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CRITICAL ROLE OF EUKARYOTIC TRANSLATION INITIATION FACTOR 4G
DEGRADATION IN MEDIATING ISCHEMIA-INDUCED NEURONAL DEATH

Peter S. Vosler, PhD

University of Pittsburgh, 2009

Stroke is the third leading cause of death in the United States and the second leading cause of
death in the world. Despite the epidemiological significance of this disease, there are few
treatment options. The purpose of this dissertation is to expand the understanding of underlying
mechanisms mediating neuronal death caused by stroke, or cerebral ischemia. Two major
metabolic disturbances occur due to ischemia—persistent protein synthesis inhibition and
secondary energy depletion. All ischemia-affected neurons experience protein synthesis
inhibition. However, neurons that recover protein synthesis live, while neurons that fail to
recover die. This makes protein synthesis a robust predictor of neuronal death. However, the
underlying mechanisms of persistent protein synthesis inhibition remain unknown. The
hypothesis of this dissertation is that persistent protein synthesis inhibition is caused by
activation of the calcium-sensitive protease calpain, which degrades eukaryotic translation
initiation factor (elF) 4G. Inhibition of calpain or overexpression of e[F4G results in increased
protein synthesis and increased neuronal viability following the in vitro model of ischemia
oxygen glucose deprivation in rat primary cortical neurons. Importantly, the neuroprotective
effect of preservation of eIF4G is only partly due to its restoration of protein synthesis. Potential
protein synthesis-independent mechanisms elF4G-mediated protection are discussed.

Neurons subjected to ischemia suffer an initial loss of energy in the form of ATP, which
returns to baseline within fifteen minutes of restoration of blood flow. However, ischemia-
sensitive neurons undergo secondary energy depletion prior to delayed neuronal death. The
cause of secondary energy failure is hypothesized to be due to DNA recognition enzyme

poly(ADP)-ribose polymerase (PARP)-1 depletion of the energy substrate NAD". Evidence is

v



presented linking PARP-1 activation to mitochondrial calcium dysregulation with subsequent
calpain activation and apoptosis-inducing factor release.

The results of these two findings are discussed in depth and future experiments are
outlined. The potential of role of eIF4G in mitochondrial biogenesis, inhibition of autophagy
and prevention of secondary energy loss is postulated. The research presented in this dissertation
provides a novel perspective regarding the mechanisms underlying delayed neuronal death and

may eventually lead to the development of clinically applicable neuroprotective strategies.



TABLE OF CONTENTS

L aCe . . o xii
1.0 OVERVIEW OF ISCHEMIC STROKE.......coiiiiiiiiii et 1
LIINTRODUCTION. ... .ttt e e e 1
1.2 ISCHEMIC STROKE. ... . e 3
1.2.1 Epidemiology of Ischemic StroKe...........ovvuiiiniiiiiiiiii e, 3
N i 1 o) [0 4
1.2.3 RiSK FaCtOTS. .. .eteete e e 6
1.2.4 Anatomy 0f @ StroKe........oooiiniiiii e 6
1.2.4.1 Anterior Cerebral ATtery.......couiiiniiii i 8

1.2.4.2 Middle Cerebral ATtery........cuviiiniiiiitiii e 8

1.2.4.3 Posterior Cerebral ATtery.......coeouiveiiitiiiatiie e eeeiaaans 11

1.2.4.4 WaterShed ZOneS. . ......ovuiiuiei i 12

1.2.5 Current Treatment OPtiONS. ......oeuueenuiete ettt e eee e iaeeneeanaas 13
1.2.5.1 Antiplatelet and Antithrombotic Therapy...........cccceviiiiiiiiiiiiiiinnnn. 13

1.2.5.2 Thrombolytic AENts. ......cc.eiuiiniii i e 14

1.3 PATHOPHYSIOLOGY OF STROKE.......couiitiiiiiiiii e 18
1.3.1 Origins of Penumbra Concept.........o.vvuiiniiitiiiiiiiit i eieeeaeeeeenn 18
1.3.2 Functional Thresholds of Ischemia................coo 21
1.3.3 Protein Synthesis Inhibition and Penumbra.................c..co 24
1.3.4 Protein Synthesis Inhibition and Global Ischemia..................c..cooi 26

L BB 2 o1 1100 ) 15 L P 29

LA CALPAIN . . e 32
1.4.1 Calpain Activation Following Ischemia...................ooooiiin, 34
1.4.2 Membrane and Receptor Targets...........oouvvuiiiiiiiiiiiiiiiiii i, 35
1.4.3 CytoSOIIC Tar@etS. .. ettt ettt ettt et et et et et e e e aeaas 36

vi



R N 1o] (S L I 0 £ 37

1.4.5 Calpain and Apoptosis-Inducing Factor...............ccoooiiiiiiiiiiiiiiiiiiiienn.. 39
1.5 MOLECULAR MECHANISMS OF ISCHEMIA-INDUCED ENERGY FAILURE

AND DELAYED NEURONAL DEATH. ... 43

1.5.1 Nitric Oxide INdUCtION. .......uiuiitiit e 43

1.5.2 PARP-1 ACHVALION. ... .iitieie et 44

1.6 PROTEIN SYNTHESIS AND ISCHEMIA. ..ot 47

1.6.1 Regulation of Protein Synthesis. ...........ooeviiiiiiiiiiiiiiii e 47

1.6.2 Molecular Mechanisms Underlying Protein Synthesis Inhibition..................... 50

1.6.2.1 ER Stress and Ischemia............c.oooiiiiiiiiii e 51

1.6.2.2 Ischemia-induced elF2 Regulation..................cooiiiiiiiiiiiii i, 52

1.6.2.3 elF4E and Ischemia.............oooiiiiiii i 54

1.6.2.4 Potential Role of eIF4G in Persistent PSI...........c.cocooiiii 55

L7 SUMMARY . .ot 57

2.0 CALCIUM DYSREGULATION INDUCES APOPTOSIS-INDUCING FACTOR
RELEASE: CROSS-TALK BETWEEN PARP-1 AND CALPAIN-SIGNALING

P AT H W A Y S 59
2.1 INTRODUCTION. ..ttt e e e 59
2.2 METHODD S . ..o 61
2.2.1 Gene transfection in primary neurons by AAV vectors...........coevvvviiiennnann... 61
2.2.2 Primary neuronal culture and NMDA neurotoXicity.............coveiieiiiinninnnnn.. 61
2.2.3 Subcellular fractionation and Western blot analysis.................cocoiiiiiiiiinn.... 62
2.2.4 Calpain aCtIVILY @SSAY .. uutententtettentett et ete et et ete et et eateae e e aeeaen 63
2.2.5 Mitochondrial Ca?™ (Ca® m). . covveen e, 63
2.2.6 Statistical ANalySIS........ouuitiitit i 64
23 RE S UL T S L 65
2.3.1 NMDA toxicity induces AIF truncation and AIF-dependent neuronal death.........65
2.3.2 AIF cleavage and translocation is calpain-dependent.....................coooeiniie 68
2.3.3 PARP-1 inhibition abrogates AIF translocation and calpain activity.................. 68
2.3.4 Calpain and PARP-1 inhibition attenuates AIF translocation.......................... 71
2.3.5 3-ABA inhibits NMDA-induced Ca*" accumulation in mitochondria................ 71

vil



24 DISCUSSION. ..o 74
3.0 CRITICAL ROLE FOR EUKARYOTIC TRANSLATION INITIATION FACTOR 4G

DEGRADATION IN MEDIATING ISCHEMIA-INDUCED NEURONAL DEATH........ 80
3. T INTRODUCTION. ...ttt e e 80
32 METHODS . .. 82
3.2.1 Primary neuronal culture and oxygen-glucose deprivation............................. 82
3.2.2 AlamarBlue, LDH and Hoechst staining...............ccoooiiiiiiiiiiiiiiiii e 83
3.2.3 Protein SynthesisS ASSAY......cuuutitititii it 84
3.2.4 Caspase and calpain aCtiVity @SSAYS. .......eeueenteirtenieieateteiteaeeiteaneeeannanns 85
3.2.5 Western blot analysSiS.......o.uvuiiniititi i 86
3.2.6 IMMmMUNOCYtOChEMISIIY . ...\ttt e e e 86
3.2.7 Recombinant protein preparation. ............ee.eeeeeneenueanteneeieaeaeaaeeaneaneenan 87
3.2.8 Cell-free proteolytic cleavage of e[F4G by calpain...............c.oooeeiiiiiiiin... 87
3.2.9 Construction of VIral VECTOTS. . .....uiuuiit it 88
3.2.10 Gene transfection of calpastatin and viral vectors into primary neurons............ 89
3.2.11 Lentiviral-ShRNA InfeCtioNn. ......o.oiuiiii e 90

