internal control.

41



A)

2h 4h 6h

Veh 1.0 20 Veh 10 20 Veh 1.0 2.0

e
pro- MMP-9

S
active- MMP-9

a——
R-actin

B)

MMP-9 Parent Protein Expression of NRA
cells treated with H,0.,

Wehicla 1.0 2.0 1.0 2.0 1.0 2.0

2 hr H203 [im 6 hr

Figure 10: Western Blot to detect the effect of H,O, on parent (pro-MMP-9) protein

expression in astrocytes (NRA).

Panel A) Western blot shows MMP-9 protein expression in NRA cells following treatment
with vehicle, 1uM H,0,, and 2uM H,0; for 2, 4, and 6 h. Panel B) Densitometry analysis
shows parent protein (pro-MMP-9) expression is significantly lower in H,O, -treated cells
than vehicle at 4 h 1.0 uM and 6 h 2.0 uM (N=3, two-way ANOVA, with Bonferroni’s post-
test, interaction F415=2.915, p>0.05, H,O,treatment F;15=6.327,** p<0.001 and time
F218=3.706, *p<0.05). B-actin was used to normalize.
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Figure 11: Zymograph to detect the effect of H,O, on MMP-9 activity in astrocyte
(NRA) conditioned media.

Conditioned media were collected from NRA cells treated with vehicle (lanes #1, 3, and 5)
or HO, at 1.0 uM (lanes # 2, 4, and 6) for 4 h for analysis by zymography. MMP-9 activity

was minimally detectable by this assay making the result inconclusive (N=3)
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Figure 12: MMP activity assay to determine the effect of H,O, treatment on MMP-9

activity in astrocyte (NRA) conditioned media.

Conditioned media collected from NRA cells treated with vehicle and H,0, at 0.5 uM in 1%
FBS for 30 min followed by a medium switch for 1.5 h. MMP activity is measured as
amount of cleaved fluorescent peptide compared to vehicle (N=3, t-test, *p<0.001).
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3.2.4 Immunofluorescence of MMP-9 to detect cellular response to H,O,-induced
oxidative stress

To further understand the expression of MMP-9 in NRA cells after H,O,-
induced oxidative stress, immunofluorescence (immunocytochemistry) was performed.
NRA cells were treated with 1.0 uM H,0, for 4 h to detect total MMP-9 (Figure 13).
Immunofluorescence with MMP-9 antibody and Hoechst 33342 staining (nucleus)
revealed a greater presence of MMP-9 in NRA cells treated with H,O, treatment than
H.O alone. This result shows an overall increase in MMP-9 in cells treated with H,O,,
These results provide further insight into what was happening to MMP-9 when the
results of PCR, western blot and MMP activity assays were considered as a whole
picture that H,O-induced oxidative stress results in an overall increase in MMP-9
expression in astrocytes. However, it must be noted that it is complicated to understand
the levels of MMP-9 expression when there are cleaved and active forms of a

particular protein of interest.
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Figure 13: Immunoflourescence to detect the effect of H,O; on the levels of MMP-9
protein in NRA cells.

NRA cells were treated with 1.0 uM H,0O, for 4 h to detect total MMP-9.
Immunofluorescence with MMP-9 antibody and Hoechst 33342 staining (nucleus) revealed
a greater presence of MMP-9 in NRA cells treated with H,O, treatment than H,O alone
(N=3, images are representative). Secondary antibody control was done to detect non-

specific binding. Images were captured at 10X magnification, higher power insert 20X

magnification. Scale bars represent 50 microns.
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3.3 H,0,-induced oxidative stress activates MAPK signaling pathways

To determine if mitogen-activated protein kinase (MAPK) signaling cascade could
potentially be involved in oxidative stress-induced MMP-9 expression in astrocytes,
H,0, treatment was repeated to detect the activation of the signaling proteins
(phosphorylation) on MAPK pathways by western blot. Treatment of NRA cells with
H,0, at 0.5, 1.0, and 2.0 uM for 2, 4, and 6 h induced a significant increase in the
phosphorylation of p38 kinase (Figure 14) and c-Jun (Figure 15). Phosphorylation of
p38 kinase increased in a dose- and time-dependent manner, phosphorylation increased
with concentration of H,O, and length of treatment. Phosphorylation of c-Jun at Serine
63 and Serine 73 increased with concentration of H,O; but levels peaked during time
point of 4 h. Total levels of c-Jun protein did not change significantly with treatment
of H,O,; however at 4 h time point the levels did trend upwards. In contrast, treatment
of NRA cells with H,O, at 1.0 and 2.0 uM for 2, 4, and 6 h induced a minimal change
in phosphorylation of extracellular signal-regulated kinases 1/2 (ERK1/2) (Figure 16).
All phosphorylation levels were normalized using B-actin. DME medium with H,O
represents the vehicle internal control for H,O, treatment and did not significantly
affect phosphorylation levels of MAP kinase proteins in NRAs. The phosphorylation
data suggests that the MAP kinase signaling pathways p38 and JNK may be highly
involved in signaling during oxidative stress in NRA cells. By comparison, the ERK
pathway may not be playing as important of a role, but we chose to continue the
experiments with ERK to determine in order to demonstrate the effect of all three
MAPK on MMP-9. The MAP kinase phosphorylation profiles with H,O, treatment are

in line with previous research that suggests reactive oxygen species can activate the
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JNK, p38, and ERK pathways. Generally environmental stressors activate JNK and
p38 kinases whereas growth factors and tumor promoters activate ERK1/2 (Simon et
al. 2001). The MAPK phosphorylation results provide the insight that p38, JNK, and
ERK1/2 known activators of AP-1, could potentially be upstream regulators of MMP-

9 expression.
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Figure 14: Western Blot to detect phosphorylation of p38 kinase in astrocytes (NRA) in
response to H,O,- induced oxidative stress.

Panel A) Western blot shows the level of phosphorylated p38 kinase in NRA cells following
treatment with H,O, for 2, 4, and 6 h. Panel B) Densitometry analysis shows phosphorylated
p38 is significantly greater in H,O, -treated cells 2.0 uM at 2 h, 1.0 and 2.0 uM at 4 h and
1.0and 2.0 uM at 6 h compared to vehicle (N=3, Two-way ANOVA with Bonferroni’s
post-test, Interaction Fg 24 = 0.4979, p>0.05; H,0, treatment F3,4=13.31, *p<0.05, **p<0.01;

Time F;24=1.163, p>0.05). B-actin was used to normalize.
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Figure 15: Western Blot to detect phosphorylation of c-Jun at Serine 63 and at Serine
73 and c-Jun total protein in astrocytes (NRA) in response to H,O,- induced oxidative
stress.

Panel A) Western blot shows the level of phosphorylated c-Jun at Serine 63, the level of
phosphorylated c-Jun at Serine 73 and the total c-Jun in NRA cells following treatment with
Vehicle and H,0, at 0.5, 1.0, and 2.0 uM for 2, 4, and 6 h. Panel B) Densitometry analysis
shows the level of phosphorylated c-Jun at serine 63 is significantly greater in H,O, -treated
cells than vehicle at 4h (N=4, Two-way ANOVA with Bonferroni’s post-test, Interaction
F6.33=0.5704, p>0.05; H,0, treatment, F333=7.452,* *p<0.05 , * p<0.001; Time F,33=1.409,
p>0.05). B-actin was used to normalize.

Panel C) Densitometry analysis shows phosphorylated c-Jun at serine 73 is significantly
greater in H,O; -treated cells than vehicle at 2h, 4h and 6h (N=3, Two-way ANOVA with
Bonferroni’s post-test, Interaction Fg36=0.6247, p>0.05; H,O, treatment F;3=18.38,
*p<0.05, **p<0.01, ***p<0.001; Time F,33=1.409, p>0.05). B-actin was used to normalize.
Panel D) Densitometry analysis shows no significant difference in total c-Jun in H,O, -
treated cells than vehicle (N=4, Two-way ANOVA with Bonferroni’s post-test p>0.05). -

actin was used to normalize.

51



A)

Phos Veh 10 20 Veh 10 20 Veh 1.0 2.0

ERK1/2

Total
ERK1/2

l&actn

B)
3_
&
=
- o
-
E 1_ T
{5
=
e
G Wehicla 0.5 1.0 2.0 0.5
2hr




C)

1.5-
L

2

i 1.0 = T

r 1
E" 5555
2 05

T

=

e

4 Vahicle 0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0

2hr 4 hr & hr
H.,O, (uM)

Figure 16: Western Blot to detect the phosphorylation of ERK1/2 kinases and total

ERKZ1/2 kinases in astrocytes (NRA) in response to H,O,- induced oxidative stress.

Panel A) Western blot shows phosphorylated ERK1/2 in NRA cells following treatment
with Vehicle and H,0, at 1.0, and 2.0 uM for 2, 4, and 6 h. Panel B) Densitometry analysis
shows phosphorylated ERK1/2 does not change significantly in H,O, -treated cells
compared to vehicle (N=3, two-way ANOVA with Bonferroni’s post-test p>0.05). -actin
was used to normalize. Panel C) Densitometry analysis shows total of ERK1/2 expression is
not significantly different in H,O, -treated cells than control (N=3, two-way ANOVA with

Bonferroni’s post-test p>0.05). B-actin was used to normalize.
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3.4  Characterization of the roles of MAPK Signaling Pathways in regulation of MMP-
9 Expression

3.4.1 Hy0,-induced MMP-9 gene expression is mediated through MAPK signaling
pathway in astrocytes

Results of phosphorylation of MAP kinases by western blot suggested a potential role
of MAP kinases in regulation of MMP-9 expression. To determine if MAP kinases
were playing a role in regulation of MMP-9 expression, the levels of MMP-9 mRNA,
protein and MMP-9 activity were studied in the presence of chemical inhibitors
specific to JNK, p38 and ERK1/2. To determine if the inhibitors of MAP kinases could
reduce mRNA levels of MMP-9, the time points of H,O, treatment from my
preliminary experiments (Figure 8, Figure 9) that yielded greatest increase (1.0 UM for
4 h) were used. NRA cells pretreated for 30 min with chemical inhibitors for p38,
JNK, and ERK1/2 at 10 and 20 uM showed a significant reduction in MMP-9 mRNA
levels by quantitative RT-PCR (Figure 17). This result suggests that in NRA cells the
MAP kinase signaling pathways are involved in up-regulation of MMP-9 expression

following H,O,-induced oxidative stress.
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Figure 17: RT-gPCR for MMP-9 gene expression in astrocytes (NRA) in the presence
of MAPK inhibitors.