3.2.12 Luciferase vectors, in vitro transcription, mRNA transfection and luciferase

TSt £ 90

3.2.13 Statistical ANalySiS. . ...ovuiiiii i 92

3 3 RESUL T S e e 92
3.3.1 Ischemia-severity correlates PSI with neuronal viability......................o.... 92
3.3.2 Levels of elF4G correlate with persistent PSI................ooiin 94
3.3.3 Calpain is activated following in vitro ischemia....................ocoviiiiiiiinannnnn. 96
3.3.4 Calpain inhibition blocks elF4G cleavage............c.coovviiiiiiiiiiiiiii e 98
3.3.5elFA4G is a calpain SUDbSLrate. ..........ouevuiitiii i 99
3.3.6 Overexpression of e[F4G is NeUroprotective. .........oovvviiiiiiiiiiiiiiiiieeennnnn. 102
3.3.7 shRNA silencing of e[F4G exacerbates neuronal death............................... 105
3.3.8 Cap-dependent translation is inhibited following OGD............................... 107

3.4 DISCUSSION . L.ttt e e et et et e e e ea s 110
4.0 DISCUSSION OF THE FUTURE DIRECTION OF SECONDARY ENERGY DEPLETION
AND PERSISTENT PROTEIN SYNTHESIS INHIBITION.........ccoooiiiiiiiiiii, 117

viil



4.1 INTRODUCTION. ..., 117

4.2 SECONDARY ENERGY DEPLETION......oouiiiiiiiiii e 118
4.3 PERSISTENT PROTEIN SYNTHESIS INHIBITION.........cociiiiiiiiiiiiiieee 120
4.3.1 Initiation phase of translation arrest. ............oooviiiiiiiiiiiiiiiie 121
4.3.2 Maintenance of PSI by RNA regulation.................ooiiiiiiiiiiiiiiiiin .. 122
4.3.3 Termination phase of PSI by activation of stress responses................ovveuvennn. 125
4.3.4 Relationship between elF4G and the phases of ischemia-induced PSI.............. 126

4.4 A POTENTIAL LINK BETWEEN EIF4G, SECONDARY ENERGY FAILURE AND
PERSITENT PROTEIN SYNTHESIS INHIBITION........cociiiiiiiiiiiiiens 128
4.5 SUMM A R Y ..o 130
BIBLIOGRAPHY ...eiii e e 132

X



LIST OF FIGURES

LT Carcle of WILLIS. . . oo e e 7
1.2 Anterior Cerebral Artery Territory. ... ..o.ouuieiiniit e 9
1.3 Internal Middle Cerebral Artery Territory........oovvuiuiiiiii i, 10
1.4 External Middle Cerebral Artery Territory........ouveuiiiiiniit i eaeans 11
1.5 Watershed ZOmes. ... e 12
1.6 Ischemic Thresholds of StroKe..........coooiiiii i e, 22
1.7 Ischemia-induced calpain modifications of intrinsic and extrinsic pathways................... 41
1.8 Protein Synthesis INItiation. ... ....o.ovuiietitii et e e 48
2.1 Translocation of truncated AIF in neurons after NMDA neurotoxXicCity.............ccevvvvennen. 66

2.2 Neuroprotective effect of AIF knockdown against NMDA toxicity in primary
COTEICAL MEUTOMS. ...ttt e e e e e 67
2.3 Calpain inhibition prevents NMDA-induced AIF truncation and nuclear translocation in
TS 0] 0 N 69
2.4 PARP-1 inhibition attenuates NMDA-induced AIF truncation and nuclear translocation in
TEUTOTIS . « vt ettt et e et e et e e e e et e et ettt e e e et e ettt et et e et et e ettt e et e et e e e e e 70

2.5 Attenuation of NMDA-induced AIF nuclear translocation in neurons by inhibiting calpain or

2.6 PARP-1 activation contributes to mitochondrial Ca®" dysregulation after NMDA

111 L1010 (62 1P 75
2.7 Model of PARP-1 and calpain-mediated AIF release.............cooevuiiiiiiiiiiiiniiiinninn.n 79
3.1 Protein synthesis inhibition correlates with cell death........................o. 93
3.2 Decreased levels of eIF4G correlate with persistent PSI..................ooiii, 95
3.3 Evaluation of caspase and calpain activation following OGD.....................coiinn. 97

3.4 Calpain inhibition results in increased translation, cell viability and eIF4G levels following



3.5 Calpain cleaves eIF4G in a cell-free assay........o.ovuiiiiiiiiiiiiii e 101

3.6 Neuroprotection by elF4G is partially protein synthesis dependent............................. 103
3.7 elF4G silencing is detrimental to neurons and exacerbates ischemic injury................... 106
3.8 Cap- and IRES-dependent translation following in vitro ischemia.............................. 109

x1



PREFACE

The path to obtaining a Ph.D. in neurobiology in an MD/PhD program is both tumultuous and
rewarding. In addition to the rigorous training in terms of coursework, clinical training, grant
and paper writing and execution of experiments, life happens. I never would have predicted that
I would be called to active duty in the Army to serve in Iraq just five months after entering
medical school. The repercussions of my experience affected all aspects of my life. Fortunately,
I was able to perform well in medical school. Unfortunately, during my PhD training I got
married and soon thereafter divorced. This was a very dark period of my life and for my
graduate training.

In spite of the negative occurrences in my life, I was able to emerge to complete my PhD
training. This could not have been accomplished without the support of a number of family and
friends. I owe a tremendous amount of gratitude first, and foremost, to my family. My mother
and father, Karen and Steve Vosler, are the foundation from which all I have achieved has been
built. Their omnipresent love and guidance has made me into the man I am today. I thank you
Mom and Dad for raising me well as a child and becoming my friends and continued mentors as
an adult. My brother Dan has proven to be a great friend. He has helped me immensely
throughout my life, especially during the last ten years. I cherish the support and laughter you
have provided me throughout the years.

I also owe appreciation to some influential teachers and professors that have guided me
and nurtured my intellectual development. In high school, I have to thank Mr. Dominico for
challenging me to push my creativity to new limits. Dr. Cornelius Meyer at Quinnipiac
University was instrumental in the initial phases of my higher education compelling me to pursue
Psychobiology as a major and I believe provided me with the foundation for my future academic
success. Dr. Joan Bombace, also at Quinnipiac University, provided me with my introduction to
research. If she had not approached me to conduct research with her, I probably would not have

pursued a PhD. I thank you Joan.

Xii



More recent influential mentors include my two research advisors at Pittsburgh. Dr.
Clifton Callaway has been an excellent mentor who provided me with an outstanding and
nurturing environment immediately after I returned from Iraq for my first research rotation.
Importantly, I have to thank Dr. Jun Chen, my thesis advisor, for all he has done for me.
Performing my dissertation work in his lab has permitted me to attain goals I never thought
possible. Thank you for your guidance Dr. Chen.

I also want to thank some friends that helped me along the way. Thank you to Sam
Clanton and Dr. Justin McCray for helping get through some difficult times by providing me
with laughter, high jinks, and much needed distraction. Thank you to Dr. Joshua Hrabosky for
being a tremendous and perseverant friend, and for your support and guidance. Finally, and most
importantly, thank you to the love of my life, Mae Gould. You have been my rock and are the
one who restored me to the man [ was meant to be. I cherish you and the life we will spend
together.

The path to this achievement has been tumultuous, but the support of my family, friends
and mentors has made it rewarding and worthwhile. I feel a tremendous sense of
accomplishment at my intellectual development over the past several years, and I look forward to
continued growth in my career and in my life. And, despite the unfortunate occurrences in my

life, I still strive to attain my childlike aspiration:

To see a world in a grain of sand
And a heaven in a wild flower,
Hold infinity in the palm of your hand,
And eternity in an hour.