NRA cells pretreated with MAP Kinase Inhibitor SP60015 (JNK Inhibitor), SB 203580 (p38
Inhibitor) and U0126 (ERK1/2 Inhibitor) for 30 min at 10 and 20 uM before treating with
H,O, at 1.0 uM for 4 h. Treatment with MAP kinase inhibitors reduced the relative

expression of MMP-9 by real-time quantitative compared to vehicle (N=3, two-way
ANOVA with Bonferroni’s post-test, Interaction F,, .=0.3538, p>0.05; MAPK  Inhibitor

F, s=13.52, *p<0.05,**p<0.01 ,***p<0.001; Concentration F, . =0.00052, p>0.05). B-actin

was used to normalize.
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3.4.2 H0,-Induced MMP-9 protein expression is mediated through MAPK Signaling
Pathway in Astrocytes

Western blotting was done for pro-MMP-9 (parent protein) and cleaved MMP-9
(active form) treated with 1.0 uM for 4 and 6 h. The vehicle controls demonstrated that
H,0,-induced oxidative stress decreased the amount of parent protein but increased the
amount of cleaved active MMP-9 protein. This further validates my previous result
that although parent protein was reduced due to cleavage, the cleaved amount of
MMP-9 was increased (Figure 18). Treatment with JNK, p38 and ERK inhibitor (20
pMM) further reduced the amount of pro-MMP-9 parent protein at 6 h without
significant effect on cleaved MMP-9 active protein (Figure 19). The effectiveness of
chemical inhibitors was confirmed (n=1) by western blot to show that phosphorylation
of MAP kinases was in fact reduced in these treatments (data not shown). Together,
these results demonstrate that the MAP kinase signaling cascade plays a role in the
regulation of MMP-9 expression. Gene and protein expression data demonstrates that
inhibition of MMP-9 expression is achieved by blocking MAP kinase signaling

pathways.
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Figure 18: Western blot to detect the levels of pro-MMP-9 (parent protein) and cleaved
MMP-9 in astrocytes (NRA) treated with H,O; in presence of 0.1% DMSO.

Panel A) Western blot for NRA cells pretreated with 0.1% DMSO for 30 min before
treating with vehicle -H,O or H,O, at 1.0 uM for 6 h. Panel B) Densitometry analysis
shows pro-MMP-9 (parent protein) expression was not affected by the presence of 0.1%
DMSO and was significantly lower in H,O, -treated cells than vehicle at 6 h (N=3, t test,
*p<0.05). B-actin was used to normalize. Panel C) Densitometry analysis shows cleaved
form of MMP-9 expression was significantly higher in H,O, -treated cells than vehicle at 6 h

(N=3, t test , *p<0.05). B-actin was used to normalize.
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Figure 19: Western blot to detect the levels of pro-MMP-9 (parent protein) and cleaved
MMP-9 in astrocytes (NRA) in the presence of MAPK inhibitors when treated with
H,0..

Panel A) Western blot shows NRA cells pretreated with MAP kinase inhibitor SP60015
(JNK Inhibitor), SB 203580 (p38 Inhibitor) and U0126 (ERK1/2 Inhibitor) for 30 min at 10
and 20 uM before treating with H,O, at 1.0 uM for 6 h. Panel B) Densitometry analysis
shows treatment with MAP kinase inhibitors 20 pM reduced the expression of pro-MMP-9
(parent protein) (92 kDa) compared to vehicle (N=3, one-way ANOVA with Dunnett’s post
test, F35=6.519, *p<0.05). B-actin was used to normalize. Panel C) Densitometry analysis
shows treatment with MAP kinase inhibitors had no significant effect on the levels of
cleaved-MMP-9 compared to vehicle (N=3, one-way ANOVA, p>0.05).
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3.4.3 Immunofluorescence to detect cellular response to MAPK inhibition of MMP-9
expression in H,O, treated astrocytes.

To further understand the effect of MAP kinases on the expression of MMP-9
in  NRA cells after H;0,-induced oxidative stress, immunofluorescence
(immunocytochemistry) was performed. NRA cells were pre-treated with JNK, p38
and ERK inhibitor (20uM) for 30 min before treatment with 1.0 uM H,O, for 4 h to
detect the levels of cellular MMP-9 (Figure 20). Immunofluorescence with a MMP-9
antibody and Hoechst 33342 staining revealed a reduction of MMP-9 in NRA cells
treated with the inhibitors + H,O, treatment compared to controls. This result shows an
overall decrease in MMP-9 in cells treated with JNK and p38 inhibitor + H,O, This
result with my previous PCR, western blot and MMP activity assay results suggests
that JINK and p38 kinases play a significant role in the signaling of MMP-9 expression

in H,O»-induced oxidative stress.
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MMP-9 + Hoechst 33342 MMP-9 Primary Antibody Secondary Antibody Control

a) Vehicle-H,0,

b) JNK Inhibitor-H,0,

c) p38 Inhibitor-H,0,

Figure 20: Immunofluorescence to detect the levels of MMP-9 protein in NRA cells
pretreated with MAPK inhibitors.

Immunofluorescence shows MMP-9 protein in NRA cells pretreated with MAP kinase
inhibitor SP60015 (JNK Inhibitor), SB 203580 (p38 Inhibitor) for 30 min at 20 UM before
treating with H,O, at 1.0 uM for 4 h. The images are: a) NRA cells treated with inhibitor
vehicle and H,O,. b) NRA cells treated with SP60015 (JNK Inhibitor) and H,0,. ¢) NRA
cells treated with SB 203580 (p38 Inhibitor) and H,0,. Secondary antibody control was
done to detect non-specific binding. Images were captured at 10X magnification. Scale bar

represents 50 microns.
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3.4.4 Effect of MAPK Signaling Pathway on baseline expression of MMP-9

In order to decipher how the inhibitors may affect the expression of MMP-9, data collected
was reanalyzed to determine the effect on baseline expression. This was of interest because
of the lack of ERK phosphorylation from initial phosphorylation profiles, but the profound
effect ERK inhibitors had on both gene and protein expression. These results did not
demonstrate that any of the MAPK inhibitors were significantly effecting baseline

expression (data not shown).

3.5. MAPK Signaling Pathway Mediates MMP-9 Expression through Activator Protein
1 (AP-1)

HEK?293 cells were transiently transfected with pGL-3 reporter gene vector, which carries
an insert from AP-1 binding site cloned from the promoter region of human MMP-9 gene. In
addition, HEK293 cells were also transiently transfected with a commercial pTL-Luc
reporter gene vector that contains multiple repeats of AP-1 binding site. The controls for the
assay were the transfection of cells with empty pGL-3 or pTL vector without the AP-1
insert. After 48 h recovery post-transfection, the cells were treated in the presence of 20 uM
MAPK inhibitors for 30 min followed by 1.0 uM H,0, for 30 min. PMA was used as a
positive control known to induce AP-1 activity in HEK293 cells (previous shown data
Figure 6). Reporter gene assay was performed to show the effect of H,O, on AP-1 induction
and the MAPK inhibitors on reducing AP-1 induction, since AP-1 induction is directly
proportional to luciferase activity. Data shows a significant AP-1 induction in H,0,
stimulated-HEK?293 cells (Figure 21). This result indicates that H,O,-induced MMP-9 gene
expression goes through the MAPK-AP1 pathway, suggesting that ROS activates the MAP

kinases, and activated MAP kinases activate AP-1 which then turns on MMP-9 gene
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expression. The MAPK inhibitors were not all able to reduce AP-1 reporter gene activity in
the commercial AP-1 vector but all reduced the activity of AP-1 in the MMP-9 promoter
vector (Figure 22). In addition, empty vector control showed that the AP-1 vectors were
strongly stimulated by H,0, treatment and had significantly greater reporter gene activity
than their complimentary empty vector (Figure 23). It should be noted that HEK293 cells
were chosen for transfection due to the extremely low transfection efficiency (<5%) of NRA

cells previously determined in our laboratory (data not shown).

65



A)

Luciferase reporter gene assay
Vehicle vs. H,O, treatment

(=2 41
=
T
g _5 7
=
8T c
£ 00 2
EaD
> o
T =
@ o
=
O
0
Vehicle 1.0 yM H,0O,
B) Treatment
Luciferase reporter gene assay
Vehicle vs. H,O, treatment

o 3 *
=
T
S 5
Scg 2?27

L
£980
E oD
= © 14
= LL
E ~—"
[}
=
O

0
Vehicle 1.0 uyM H,0,
Treatment

Figure 21: Reporter Gene Assay for the effect of H,O, on AP-1 Transcriptional
Activity.

HEK?293 cells were transfected with pTL/AP-Luc vector (Panel A) and pGL-3/AP-1 (Panel
B) vector and then treated with H,O, at 1.0 uM for 30 min. H,O, strongly stimulated
reporter gene activity of pTL/AP-Luc plasmid at 30 min (N=3, t-test, *p<0.05). pGL-3/AP-1
plasmid showed the similar response at 30 min (N=3, t-test, one-tailed p<0.05).
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Figure 22: Reporter Gene Assay for the effect of H,O, on AP-1 Transcriptional

Activity in the presence of MAPK inhibitors.

HEK293 cells were transfected with pTL/AP-Luc vector (Panel A) or pGL-3/AP-1 vector
(Panel B) and then pretreated with MAP kinase inhibitors, SP60015 (JNK inhibitor), SB
203580 (p38 inhibitor) or U0126 (ERK1/2 inhibitor) for 30 min at 20 uM before treatment
with H,0, at 1.0 uM for 30 min. Pretreatment with SP60015 (JNK inhibitor) in pTL/AP-Luc
vector significantly reduced reporter gene activity (Panel A: N=3, One-way ANOVA,
p>0.05, t-test, *p<0.05). Pretreatment with all MAPK inhibitors in pGL-3/AP-1 vector
reduced reporter gene activity (Panel B: N=3, one-way ANOVA with Dunnett’s post test
F36=6.152, *p<0.05).
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Figure 23: Luciferase reporter gene assay (empty vector controls).

HEK?293 cells were transfected with either pTL/AP-Luc vector, pGL-3/AP-1 vector, empty
pTL and empty pGL-3 vector and then pretreated with MAP kinase inhibitor SP60015 (JNK
inhibitor), SB 203580 (p38 inhibitor) and U0126 (ERK1/2 inhibitor) for 30 min at 20 uM

before

stimulated by H,0O, treatment and has significantly greater reporter gene activity than their
imentary empty vector for AP-1/PTL (Panel A) (N=3, one-way ANOVA, p<0.05) for
AP-1/pGL-3 (Panel B) (N=3, one-way ANOVA, p>0.05, t-test, *p<0.05).
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3.6 Inhibition of MMP-9 expression may reduce the permeability of an in vitro model
of the blood-brain barrier.

3.6.1 Permeability Testing (Pe Test)

An in vitro model of the BBB using SV-ARBEC (immortalized rat brain
microvascular endothelial cells) cells was used to measure barrier permeability with the
fluorescent dye marker sodium fluorescein. Initially, Pe test was used to ensure that the
brain endothelial cells form a tight monolayer on the semi-permeable membrane of the
culture inserts. The three wells with the cells were compared to three wells without cells to
determine the permeability in a top-down direction of the cell layer. Pe test demonstrates
that after 6 days in culture, the permeability coefficient of the in vitro BBB model was 0.56
X 107 cm/min for top to bottom transport (Figure 24, Panel A). The Pe value indicates that

the BBB monolayer was tight and the permeability of the in vitro BBB model was low.