-William Blake, Auguries of Innocence

Perhaps, with continued introspection and support from loved-ones, some day I’ll achieve this

goal.

xiil



1.0 Overview of Ischemic Stroke

1.1 INTRODUCTION

Brain tissue relies virtually solely upon oxygen and glucose for its energy requirements. Despite
only comprising 2% of total body weight, the brain receives 15% of the cardiac output and it
consumes approximately 20% (160pmol/100g/min) of the blood’s oxygen content. Because the
CO; output of the brain is nearly identical to the oxygen consumption, carbohydrates are the
main substrate for energy production. This is exemplified by the brain utilizing a quarter of the
body’s glucose content. The continuous supply of glucose is also critical for brain function
because it lacks substantive glycogen stores to replenish any glucose deficit. The brain is thus
exquisitely sensitive to perturbations in energy homeostasis, making it highly susceptible to
conditions that reduce flow of the oxygen and glucose carrying blood (Magistretti PJ, 1995).
Cerebral blood flow (CBF), the product of cerebral perfusion pressure divided by
cerebral vascular resistance, normally ranges between 50 and 57 ml/100g/min in primates.
Reductions in cerebral perfusion pressure caused by decreased arterial pressure (as in cardiac
arrest) or focally due to embolic or thrombotic occlusion are initially compensated by
autoregulatory vasodilation to diminish cerebrovascular resistance. Once autoregulation is

maximal, the brain extracts increasing amounts of glucose and oxygen from the blood to



preserve its energy requirements. The CBF must remain above the critical threshold of 15-20
ml/100g/min to maintain normal metabolism. Below this threshold, the brain is no longer able to
function normally and clinical symptoms of ischemia are observed (Magistretti PJ, 1995).

Neurologic disorders such as ischemic and hemorrhagic stroke, cardiac arrest and
traumatic brain injury are all related by substantial cerebral ischemia resulting in neuronal
damage, brain tissue loss, physical, behavioral and cognitive impairment and potentially death.
Greater understanding of the pathophysiology underlying the deficits caused by cerebral
ischemia will serve to mitigate the negative neurological sequelae following the insult. Of the
aforementioned insults, ischemic stroke is the predominant form of cerebral ischemia in the
United States (Hirtz et al., 2007).

This dissertation will thus address ischemic stroke in detail, outlining the epidemiological
statistics and the pathophysiology of the insult at the tissue, cellular and molecular level.
Although the etiology of cardiac arrest greatly differs from ischemic stroke, the global ischemia
model of cardiac arrest is also discussed due the common characteristics of the pathophysiology
to ischemic stroke. Furthermore, the findings of the basic science models of ischemic stroke and
cardiac arrest are commonly generalized to both conditions. The dissertation will go into detail
regarding ischemia-induced, caspase-independent programmed cell death. Novel research
addressing the mechanisms underlying this phenomenon is presented in Chapter 2, Calcium
dysregulation induces apoptosis-inducing factor release: Cross-talk between PARP-1- and
calpain-dependent signaling pathways.

Another phenomenon common to both ischemic stroke and cardiac arrest is the
impairment of protein synthesis in ischemia-affect brain tissue. The past research is reviewed in

detail with an attempt to support the supposition that the failure to reinstate protein synthesis is a



causative factor in delayed neuronal death. A detailed article is provided in Chapter 3, Critical
role of eukaryotic initiation factor 4G degradation in mediating ischemia-induced neuronal death,
with novel findings delineating an important mechanism responsible for ischemia-induced
protein synthesis inhibition.

The dissertation will culminate with a thorough discussion of the implications of the
findings of Chapters 2 and 3. Future directions for the understanding of delayed neuronal death
are explored with a discussion of novel avenues for understanding delayed neuronal death with

the aim of developing novel clinically translatable therapeutics.

1.2 ISCHEMIC STROKE

1.2.1 Epidemiology of Ischemic Stroke

Ischemic stroke comprise 80% of all clinical strokes with hemorrhagic stroke making up the
remaining 20%. Stroke affects approximately 795,000 people each year with 75% of patients
suffering their first incident and the remainder experiencing recurrent attacks (Lloyd-Jones et al.,
2009). Ischemic stroke, herein referred solely as stroke, ranks as the third leading cause of death
in industrialized nations (including the U.S.) and the 2™ leading cause of death worldwide
(Lloyd-Jones et al., 2009). According to the most recent stroke statistics available, every 40

seconds someone in the U.S. suffers a stroke. The U.S. death rate due to stroke in 2006 was 43.6



people per 100,000 people in the U.S. population during the given year, and 1 out of 17 deaths
were due to stroke.

Stroke, however, does not uniformly result in death, and stroke survivors are subjected to
debilitating physical, mental and cognitive dysfunction. Stroke is thus a major cause of long-
term disability ((CDC), 2001), and approximately one third of stroke survivors receive outpatient
rehabilitation. The substantial disability caused by stroke is predicted to cost the U.S. $68.9
billion in 2009 when the costs of inpatient care, rehabilitation and follow-up care for enduring
deficits are totaled (Lloyd-Jones et al., 2009).

The incidence of stroke is similar across genders; however, data is emerging suggesting a
rise in stroke incidence in middle aged women, and outcomes in women may be worse in women
(Towfighi et al., 2007). Ethnicity is an established factor as there is a nearly two-fold increase in
stroke incidence in blacks compared with whites. In addition to greater incidence, the severity of

stroke in blacks is greater accompanied by an increased mortality rate (Stansbury et al., 2005).

1.2.2 Etiology

Strokes were traditionally categorized as arising from either embolic or thrombotic infarcts.
Embolic infarcts are caused by a portion of a substance, usually a blood clot, formed in a distant
vessel or organ, which becomes dislodged and travels to a distal region where it occludes a
vessels. Thrombotic events are caused by blood clots that form locally, usually due to
atherosclerosis, and occlude the blood vessel. A more comprehensive classification system was

established in 1993 categorizing strokes resulting from cardioembolism, large-artery



atherosclerosis, small vessel occlusion, stroke of other determined etiology or idiopathic
(unknown) origins (Adams et al., 1993).

Cardioembolism occurs when a thrombus formed in the heart becomes dislodged and
occludes a cerebral vessel. This can occur following atrial fibrillation, release of a thrombus
formed on the wall of the heart (mural thrombus), ventricular akinesis (following a heart attack),
dialated cardiomyopathy or a disease of the valves of the heart (Adams et al., 1993).

Large-artery atherosclerosis can result in substantial restriction of blood flow in major
extracranial and intracranial arteries. Atherosclerosis commonly occurs at branches of major
vessels, such as the carotid artery or at the origins of vessels. Infarction can occur locally as the
atherosclerotic plaque immediately occludes its resident vessel. A portion of the plaque or clot
can also become dislodged and occlude another distal artery, or it may simply causes
hypoperfusion that results in clinically significant symptom generation. The predominant
presentation of patients with large-artery atherosclerosis is a recurrence of clinical symptoms due
to the occlusion of blood flow to the same cerebral territory (Blumenfeld, 2002).

The final major classification of stroke etiology is small-vessel occlusion. This is when
the small-penetrating branches off the major cerebral arteries that supply the deeper regions of
the brain become occluded (Adams et al., 1993). These structures include the basal ganglia,
thalamus, and internal capsule within the cerebral hemispheres. Occlusions of these vessels are
also called lacunar infarcts due to their resemblance of small lakes on pathological section
(Blumenfeld, 2002). The other two classifications of stroke are very infrequent and will not be
discussed here.

The etiology of transient ischemic attacks (TIAs) should also be discussed briefly. As the

name implies, TIAs are merely short term deficits in neurologic function wherein the patient has



complete recovery. Originally TIAs were considered any neurologic deficit that lasts less than
24 hours. That definition has been substantially revised because it is known in animal models
and imaging studies that ischemic episodes lasting longer than ten minutes can result in
permanent damage. Thus, the duration of TIA has been refined to lasting approximately 10
minutes. Although TIAs are temporary, they are not completely benign. The highest risk of
stroke occurs within a few days of TIA (Johnston et al., 2000). The occurrence of TIAs is thus

useful clinically to determine underlying cerebrovascular disease.

1.2.3 Risk Factors

The risk factors for stroke mainly include patients with vascular diseases. These include
hypertension, diabetes, hypercholesterolemia, cigarette smoking, having a family history of
stroke and a prior history of having a stroke. Any evidence of cardiac disease, including atrial
fibrillation or having a low ejection fraction due to congestive heart failure, is also a risk factor
for stroke. Less commonly, stroke is caused by patients with hypercoagulable states. Any
patient with an increased risk for forming random clots is at a higher risk for stoke, myocardial

infarction, pulmonary embolism and deep venous thrombosis (Lloyd-Jones et al., 2009).