3.6.2 Effect of H,0, on the permeability of the in vitro BBB model

My hypothesis is founded on previous research that suggests ROS such as H,0; is
involved in the disruption of the BBB during cerebral ischemia or ischemic stroke. Thus, my
goal was to replicate in the in vitro model whether H,O, does have this effect. The treatment
of the in vitro BBB model with 1.0 uM H,O, suggests a similar effect, in that the
permeability or leakage of the BBB was increased in the presence of ROS (Figure 24, Panel
B). Although preliminary, the results suggest that this model can be used to study the

relationship between ROS, MMP-9 and BBB permeability.
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3.6.3 Effect of conditioned media from H,O,-treated NRA cells on the in vitro BBB model

The previous result suggested that ROS was capable of inducing BBB leakage. | then
wanted to determine if conditioned media from NRA cells treated with the same
concentration of H,O, could have a similar effect or an even greater effect due to the
presence of potentially active MMP-9 produced or released from the cell. The initial results
suggest that in fact conditioned media with H,O, and presumably other factors was capable
of greatly increasing the BBB permeability. To determine if this permeability was due a
presence of active MMP-9 in the conditioned media, MMP-9 inhibitor SB 3CT was added to

the media, which demonstrated an ability of reducing BBB leakage (Figure 24, Panel C).

3.6.4 Effect of active MMP-9 recombinant and MMP-9 inhibitor on the permeability of
the in vitro BBB model.

| theorized that ROS was capable of increasing BBB permeability by activating latent forms
of MMP-9 and increasing MMP-9 expression. This led me to test whether active MMP-9
could have a similar effect on BBB permeability. The result indicates a small increase in
permeability in the presence of active MMP-9 and that the addition of MMP-9 inhibitor SB-

3CT was able to reduce this effect (Figure 24, Panel D).
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Figure 24: Effect of H,O, and MMP-9 expression on the transport of fluorescein across
an in vitro BBB model.

The in vitro BBB model consists of SV-ARBEC cells grown as a monolayer on a porous
membrane in the tissue culture insert. Media conditioned by rat astrocytes were applied to
the bottom compartment to induce the BBB phenotype. Fluorescein (25 pg/mL) was added
to the top compartment and concentrations were determined in the bottom compartment by
fluorescence detection. Each time point represents one time point from preliminary
experiments. Panel A): Permeability test was conducted determining the fluorescein
concentration across triplicate membranes with and without cells. Panel B): H,O, at
concentration of 1.0 uM increases monolayer permeability and fluorescein transport across
the membrane. Panel C): Conditioned media collected from NRA cells treated with H,0O, at
concentration of 1.0 uM increased monolayer permeability and fluorescein transport across
the membrane but treatment with MMP-9 inhibitor SB-3CT at 10 uM concentration
maintained monolayer integrity and reduced fluorescein transport. Panel D): Active MMP-9
(25 units/mL) increased monolayer permeability and fluorescein transport across the
membrane but treatment with MMP-9 inhibitor SB-3CT at 10 uM concentration maintained

monolayer integrity and reduced fluorescein transport.
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3.7  Recombinant TIMP-1 inhibits MMP-9 activity

As a side project of the MMP-9 signaling pathway, the endogenous inhibitor of MMP-9
tissue inhibitor of metalloproteinase 1 (TIMP-1) was cloned in an expression vector (with a
his-tag), expressed in HEK293-EWCB cells and purified for use as a recombinant inhibitor.
The fragmented TIMP-1 was compared to a commercial full length TIMP-1 in its ability to
inhibit MMP-9 activity. The TIMP-1 fragment was capable of reducing the activity of
MMP-9 (Figure 25) in a preliminary experiment, suggesting the potential for using TIMP-1

fragments as a therapeutic intervention for MMP-9 inhibition.
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Figure 25: Cloning and purification of a recombinant TIMP-1 protein fragment for use
in MMP-9 Activity Assay.

Panel A): Western blot probed with an anti-his tag antibody. TIMP-1 and a C-terminal
fragment of TIMP-1 were detected in cells (C) and culture media (M). Commassie blue gel
for the purification of a 15kDa C-terminal fragment from TIMP-1 protein. Panel B) MMP-
9 activity assay to determine the inhibitory effect of recombinant TIMP-1 on MMP-9
enzyme. Commercial TIMP-1 and the purified 15kDa fragment of TIMP-1 were used in the
MMP-9 activity assay. The assay shows that TIMP-1 and the TIMP-1 fragment can inhibit
MMP-9 activity (N=1 data in triplicate).
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Chapter 4: Discussion

MMP-9 plays a significant role in the pathology of ischemic stroke, whereby it aides
in the detrimental breakdown of the blood-brain barrier; however, the signaling required for
MMP-9 up-regulation has yet to be elucidated in ischemic stroke. This research is to
understand whether oxidative stress affects MMP-9 expression in brain cells (astrocytes) and
if so, what are the signaling pathways involved.

In this current study, | demonstrate that PMA-induced MMP-9 expression is
mediated to some extent through the p38 MAP kinase signaling pathway converging on AP-
1 transcription factor. In addition, | show that in a more biologically relevant model of
cerebral ischemia/reperfusion, H,O,-induced oxidative stress stimulates a profound change
in the expression of MMP-9 in a rat astrocyte cell line (NRA). This response to H,O; in
NRA involves activation of p38, JNK and ERK MAP kinase signaling pathways that
converge onto transcription factor AP-1. In addition, a TIMP-1 fragment was used to inhibit
MMP-9 activity. Furthermore, work with an in vitro model of the BBB suggests that active
MMP-9 and H,0O, both increase the permeability of the BBB demonstrating their potential as

therapeutic targets.

4.1 PMA stimulates MMP-9 in NRA cells via p38 kinase-AP1 signaling pathway

My research has demonstrated that treatment with PMA in astrocytes leads to MMP-9 gene
expression via the p38 MAP kinase by transcription factor AP-1. This finding was supported
by RT-PCR data showing an increase in MMP-9 gene expression by treatment with PMA.
Furthermore, chemical inhibitors of p38 MAP kinase were able to reduce MMP-9 gene

expression significantly. Lastly, reporter gene assay confirmed that transcription factor AP-1
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is activated by PMA treatment. Taken together, this evidence suggests that a portion of
MMP-9 gene expression in astrocytes is mediated through this pathway. My findings are
supported by previous work in the field of cancer research. A human squamous cell
carcinoma cell line was stimulated with PMA and was found to increase MMP-9 secretion
through activation of not only p38 MAP kinase but also its downstream target MAPK2.
These findings were established using a chemically specific inhibitor for p38 MAP kinase,
which demonstrated a complete reduction of the PMA-induced secretion of MMP-9 (Simon
et al. 1998). Furthermore, p38 MAP kinase was found to be signaling the PMA-induced
MMP-9 activation in an AP-1 dependant manner (Simon et al. 2001). This finding was
further supported by the work with silibinin, a flavonoid antioxidant from milk thistle that is
capable of effectively blocking AP-1 via MAPK kinase signaling pathways resulting in a
decrease in MMP-9 expression in MCF-7 cells (Lee et al. 2007). The preliminary
experiments of this research were able to help establish models and positive controls for the
experiments to follow but it is of interest to note, that these experiments were carried out in
a brain cell culture system where the majority of work on PMA-induced MMP-9 expression

via p38 MAPK signaling work has been done in carcinoma cell lines for cancer research.

4.2  H,0s-induced oxidative stress affects MMP-9 expression in astrocytes

My research work has shown that treating NRA cells with H,O, to model the ROS generated
during oxidative stress of cerebral ischemia/reperfusion results in a profound change in the
expression of MMP-9. Gene expression work demonstrated that H,O, induces an increase
in MMP-9 expression. Interestingly, protein expression data was not as easily understood as
western blot results showed that H,O, decreased the amount of parent MMP-9 (pro-MMP-9)

in astrocytes. It at first seems unlikely that gene expression at the mRNA level could be
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increased where protein was decreased. Thus, | hypothesized that total MMP-9 was
increased but my experiment was not effectively measuring total MMP-9 in astrocyte cells.
In order to test this question, | used MMP activity assay to demonstrate that the amount of
active MMP-9 in the conditioned media of astrocyte cells was significantly greater than
controls. This suggested that in fact although the amount of MMP-9 was increased in
astrocyte cells |1 was not able to see that with initial western blots. Finally | used
immunofluorescence to determine overall amounts MMP-9 in the astrocyte cells, which
further demonstrated that H,O; increased MMP-9 expression in astrocytes. These findings
demonstrate that in fact oxidative stress can induce MMP-9 expression at many different
levels in the astrocyte cell line. These initial findings have implications for cerebral
ischemia/reperfusion and ischemic stroke, whereby ROS can be identified as a key-signaling
player in the activation of MMP-9 expression and the consequential BBB damage.

Stroke research in recent years has studied the effect that activated MMP-9 can have on
patients and the dire neurological outcomes associated with its over-expression in early
stages of stroke. However, the mechanisms of MMP-9 activation and up-regulation are not
fully defined. For example, MMP inhibition has been shown to prevent the oxidative stress-
associated BBB disruption following cerebral ischemia. This study suggested that oxidative
stress mediates BBB disruption by activation of MMPs (Gashe et al. 2001). Furthermore, a
link between hyperglycemia, a conditioned highly associated with cerebral ischemia, has
been shown to increase oxidative stress in stroke patients. The research also found a
consequential increase in MMP-9 activity and BBB breakdown, leading these authors to
suggest superoxide overproduction was the fundamental link between hyperglycemia,

MMP-9 and BBB breakdown (Kamada et al. 2007). The relationship between ROS and
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MMP-9 activation has also been studied in cardiovascular research. Whereby macrophages
activated during cardiovascular injury release ROS into the extracellular space that activate
MMP-2 and MMP-9, which then can degrade the collagen components of the extracellular
matrix resulting in negative outcomes for patients (Galis et al. 1995). Cardiovascular
researchers characterized the mechanism of action for ROS-mediated MMP activation,
showing that in vitro ROS can oxidize a thiol bond responsible for activating MMP-2 and
MMP-9. This suggests that macrophages activated during ischemia and reperfusion that
release ROS can trigger the activation of stored latent forms of MMP-9 in the vascular
regions of the BBB (Rajagoplan et al. 1996). My work adds to this body of literature
indicating that ROS produced by oxidative stress during cerebral ischemia/reperfusion can

induce the expression and activate MMP-9.