1.2.4 Anatomy of Stroke

In addition to etiology, stroke is characterized by the major vessel or portion of the vessel

occluded and the area of the brain damaged. This section will provide a succinct overview of the

vascular supply of the brain and the classic symptoms that arise from infarcts to the major
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Figure 1.1 Circle of Willis. This is a depiction of the anastamotic relationship between the
anterior and posterior cerebral circulation. A full circle of Willis is present in only 25% of
people.

vessels. The major cerebral vessels can be divided into many segments, each having its unique
clinical characteristics. This is beyond the scope of this dissertation, and the general brain area
affected and the clinical symptoms produced by ischemia will suffice to provide an
understanding of the significance of knowing cerebrovascular anatomy. Greater detail can be
found elsewhere (Blumenfeld, 2002).

The blood supply to the brain is derived from two sets of systemic vessels. The anterior
circulation is supplied by the internal carotid artery and the posterior circulation is supplied by

the vertebral arteries. The right and left carotid arteries arise from the aortic arch where they



branch into the internal and external carotids at the carotid bifurcation. The internal carotid has
two terminal branches located within the brain—the anterior cerebral artery (ACA) and the
middle cerebral artery (MCA). The vertebral arteries arise from the subclavian arteries, course
through the transverse processes of the cervical vertebrae, enter the skull through the foramen
magnum and join to form the basilar artery. The anterior and posterior circulations anastomose
at a vascular ring name the circle of Willis (Figure 1.1). The anterior circulations of the left and
right hemispheres are joined by the anterior communicating arteries. The posterior circulation
joins the anterior segment via the posterior communicating arteries. The circle of Willis
provides substantial collateral blood flow in the advent of occlusion. Interestingly, a complete

circle is only present in approximately 25% of people (Blumenfeld, 2002).

1.2.4.1 Anterior Cerebral Artery. The ACA runs medially and anteriorly between the cerebral
hemispheres to supply the inferior surface of the frontal lobe (Figure 1.2). It then courses
posteriorly over the corpus callosum to supply the medial portion of the primary motor and
sensory cortices. Occlusion of the ACA results in contralateral motor weakness and sensory
deficits of the lower extremity. Frontal lobe abnormalities and aphasia can also be present

(Blumenfeld, 2002).

1.2.4.2 Middle Cerebral Artery. Of the cerebral arteries, the MCA supplies the largest area.
This is possibly one of the reasons strokes are more common in the MCA territories than in the
anterior or posterior cerebral artery territories. Logically, due to it being the most frequent

infarct in humans, the most common animal model of stroke is performed by occluding the

MCA.
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Figure 1.2 Anterior Cerebral Artery Territory. The anterior cerebral artery supplies the
medial aspect of the cerebral hemispheres (from H. Blumenfeld. In Neuroanatomy Through
Clinical Cases, Copoyright 2002 by Sinauer Associates, Inc. Used by permission of Sinauer
Associates, Inc.).

The MCA supply can be divided into three regions: superior division, inferior division
and deep territory. From the circle of Willis, the MCA runs laterally where its initial branches
are the lenticulostriate arteries. These arteries supply the deep territory of the MCA including
the basal ganglia and the internal capsule. Distal to the lenticulostriate arteries, the MCA courses
into the Sylvian fissure and bifurcates into superior and inferior divisions (Figure 1.3 and 1.4).
The superior division accordingly supplies the cortex above the Sylvian fissure while the inferior

division supplies the cortex below the Sylvian fissure and a portion of the parietal cortex.
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Figure 1.3 Internal Middle Cerebral Artery Territory. The middle cerebral artery supplies
structures such as the thalamus and basal ganglia internally via the lenticulostriate arteries. It
courses toward the external surface of the cerebral hemisphere in the Sylvian fissure. (from H.
Blumenfeld. In Neuroanatomy Through Clinical Cases, Copoyright 2002 by Sinauer Associates,
Inc. Used by permission of Sinauer Associates, Inc.).

Occlusion of the superior division of the MCA can result in Broca’s aphasia (left-sided
occlusion), contralateral face and arm weakness and possible contralateral face and arm sensory
loss. Damage to the inferior division can cause Wernicke’s or fluent aphasia (left-sided
occlusion), left hemineglect (right-sided occlusion), and possibly contralateral weakness. Deep
territory MCA infarcts result in complete contralateral motor hemiparesis as this territory

supplies the internal capsule. Finally, patients with occlusion to the MCA proximal to the region
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Figure 1.4 External Middle Cerebral Artery Territory. The external territory of the MCA
supplies the lateral aspect of the cerebral hemisphere including areas responsible for speech.
(from H. Blumenfeld. In Neuroanatomy Through Clinical Cases, Copoyright 2002 by Sinauer
Associates, Inc. Used by permission of Sinauer Associates, Inc.).

divisions, or the MCA “stem” will present with a combination of the aforementioned symptoms,
contralateral hemiplegia, contralateral sensory loss, global aphasia (left-sided occlusion), and left

hemineglect (right-sided occlusion) (Blumenfeld, 2002).
1.2.4.3 Posterior Cerebral Artery. The PCA courses posteriorly over the basilar artery and

supplies the inferior and medial temporal lobes, and the medial occipital cortex. Occlusion of

the PCA results in contralateral visual field deficits (Blumenfeld, 2002).
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Figure 1.5 Watershed Zones. These areas of the brain generally receive sufficient collateral
blood flow to suffer minimal damage from ischemia of any one cerebral artery. However,
occlusions that occur in the watershed zones cause infarcts of the entire watershed area. (from
H. Blumenfeld. In Neuroanatomy Through Clinical Cases, Copoyright 2002 by Sinauer
Associates, Inc. Used by permission of Sinauer Associates, Inc.).

1.2.4.4 Watershed Zones. The regions between cerebral arteries are called watershed zones as
they receive collateral blood from two arteries. Under conditions where one artery is occluded,
watershed areas are protected or have reduced damage due to collateral flow. In contrast, when
the occlusion occurs near the junction of the two vessels, the watershed zone is the most
susceptible to ischemia. Other causes of watershed infarction are sudden drop in systemic blood
pressure and sudden carotid artery occlusion. The latter infarct occurs in the ACA-MCA
watershed zone because both the ACA and MCA are supplied by the internal carotid artery
(Figure 1.5). Infarcts in the ACA-MCA watershed zone can result in proximal arm and leg
weakness and possibly aphasia if the infarct occurs in the dominant hemisphere. The MCA-PCA

watershed zone infarcts cause disturbances in visual processing (Blumenfeld, 2002).
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1.2.5 Current Treatment Options

Currently, there are three categories of stroke therapy: antiplatelet and antithrombotic therapy,
thrombolytic agents, and neuroprotective agents. The vast majority of the current treatment
options for stroke revolve around restoration of blood flow. This follows logical reasoning as the
etiology of a majority of strokes involve either a local thrombotic occlusion or a thrombus
formed distally that becomes dislodged and occludes a cerebral vessel (embolic stroke). The
former two categories will be discussed here. Neuroprotective agents are discussed in greater

detail later in this introduction.

1.2.5.1 Antiplatelet and Antithrombotic Therapy. The rationale underlying antiplatelet and
antithrombotic therapy is that platelets become activated following stroke (Sandercock et al.,
2008); therefore, administration of these agents would theoretically reduce the chance of
thrombus formation and improve overall blood flow. Aspirin is the prototypical antiplatelet
drug, and is currently the only recommended antiplatelet or antithrombotic therapy approved for
use for acute stroke; however, aspirin should only be used if there is no known contraindication
for patient use of aspirin (i.e. allergic reaction to salicylates) or administration of the
antithrombotic heparin or alteplase (discussed further in the following section).

Patients who received 300mg of aspirin within 48h of stroke onset had a reduced risk of
recurrent stroke and a slightly improved neurological outcome at 6 month in the International
Stroke Trial (IST) (1997). Similar results were found when patients receive the smaller dose of
160 mg of aspirin again within 48h of stroke onset in the Chinese Acute Stroke Trial (CAST).

The administration of aspirin reduced mortality 14% at one month following stroke (1997).
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Taken together, aspirin administration resulted in the modest reduction of 9-13 nonfatal strokes
per 1000 patients (Chen et al., 2000; Sandercock et al., 2008).

Other, more potent antiplatelet therapies and antithrombotic therapies have also been
studied for treatment of stroke. Neither heparin nor low molecular weight heparin administration
have shown significant benefit (Gubitz et al., 2004). Caution is also urged when using
antithrombotics as heparin therapy also significantly increases the incidence of symptomatic
intracranial hemorrhage (Gubitz et al., 2004). Another antiplatelet agent used for potential
therapy against stroke is the platelet glycoprotein IIb/IIla receptor inhibitor abciximab. The data
yielded from studies using this agent were again disappointing as the AbESST trial demonstrated
that abciximab caused a nonsignificant increase in symptomatic intracranial hemorrhage (2005),
and the AbESTT-II trial was discontinued because of lack of benefit and significant symptomatic
intracranial hemorrhage (Adams et al., 2008).

Collectively, based on the outcomes of the trials using antiplatelet or antithrombotic
agents, it is currently recommended by the American Heart Association/American Stroke
Association that anticoagulation agents not be used for treatment of acute stroke (Adams et al.,
2008). The only caveat to this recommendation is the use of early aspirin therapy when alteplase

cannot be administered.

1.2.5.2 Thrombolytic Agents. A breakthrough in stroke research was realized in 1995 when the
National Institute of Neurological Diseases and Stroke (NINDS) study of 624 patients suffering
stroke benefited from treatment of recombinant tissue plasminogen activator (tPA), or alteplase
(1995). Tissue plasminogen activator is a serine protease that is present on the extracellular

membrane of vascular endothelial cells. It functions endogenously as a catalyst to convert
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plasminogen to plasmin, the predominant enzyme for thrombolysis. The mechanism of action of
alteplase in stroke therapy is to break down the clot occluding the cerebral vessel to restore blood
flow.

The NINDS trial was the first study to realized clinically significant benefit as patients
treated with alteplase within three hours of stroke onset were approximately 30% more likely to
have improved clinical outcome (limited or no disability) at three months following stroke
(1995). There was, however, no difference in mortality rates at the three month follow up.
Another trial published the same year, the European Cooperative Acute Stroke Study (ECASS),
examined the benefit of alteplase for stroke treatment with a treatment window of up to six hours
(Hacke et al., 1995). Their results were similar to the NINDS study as patients that received
alteplase had better neurological outcome three months after stroke. However, the subsequent
study by the same group, the ECASS-II study, did not show a statistical significant improvement
in neurological outcome with a six hour treatment window (Hacke et al., 1998).

Further clinical trials attempted to examine the effect of alteplase at greater intervals after
stroke in order to increase the cohort of patients who would benefit from thrombolytic therapy.
The Alteplase ThromboLysis for Acute Nonintervential Therapy in Ischemic Stroke
(ATLANTIS) conducted a randomized, double-blind study examining 613 patients that received
either placebo or alteplase 3-5 hours after stroke onset (Clark et al., 1999). Patients who
received alteplase during the 3-5 hour window, however, did not show any therapeutic benefit
over placebo control. Similarly, another study conducted by the same group of investigators
examining the effects of alteplase on neurological improvement when it was administered
between 0-6 hours after stroke onset found no difference between alteplase-treatment and

placebo control (Clark et al., 2000).
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A meta-analysis examining the individual patients from the aforementioned trials
revealed that alteplase treatment showed decreasing efficacy to improve neurological outcome
when administered at greater intervals after stroke onset. They found that the odds ratio
(probability that patients who received alteplase would show neurological improvement at a
three month follow-up) at the 0-90 minute interval was 2.8. Subsequent intervals examined
showed decreased efficacy of alteplase with the odds ratio decreasing to 1.6, 1.4 and 1.2 for 91-
180 minutes, 181-270 minutes and 271-360 minutes, respectively (Hacke et al., 2004). This
study confirmed the findings of the NINDS trials showing a benefit for alteplase treatment when
administered within three hours of stroke onset. It also revealed that the therapeutic window
may extend to 4.5 hours (odds ratio of 1.4).

This therapeutic window was recently examined in the ECASS-III trial. The researchers
found that alteplase treatment when administered between 3-4.5 hours after stroke onset
maintained a modest, but significant, beneficial effect on clinical outcome (52.4% alteplase-
treated vs. 45.2% placebo) (Hacke et al., 2008). This trial confirmed the previous meta-analysis
that suggested a therapeutic benefit to extending the therapeutic window of alteplase to 3-4.5
hours.

Unfortunately, even with this extension, alteplase is only given to 3-8.5% of patients
(Reeves et al., 2005). This is likely due to the fact that the median arrival time to the hospital for
treatment of acute stroke is within 3-6 hours after stroke onset (Evenson et al., 2001). Another
reason for the lack of treatment with alteplase is that its major side effect is intracerebral
hemorrhage (ICH). Within the three hour therapeutic window there was a 6.5% chance of ICH

in patients receiving alteplase versus a 0.6% chance in the placebo group in the NINDS trial
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(1995). The increased risk of ICH was also found in the ATLANTIS trials and the ECASS I, II
and III trials.

Other thrombolytic agents and methods of recanalization have been attempted given the
limited patient population that benefits from alteplase treatment. Intra-arterial administration of
the thrombolytic prourokinase (Prolyse) in the Prolyse in Acute Thromboembolism (PROACT-
1) trial demonstrated a 15% increase in clinical improvement in patients receiving intra-arterial
thrombolysis up to 6 hours after stroke onset (Furlan et al., 1999). As with the alteplase trials,
this benefit also came at the risk of symptomatic ICH (10% prourokinase versus 2% placebo)
(Furlan et al., 1999).

An even greater therapeutic window for recanalization therapy was demonstrated with
mechanical embolectomy in the MERCI trials. Mechanical embolectomy in the first MERCI
trial resulted in recanalization in 46% of patients when attempted up to 8 hours after stroke onset.
Improved neurological outcome was realized in patients where recanalization was attained
compared to patients whose recanalization was not successful (46% versus 10%). Unlike the
alteplase trials, there was also a decrease in mortality in the patients whose recanalization was
successful (32% versus 54%; successful recanalization versus unsuccessful recanalization,
respectively) (Smith et al., 2005). Newer mechanical embolectomy devices implemented since
the first MERCI trial have improved the success rate of recanalization; however, improvement in
neurological outcome and mortality is not significantly different from older generation
techniques (Smith et al., 2008). Regardless, these trials demonstrate a more practical therapeutic
window for recanalization and therapy for acute stroke.

Evidence is mounting from the trials outlined here and others that clinically effective

neuroprotection is only going to be attained with successful recanalization. This is because the
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brain needs an adequate energy supply to repair and maintain neurons and other brain cells. Sole
use of recanalization therapy, however, is unlikely to completely prevent brain damage and
subsequent neurological impairment. This is due to the pathophysiological nature of the insult.
In order to minimize the damage caused by stroke, adjunct therapy must be implemented to
repair and salvage neurons that are programmed to die. The development of these adjuvant
therapies can only be attained by having a comprehensive understanding of the mechanisms
underlying delayed neuronal death. The following section outlines the pathophysiological
mechanisms fundamental to programmed neuronal death and discusses the concept of the

ischemic penumbra in detail.

1.3 PATHOPHYSIOLOGY OF STROKE

1.3.1 Origins of the Penumbra Concept

Dysfunction caused by cerebral ischemia is intimately related to cerebral blood flow. It was
originally established in both experimental and clinical studies that a threshold exists between
cerebral blood flow and electrical activity of the brain. In the clinical setting, patients
undergoing carotid endarterectomy were shown to have inhibition of electrical activity measured
by electroencephalograph (EEG) when CBF was reduced below 16-17ml/100g/min (Sharbrough
et al., 1973; Trojaborg and Boysen, 1973). Measurement of evoked potential (EP), an analogous

measure of brain electrical function, in baboon cortex was also shown to be inhibited at a similar
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threshold of CBF—15ml/100g/min (Branston et al., 1974). It is interesting that the threshold for
other species such as cats and rodents is similar to the primate threshold (Heiss, 1992).

The mechanism underlying inhibition of electrical activity due to surpassing the CBF
threshold was initially thought to be caused by ion pump failure and massive release of
intracellular K* or due to extracellular acidosis. In a seminal paper by Astrup and colleagues
(1977), it was determined that brain electrical failure was not due to intracellular K' release as
the threshold for K release was 10ml/100g/min—noticeably lower than the threshold for
electrical inactivity. Additionally, there was no direct relation between tissue acidosis and
electrical inactivity as no critical level of H' concentration and electrical inactivity or recovery
was established (Astrup et al., 1977). The concept of two ischemic thresholds was thus
established. The upper threshold being electrical inactivity and the lower being K release.

The relationship between electrical failure, energy state, K release and ion pump failure
was never directly studied in ischemia models before the concept of penumbra was introduced.
Using controlled hypotension and bicuculline-induced seizures in rats, it was determined that
reductions in blood flow that abolished seizures (and thus electrical activity) did not result in K"
release. In fact, at the point of electrical failure, extracellular K" was reduced, suggesting there
was sufficient ATP levels for pump function (Astrup et al., 1979). Thus, electrical inactivity was
not due to energy failure. However, further reductions in CBF did reduce ATP levels and were
related to ion pump failure and massive K release.