4.3  ROS-induced MMP-9 expression is mediated via MAPK signaling pathways in
astrocytes

Having established that in the model a relationship between ROS and MMP-9 up-regulation
existed, the objective was to determine which pathways could be signaling MMP-9
expression. Previous research suggested a link between MAP kinase signaling pathways and
MMP-9. Each pathway, specifically p38, JNK and ERK1/2, was studied for activation
during H,O, treatment to determine if they were effective by oxidative stress. Protein work
demonstrated that phosphorylation levels of p38 and JNK kinase were greatly increased with
ROS treatment. In contrast, phosphorylation levels of ERK 1/2 kinase was not profoundly
changed. Previous research on the MAPK signaling pathways has shown that the same types

of stimuli generally affect p38 and JNK kinase such as environmental stressor such as heat,
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osmotic shock, and UV light, in contrast, ERK1/2 is activated by growth factors and tumor
promoters (Simon et al. 2001). The phosphorylation profiles lead me to believe that the
MAP kinase signaling cascades could be the upstream activators of MMP-9 gene
expression, specifically p38 and JNK. Chemically specific inhibitors of MAP kinases were
used to determine the effect of blocking these pathways would have on gene and protein
expression. As expected, the inhibitors were able to significantly reduce the gene expression
and further decrease the protein expression of MMP-9. All three inhibitors are involved, to
some degree, in inhibiting the signaling of MMP-9, as no one inhibitor was capable of
completely abolishing the expression, but were capable of significantly reducing it. This
work also helped to clarify what was occurring with H,O, treatment and MMP-9 gene
expression, revealing that although the parent MMP-9 form (pro-MMP-9) was decreased,
the cleaved MMP-9 (active MMP-9) was increased significantly with the treatment. Thus,
H,0, treatment was signaling the production of more MMP-9 protein through increased
message revealed in gene expression work, but also effectively cleaving the parent protein
of MMP-9 generating the active form of MMP-9 which is responsible for the proteolysis of
the extracellular matrix of the BBB. Inhibitors for p38, JNK and ERK were all effective in
reducing the amount of MMP-9 gene expression in astrocytes, thus reducing the amount of
parent MMP-9 protein produced in astrocytes. However, the chemical inhibitors were not
capable of significantly reducing the amount of cleaved MMP-9 present, which indicates
that although the inhibitors can prevent H,O, signaling on MMP-9 transcription, they cannot
inhibit H,O, ability to cleave the existent parent MMP-9 (pro-MMP-9) within the astrocyte
cells. Therefore, for this finding, it is important to note that the treatment with these

inhibitors reduced overall MMP-9 expression in astrocytes. This was further demonstrated

80



by immunocytochemistry work revealing that JNK and p38 inhibitors reduced MMP-9
expression. It is of interest to note that although ERK inhibitor was capable of reducing
MMP-9 expression at the mRNA level, it did not reduce overall MMP-9 expression in
astrocyte cells (immunocytochemistry data not shown) and ERK was not phosphorylated by
H,0, stimulation as observed for p38 and JNK. To explain this, | hypothesized that perhaps
ERK 1/2 is involved in MMP-9 signaling in normal physiological processes not in response
to stressors. Therefore, | reanalyzed the data to determine whether ERK 1/2 inhibitor has the
same effect on baseline amounts of MMP-9 gene and protein expression. However, this
reanalysis did not confirm this hypothesis, as the inhibitors did not affect baseline amounts
of MMP-9 in a significant manner. The research findings on MAP kinase signaling pathway
and MMP-9 expression have implications for potential therapies that aim to reduce the
amount of MMP-9 in a stroke patient. For stroke patients, it is necessary to block further
generation of MMP-9 but also to prevent stored latent forms of MMP-9 being activated by
ROS and disturbing the permeability of the BBB.

The data generated from using chemical inhibitors for p38, JNK and ERK 1/2 highlights
their potential role in the regulation of the signaling and MMP-9 expression. However, the
limitations of using only chemical inhibitors must be considered as the MAPK signaling
pathway is involved in a multitude of signaling processes within the cell. The
conclusiveness of this finding would be ameliorated with the addition of a second
methodology reducing MMP-9 through blocking the MAPK signaling pathway. For
example, two different structural chemical inhibitors could have been used, one on the
MAPK and one on its upstream activator MAPKK. An example of this would be for p38

signaling inhibiting not only p38 but also the MKK 3 or MKK 6, which are known
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activators of p38 kinase pathway. Gene knockdown or knockout by SiRNA is another
alternative methodology that could bring strength to my findings.

The last aspect of characterizing the signaling pathways for MMP-9 up-regulation is the
transcription factor that activates transcription of the gene of interest. The MAP kinase
signaling pathways are well conserved and composed of a well-studied family of kinases
known to converge on AP-1 transcription factor. Thus, previous research serves to have us
start by examining a link between H,0, treatment and AP-1 transcription factor. The reporter
gene assays with the vectors containing the two upstream AP-1 binding sites from human
MMP-9 and the classic AP-1 binding sites showed significantly greater luminescence
(luciferase activity), indicating that H,O, could influence MMP-9 gene expression through
AP-1. To link MAP kinases to MMP-9 gene regulation, | treated the transfected cells with
chemical inhibitors. These results were not as conclusive for both vectors but indicated that
for the vector carrying AP-1 binding sites from MMP-9 gene, all three MAP kinases
inhibitors reduced the reporter gene activity. This confirms that in fact MAP kinases can
activate MMP-9 gene expression to some degree through AP-1 transcription factor. It is
important to note that NFkB activation is highly associated with H,0O, signaling. Thus,
NFxB could also play a role in both MMP-9 signaling and ROS following cerebral
ischemia/reperfusion. The signaling pathway research presented is significant in
demonstrating the complexity of MMP-9 up-regulation in brain cells as well as other
pathologies where MMP-9 is involved such as rheumatoid arthritis and cancer.
Characterization of MMP-9 is difficult due to its varying forms and the ability of molecules
such as ROS to both activate latent forms of MMP-9 as well as to induce signaling for

generation of MMP-9. In addition, the three MAP kinase-signaling pathways have been

82



shown in this research to play to some extent a role in MMP-9 signaling. This suggests that
although one signaling pathway may be inhibited, there could be still generation and
compensation by other pathways. Furthermore, previous research by our laboratory and
others has demonstrated a role for other signaling pathways converging on NFxB
transcription factor. Past research has shown that PMA induces MMP-9 via protein kinase C
and via NFxB in lung epithelial cells, TNF-a stimulates MMP-9 via JNK and
transactivation of NFxB (Lin et al. 2008), and IL-1p activates MMP-9 via ROS and NFxB

transcription factor in murine macrophage cells (Yoo et al. 2002).

4.4  Preliminary results with the in vitro BBB model

To achieve a more conclusive representation of how my results on the MMP-9 signaling
pathway could be used to prevent changes to BBB permeability in ischemic stroke, | used an
in vitro model of the BBB. Initially, | needed to determine how H,0O itself would affect the
in vitro BBB barrier before determining how | could use the signaling pathways to down-
regulate MMP-9 expression and activity. There were several caveats to this part of the study,
which is the reason why | present only preliminary findings and trends with no conclusive
results. The presence of H,O; had an effect on the barrier, which led me to attempt removing
the H,O, from the media, but under these conditions | did not see a change in monolayer
permeability. This finding suggests either H,O, on its own was disrupting the monolayer or
H,0, needed to be present longer to activate MMP-9. This required the introduction of
active MMP-9 to determine if MMP-9 on its own would affect BBB permeability, which in
fact is appeared to do. Taken in combination, these preliminary results suggest that both
H,0, and MMP-9 play a role in disrupting monolayer integrity in the in vitro BBB model. In
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addition, it seems that treatment with MMP-9 inhibitor was able to reduce the monolayer
damage caused by NRA-conditioned media containing H,O, and MMP-9. Although this
work is preliminary, it provides the insight into what treatments may be effective in
preventing MMP-9-mediated BBB breakdown in ischemic stroke. Future work will be done
in our laboratory to determine what effect MMP-9, H,O, and modulated MAP kinase

signaling pathways could have on the in vitro BBB permeability.

45  TIMP-1and MMP-9

The side project using a fragment of TIMP-1 protein was started to determine if the known
endogenous inhibitor of MMP-9 could affect MMP-9 activity. In our preliminary
experiment it seems our cleaved 15 kDa fragment is able to inhibit MMP-9 activity in a
similar way as full length 28 kDa TIMP-1. The next step for this project is to sequence the
TIMP-1 fragment to determine which part of the protein we have and the mechanism of

inhibition.

4.6 Future Directions

This research set out to provide insight into the regulatory mechanism of MMP-9 up-
regulation at the molecular level in an in vitro model of oxidative stress. | have
demonstrated that all three MAPK signaling pathways play a role in the regulation of MMP-
9 at the mRNA and protein levels with increased MMP-9 activity. My work suggests that
MAPK signaling pathways be at least partially responsible for MMP-9 up-regulation
induced by oxidative stress and provides the basis for testing the findings in an animal stroke
model where it could reveal a more profound biological significance. Using the MCAO

model for ischemic stroke, one could demonstrate that modulation of MMP-9 expression
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through MAPK inhibition may affect functional/ behavioural outcomes. Therefore,
targeting and modulating MMP-9 expression through the MAPK-AP1 pathway may reduce
vascular and brain damage. The findings of this study could provide the basis for possible
future therapeutic intervention to reduce BBB degradation and consequent brain damage
mediated by MMP-9 in ischemic stroke.

Although, I have suggested that MMP-9 be a therapeutic target for ischemic stroke patients,
the dual nature of MMP-9 activity in the brain must be considered. During initial stroke
onset (hours to days) MMP-9 has detrimental effect, that have been dire neurological effects
previously mentioned. However, during the late phases of cerebral ischemia, recent research
has established a beneficial role for MMP-9 in neurovascular remodeling and brain repair
(Cunningham 2005). The beneficial role of MMP-9 in stroke was highlighted by a recent
study demonstrating an increase in MMP-9 in the peri-infarct area 7-14 day days after
cerebral ischemia in rats. MMP inhibitors at 7 days were apple to suppress neurovascular
remodeling, resulting in increased brain injury and decreased functional outcomes. The
authors suggest the reduction of MMP-9 by the inhibitors reduces the amount of available
VEGF to assist in vascular remodeling (Zhao et al. 2006). The possible beneficial roles of
MMP-9 is an area that needs to be further investigated in order to determine what
therapeutic options would be effective for stroke patients. My research has provided insight
into what molecular signaling pathways lead to MMP-9 regulation in astrocytes but it is not
a simple enough answer to completely eliminate this signal if the presence of MMP-9 at late
time frames has a positive effect. Perhaps, future drug therapies will need to use MMP-9

modulators that can reduce MMP-9 during the detrimental period of initial stroke onset and
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return MMP-9 to baseline levels or higher levels to assist in neurovascular remodeling and
brain repair.

The research work that has been presented provides insight into the molecular signaling
pathways leading to ROS induced MMP-9 up-regulation. It highlights the importance of
future work needing to decipher which signaling pathways may be involved in activating
latent forms of MMP-9 protein and those responsible for production of new MMP-9 protein.
As mentioned previous, ischemic stroke needs to be an area of ongoing research as the only
current therapy (t-PA) is only effective under very specific conditions and the prevalence

and impact of stroke is of major importance to the Canadian healthcare system.
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