On the basis of the above rationale the lower ischemic threshold was refined to become
energy failure and ion pump failure (Astrup et al., 1981). Thus, the brain region immediately
supplied by the occluded vessel where the blood flow drops below 10ml/100g/min suffers from

energy failure, ion pump failure and ultimately membrane failure. This ischemic center is what
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is now known as the core of the infarct. Surrounding the ischemic center residual blood flow
from collateral circulation is sufficient to maintain cellular structural integrity, but not electrical
activity. Since this level of CBF occurred in a ring around the ischemic center, much like light
radiating around the moon in a solar eclipse, this region was named the penumbra (Astrup et al.,
1981).

This is an extremely important concept in stroke research as it posits that there are
damaged neurons that do not die immediately due to ischemia, and are potentially salvageable.
Astrup and colleagues (1981) argued that the abolition of electrical activity served as a potential
protective mechanism and that the CBF threshold that resulted in energy and pump failure was a
lethal threshold. Indeed, recovery of electrical activity was possible following 2-3 hours of focal
ischemia only in brain regions that maintained CBF above 10-12ml/100g/min (Jones et al.,
1981). The reality that neurons in the penumbra regain electrical function has been lost in the
stroke field over the past three decades. It is true that electrical activity and energy state respond
nearly immediately to lowering of CBF below their respective thresholds. However, it has been
repeatedly reported that restoration of blood flow allows for nearly complete recovery of
electrical activity even after 1 hour of ischemia (Hossmann, 1971; Hossmann and Zimmermann,
1974; Hossmann et al., 1987; Kataoka et al., 1987). Therefore the original penumbra definition
of electrically silent but structurally intact neurons only pertains to the ischemic period. During
reperfusion, EPs return and then gradually disappear as delayed neuronal death occurs (Heiss,
1992).

The concept of the penumbra has been refined over the past three decades. The initial
definition of electrically silent but structurally intact only represented a small amount of brain

tissue. The narrow threshold difference between CBF of 16-17ml/100g/min for electrical silence
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and the CBF of 10ml/100g/min for loss of membrane integrity, however, does not account for
the total infarct observed 24h after ischemia. Penumbra was thus defined as the difference
between the infarct area that had developed at 1h after ischemia and the final infarct volume at
24h after ischemia (Memezawa et al., 1992). This definition is conceptually correct, but it does
not include an understanding of the underlying mechanisms resulting in the delayed infarct.
Later, Hossmann (1994) posited two commonalities to all penumbra definitions: 1) area of the
brain where blood flow is reduced but 2) where the brain tissue remains viable (Hossmann,
1994). He thus defined the penumbra as brain regions with decreased blood flow that maintain

energy metabolism.

1.3.2 Functional Thresholds of Ischemia

A more comprehensive understanding of the penumbra is gained by examining the various
physiological, biochemical and functional thresholds induced by reductions in CBF (Figure 1.6).
As discussed above, the thresholds for energy and ion pump failure were approximately 10-
12ml/100g/min, and the threshold for electrical failure was 16-17ml/100g/min. Measurement of
ATP levels indicates a sharp decline at CBF below 26ml/100g/min with complete loss of ATP
between 10-18ml/100g/min (Heiss, 1992). Glucose utilization exhibits a biphasic curve. When
CBEF falls below 35ml/100g/min, glucose utilization increases to compensate for decreases in
ATP. Due to the increasingly hypoxic state of the brain tissue, glucose is metabolized by
anaerobic glycolysis and results in increased lactate production. Glucose extraction is increased

until approximately 25ml/100g/min, where it sharply declines. The CBF range of 35-
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Figure 1.6 Ischemic Thresholds of Stroke. The percentage of cerebral blood flow was
calculated based on individual species’ baseline CBF (see references provided in text). The
ranges of disturbance are depicted in this figure. Definitions of the penumbra and core are based
on the metabolic disturbances studied. Note that the inhibition of protein synthesis has the
highest threshold at approximately 70% CBF. This sensitive metabolic function is a robust
predictor of eventual infarction, and is therefore a good definition of penumbra. [Figure was
adapted from (Astrup et al., 1977; Hossmann, 2006)].

25ml/100g/min corresponds to the beginning of tissue acidosis (Paschen et al., 1992). Of note,
the decline in glucose utilization is at the same point that ATP levels diminish and where tissue
acidosis is prominent. The threshold for protein synthesis is much higher than the thresholds for
alterations in energy metabolism and glucose utilization. Protein synthesis is inhibited by 50% at
flow rates of 55ml/100g/min (approximately 50% of control CBF in rat) and is completely

inhibited below 35-40ml/100g/min (Xie et al., 1989; Mies et al., 1991).
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Release of neurotransmitters also follows the threshold for electrical and energy failure.
Increases in extracellular concentrations of the excitatory amino acids glutamate and glycine are
observed at CBF rates below 20ml/100g/min (Shimada et al., 1990). This corresponds to an
increase in intracellular calcium levels, which also have a threshold of approximately
20ml/100g/min (Greenberg et al., 1990). Interestingly, there are also increases in the inhibitory
neurotransmitters GABA and adenosine at a similar threshold (Shimada et al., 1990; Matsumoto
et al., 1992). It therefore seems that neurotransmitter release is nonspecific and is probably a
function of impaired energy metabolism.

Examination of the functional disturbances caused by reductions in CBF show a
threshold similar to the threshold of electrical inactivity and loss of energy metabolism. Mild
paralysis in monkeys was established below CBF of 22ml/100g/min with complete and
irreversible paralysis occurring below 12ml/100g/min (Jones et al., 1981). In humans, decreases
in EEG signal begin at CBF of 23ml/100g/min and are completely suppressed below 16-
17ml/100g/min (Sharbrough et al., 1973; Trojaborg and Boysen, 1973). This demonstrates
remarkable consistency between electrical activity and functional outcome.

A synopsis of the CBF thresholds is as follows: protein synthesis is inhibited at flow
rates below 55ml/100g/min. This is followed by a transient increase then sharp decrease of
glucose utilization between 35-26ml/100g/min. At the point where CBF reaches 26ml/100g/min,
acidosis becomes prominent. When CBF falls below 22ml/100g/min, mild hemiparesis sets in.
At approximately 20ml/100g/min, neurotransmitter release ensues and intracellular calcium
increases. Electrical activity is abolished at flow rates below 16-17ml/100g/min as measured by
EP or EEG. Finally, ion pump failure and complete energy failure, otherwise known as anoxic

depolarization, take place below 12ml/100g/min.
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It is well established that final infarct volume is directly related to the period of ischemia.
Accordingly, the thresholds for the respective metabolic disturbances previously discussed
nearly uniformly increase with increasing periods of ischemia. An ischemic period of 30
minutes has a threshold for ATP depletion of 12ml/100g/min. This threshold rises to
19ml/100g/min at 2 hours of ischemia and is further increased to 23 and 32ml/100g/min at 6 and
12 hours of ischemia, respectively (Mies et al., 1991). Glutamate release thresholds also increase
with ischemic period. The threshold at 1 hour of ischemia for glutamate release is
20ml/100g/min, and this rises to 30ml/100g/min between 6-15 hours of ischemia (Hossmann,
1994). The neuronal electrical activity CBF threshold is similarly increased from 16-
17ml/100g/min at 30 minutes ischemia to 20m1/100g.min at 2 hours ischemia (Heiss, 1992). The
only caveat to the phenomenon of increasing thresholds with increasing ischemia periods is
regarding protein synthesis. The threshold for protein synthesis stays remarkably consistent
(55ml/100g/min) up to 12 hours of ischemia (Mies et al., 1991). This is an important discovery
that is implicated with the development of neuronal injury and prediction and definition of the

penumbra following focal ischemia.

1.3.3 Protein Synthesis Inhibition and Penumbra

Further examination of energy state, tissue acidosis and cerebral protein synthesis when
establishing a mouse model of focal ischemia promoted the notion that areas protein synthesis
inhibition delineated the infarct area (Hata et al., 1998). Indeed, the regions of protein synthesis
inhibition were larger than that of tissue acidosis and ATP depletion and indicated the penumbral

area of eventual infarct. Use of the permanent MCA occlusion model of focal ischemia
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demonstrated that the region of ATP depletion gradually increased in the ischemic hemisphere
from 40.1% to 58.9% of the contralateral hemisphere when examined at 1 hour to 3 days of
ischemia, respectively (Hata et al., 2000b). In contrast, the region of protein synthesis inhibition
remained consistent ranging from 58.9% of the contralateral hemisphere at 1h to 60.2% at 3
days. The penumbra in this study was thus defined as the difference in the regions of protein
synthesis inhibition and preserved ATP, and the penumbral area was calculated to decrease from
20% of the contralateral hemisphere at 1 hour of ischemia to 3% after 3 days. It was therefore
concluded that the area of eventual infarct size was robustly predicted by the region of protein
synthesis inhibition (Hata et al., 2000b).

The transient MCA occlusion model of focal ischemia was studied next to compare the
role of metabolic disturbances observed in this model with the disturbances in the permanent
MCA occlusion model. Levels of ATP and protein synthesis were measured following 1 hour of
transient ischemia with subsequent reperfusion at 1, 3 and 6 hours and 1 and 3 days. As in the
permanent ischemia model, protein synthesis inhibition was consistently inhibited in the
ischemic hemisphere (54-57% of the non-ischemic contralateral hemisphere) for 6 hours of
reperfusion. Unlike in permanent MCA occlusion, protein synthesis improved to 49% and 37%
at 1 and 3 days of reperfusion, respectively (Hata et al., 2000a).

Again, similar to permanent MCA occlusion, ATP was depleted in 40% of the ischemic
hemisphere compared to the contralateral control hemisphere. In contrast to permanent MCA
occlusion and protein synthesis after transient ischemia, ATP levels returned to control levels
after 1 hour reperfusion. However, longer periods of reperfusion resulted in secondary ATP
depletion resulting in 35% of the ischemic hemisphere depleted of ATP at 3 days of reperfusion.

Remarkably, the region of final ATP depletion completely corresponded with the region where
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protein synthesis inhibition persisted. This area of persistent protein synthesis inhibition and
eventual ATP depletion also coincided with the eventual infarct area (Hata et al., 2000a).

It can therefore be concluded that failure to recover translation or persistent protein
synthesis inhibition is a robust predictor of eventual neuronal death following ischemia.
Importantly, this phenomenon is consistent regardless of the focal ischemia model employed.
The phenomenon that recovery of protein synthesis is vital to the recovery of neurons following
ischemia is reinforced in the next section outlining the effect of protein synthesis following

global ischemia.

1.3.4 Protein Synthesis Inhibition and Global Ischemia

The link between persistent protein synthesis inhibition and eventual neuronal death was
originally discovered using the global ischemia model. Briefly, this model reproduces the effect
of cardiac arrest on the brain by either transiently occluding the common carotid combined with
coagulation of the vertebral arteries (4-vessel occlusion) (Pulsinelli and Buchan, 1988) or
combining transient carotid artery occlusion with hypotension (2-vessel occlusion) (Smith et al.,
1984). Both methods severely restrict blood flow to the entire brain. Accordingly, durations of
global ischemia are usually between 5-30 minutes as longer periods of global ischemia are lethal.

The pathological hallmark of global ischemia is the delayed neuronal death of a select
group of neurons. Neuronal death is initially seen within 12 hours and progresses dramatically
between 1 and 3 days specifically in the rat CA1 field of the hippocampus and layers 2 and 5 and
6 of the cortex, and hilar neurons (Pulsinelli and Brierley, 1979; Pulsinelli et al., 1982). The

phenomenon of delayed neuronal death in the hippocampal CA1 field is also seen in gerbils
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using a two vessel occlusion model (Kirino, 1982). (Occlusion of only two vessels are required
in gerbils to obtain global ischemia because a posterior communicating artery is absent from
their cerebral vasculature and therefore their forebrain receives little collateral circulation from
the vertebral arteries.)

Global ischemia reduces the CBF to less than 10% of normal values. However, the
duration of ischemia is brief enough so there is no necrotic damage as seen in the core of focal
ischemia. The residual flow is therefore above the time threshold of anoxic depolarization and
below the threshold for electrical activity. Glucose utilization is decreased and energy levels
measured by ATP decrease to between 10-15% of control. However, energy levels, glucose
utilization (Suzuki et al., 1983b) and neuronal activity (Suzuki et al., 1983a) are restored within
10-15 minutes in all brain regions. Importantly, the energy levels are sustained at control values
in the CAL field until the time that neuronal death is observed (Arai et al., 1986).

It has been repeatedly shown that protein synthesis is inhibited in all ischemia affected
areas of the brain during global ischemia (Kleihues and Hossmann, 1971, 1973; Cooper et al.,
1977; Morimoto et al., 1978; Dienel et al., 1980; Morimoto and Yanagihara, 1981; Nowak et al.,
1985; Bodsch et al., 1986; Thilmann et al., 1986; Xie et al., 1988; Araki et al., 1990). In contrast
to the rapid restoration of energy metabolism, protein synthesis is slower to recover and even
fails to recover in the ischemia-susceptible brain regions (Dienel et al., 1980; Bodsch et al.,
1986; Thilmann et al., 1986; Araki et al., 1990). It has thus been concluded that it is not the
inhibition of protein synthesis that is detrimental to post-ischemic neurons. Rather, it is the
persistence of protein synthesis inhibition that results in delayed neuronal death.

This phenomenon is exemplified by examining other insults that result in protein

synthesis inhibition. Application of chemical protein synthesis inhibitors such as cycloheximide
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(Kesner et al., 1981), cortical spreading depression (Avaria and Krivanek, 1973; Krivanek,
1978), pharmacologically or electrically-induced seizures (Maclnnes and Luttges, 1973;
Wasterlain, 1974; Collins et al., 1980; Kiessling and Kleihues, 1981; Dwyer and Wasterlain,
1984), hyperthermia (Heikkila and Brown, 1979b, a) and hypoglycemia (Metter and Yanagihara,
1979; Kiessling et al., 1984; Kiessling et al., 1986) all inhibit protein synthesis. In contrast to the
pathological insults of global or focal ischemia, the suppression of protein synthesis is transient
(Avaria and Krivanek, 1973; Maclnnes and Luttges, 1973; Krivanek, 1978; Kesner et al., 1981).
It can be argued that protein synthesis inhibition is a general metabolic response to perturbations
of brain tissue. The duration of protein synthesis inhibition seems to be a major predictor of
whether neurons live or die.

The turnover of proteins as measured by protein half-life in brain ranges from 3 to 9 days
(Chee and Dahl, 1978). The onset of delayed neuronal death following global ischemia
encroaches upon the lower limit of brain protein half-life, and neuronal death in this model is
plausibly due to the failure of susceptible neurons to regenerate old proteins. The onset of
neuronal death is much more rapid following focal ischemia as infarct area is established within
24 hours of ischemia. An alternate hypothesis as to the importance of protein synthesis is not to
solely replace proteins that have reached their shelf-life, but to replace proteins that have been
degraded by resident proteases activated by the pathological insult. Finally, protein synthesis
inhibition could impair the ability of ischemia-affected neurons to produce stress-induced

proteins that will protect neurons from the damaged caused by ischemia.
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1.3.5 Excitotoxicity

The previous sections describe the physiological and metabolic disturbances caused by cerebral
ischemia. However, there is controversy as to whether it is protein synthesis inhibition or the
eventual failure of energy metabolism that directly contributes to neuronal death. In order to
address the involvement of these two ischemia-induced phenomena one should understand the
mechanistic underpinnings of delayed neuronal death. The following sections outline the
currently known cellular and molecular mechanisms of delayed neuronal death. In particular, the
mechanisms potentially contributing to secondary energy failure and alterations to mechanisms
governing protein synthesis are emphasized.

One of the major hypotheses instigating progressive neuronal death in the penumbra is
the phenomenon of excitotoxicity. The inception of excitotoxicity as a mediator of neuronal
death occurred in 1957 when administration of the excitatory amino acid glutamate to mice
resulted in retinal degeneration (Lucas and Newhouse, 1957). In the ensuing decade,
neurotoxicity due to exogenous glutamate exposure was linked to activation of excitatory amino
acid receptors (Olney, 1969). Excitotoxicity was eventually connected with ischemia in 1984
when it was discovered that addition of the excitatory amino acid antagonist y-D-
glutamylglycine abrogated neuronal death induced by anoxia and glutamate in primary rat
hippocampal neuronal cultures (Rothman, 1984).

The origin of excitotoxicity in ischemia is the depolarization of neurons in the core and
the surrounding tissue of the infarct with CBF less than 20ml/100g/min that results in massive
release of glutamate. The uncontrolled release of glutamate in the infarct core initiates

depolarizations that spread into the penumbra (Nedergaard and Astrup, 1986). This phenomenon
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is aptly named per-infarct spreading depression or per-infarct depolarizations. In normal brain,
this phenomenon is referred to cortical spreading depression and is found in epilepsy and
migraine headaches in addition to cerebral ischemia (Rogawski, 2008). Metabolic studies show
that in normal brain cortical spreading depression results in increased energy demand due to
activation of ion pumps, which is facilitated by an increase in blood flow. In the ischemic brain,
however, blood flow to the depolarized tissue is severely reduced and cannot accommodate the
increased energy demand (Back et al., 1994). The importance of this phenomenon is shown by
the direct relationship between the number of peri-infarct depolarizations and infarct volume
(Mies et al., 1993a). This phenomenon could cause the secondary energy failure seen following
focal ischemia.

The mechanism underlying peri-infarct depolarizations are the continued release of
glutamate from presynaptic terminals to activate glutamate receptors post-synaptically to induce
depolarizations. This produces a domino-effect that radiates depolarizations from the core to the
peripheral brain tissue. The exposure to supranormal glutamate causes excitotoxic neuronal
death via activation of N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-
isoxazoleproprionic acid (AMPA) receptors. The role of glutamate-induced excitotoxicity in
ischemic injury is evident via the robust neuroprotection provided by NMDA and AMPA
receptor antagonists in animal models (Simon et al., 1984; Gill et al., 1987; Mies et al., 1994;
Dirnagl et al., 1999).

An interesting, yet unheralded study, examined the effect of the neuroprotective NMDA
antagonist MK-801 treatment on ischemia thresholds. Antagonism of NMDA receptors with
MK-801 was shown to significantly decrease the threshold for protein synthesis from

51ml/100g/min to 19ml/100g/min following MCA occlusion in rats. In stark contrast, NMDA
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antagonism did not change the threshold for energy failure, which remained constant around
15ml/100g/min (Mies et al., 1993b). This important study provides three major findings: 1)
there is a direct link between neuroprotection and blocking protein synthesis inhibition in the
ischemic brain, potentially via inhibiting Ca®" influx, 2) the mechanism underlying protein
synthesis inhibition may be dependent on the NMDA receptor, and 3) the unaffected threshold of
energy metabolism suggests this is the lower limit of CBF wherein neurons are irreversibly
damaged.

Greater understanding of the intracellular mechanisms of excitotoxicity introduces
potential mechanisms underlying both protein synthesis inhibition and secondary energy failure
caused by cerebral ischemia. Glutamate receptor activation results in increased influx of
calcium--the degree of which is positively linked to infarct development (Uematsu et al., 1988).
Moreover, it is established that delayed neuronal death due to glutamate exposure is calcium
dependent (Choi, 1987). Both NMDA and AMPA receptors regulate calcium entry into
neurons—NMDA activation results in immediate calcium influx wherein AMPA receptors
contribute to delayed calcium-influx (Liu et al., 2006; Peng et al., 2006). The importance of
calcium influx in neuronal death is underscored by the fact that calcium channel inhibitors also
provide neuroprotection (Uematsu et al., 1991b; Uematsu et al., 1991a); however, calcium
channel inhibition is a less potent neuroprotective mechanism (Uematsu et al., 1991a).

Calcium ion, the universal second messenger, is tightly regulated under physiological
conditions. The extracellular calcium concentration is approximately 1.2mM, while the
physiological intracellular calcium concentration ranges between 0.1 to 1uM. Cerebral
ischemia, via activation of glutamate receptors and calcium channels, increases the calcium

concentration to 50-100uM (Edvinsson, 2002). This exceeds the endogenous buffering capacity
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of the cell and has myriad consequences. A consequence of increased calcium that has been
studied extensively is activation of the protease calpain. Additionally, increased calcium

concentrations increase the production of free oxygen radicals and nitric oxide (NO) formation.

1.4 CALPAIN !

Calcium-dependent protease with papain-like activity, or calpain, is a cytoplasmic cysteine
protease that is activated by calcium. It is a highly evolutionarily conserved protease with
homologues present in invertebrates, plants, fungi and mammals, and it consists of 15 ubiquitous
and tissue-specific isoforms in humans (Goll et al., 2003). The catalytic subunits found in the
CNS include isoforms 1, 2, 3, 5, and 10 (Wu et al., 2007). The typical calpain isoform consists
of an 80kDa catalytic subunit and a 30kDa regulatory subunit. The regulatory subunit possesses
a hydrophobic, glycine-rich domain for membrane association. Each subunit contains an EF
hand domain, characteristic of most calcium binding proteins (Blanchard et al., 1997). For
extensive reviews on the structure, tissue and subcellular localization of calpain see references
(Goll et al., 2003; Wu et al., 2007; Bevers and Neumar, 2008).

There are two prototypical calpains, p-calpain and m-calpain. Mu-calpain, or calpain I,
is located in the cytosol or near the membrane and is activated by uM concentrations of calcium
in vitro. In contrast, m-calpain, or calpain II, is located at the membrane and requires mM

concentrations of calcium for activation. Calcium sensitivity is functionally important as

! This section (subsections 1.4.1 through 1.4.4) was adapted from Vosler PS, Brennan CS, Chen J (2008) Calpain-
Mediated Signaling Mechanisms in Neuronal Injury and Neurodegeneration. Mol Neurobiol..
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physiologic concentrations of calcium range from 100-1000nM (Chan and Mattson, 1999) and
rise to 5-10uM during excitotoxic conditions (Hyrc et al., 1997). Therefore, it is expected that p-
calpain would be affected by small changes in calcium concentrations, while m-calpain is likely
activated by intracellular signaling via phosphorylation by protein kinase A (PKA) (Wu et al.,
2007) and other yet undefined kinases. Following calcium stimulation, the 80kDa subunit is
autocatalytically processed to a 76kDa fragment, and the 30kDa regulatory subunit is processed
to 18kDa (Goll et al., 1992). The regulatory subunit is critical for calpain activity; for example,
it is necessary for embryonic development as genetic deletion of the subunit is embryonic lethal
at E11.5 (Arthur et al., 2000). The requirement of m-calpain for development has also been
demonstrated as it is necessary for embryo implantation (Dutt et al., 2006).

Calpain activity is modulated in vivo by one known endogenous inhibitor, calpastatin.
This cytosolic protein contains 4 calpain inhibitor domains and a consensus phosphorylation site
for PKA, which increases calpastatin’s specificity for m-calpain (Pontremoli et al., 1992). Both
calpain and caspase-3 can cleave calpastatin. The calpain cleavage products retain their calpain-
inhibitory activity (DeMartino et al., 1988), while caspase cleavage abrogates the calpain
inhibition of calpastatin.

The prototypical calpain substrate is the cytoskeletal protein a-spectrin (for review see
(Czogalla and Sikorski, 2005)). Calpain cleaves this protein into characteristic 150 and 145kDa
fragments that are detectable by an antibody directed against a-spectrin for Western blot and
immunohistochemistry (Siman et al., 1984; Nixon, 1986), and is stimulated by calmodulin
binding of a-spectrin (Seubert et al., 1987). Thus, a-spectrin-cleavage is a straightforward
surrogate to detect calpain cleavage in vitro and in vivo, and has been used extensively as a

quantitative measure of calpain activity. Despite numerous attempts to predict a preferential
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sequence of calpain cleavage (Tompa et al., 2004; Cuerrier et al., 2005), it has been determined
that calpain likely cleaves via recognition of protein secondary or tertiary structure making

substrate identification unpredictable.

1.4.1 Calpain Activation Following Ischemia

Calpain activation was initially thought to cause only necrotic cell death, while activation of
caspases led to programmed cell death. However, calpain does play a role in apoptotic cell death
in mixed glial and primary cortical neuronal cultures following oxygen-glucose deprivation
(OGD) that is just as important as caspases (Newcomb-Fernandez et al., 2001). Moreover,
calpain has been shown to cleave and activate caspase-3 following maitotoxin treatment
(McGinnis et al., 1999) and OGD (Malagelada et al., 2005). The role of calpain in necrotic
versus apoptotic cell death is still not without controversy. The calpain-cathepsin hypothesis
posits calpain activation due to excitotoxic stimulus disrupts lysosomal membranes. This is
ensued by the release of the lysosomal proteases, including cathepsins, the breakdown of cellular
proteins and, ultimately,necrosis (Yamashima et al., 1998; Yamashima et al., 2003). In support
of this model, the sequential activation of calpain, cathepsins and caspases occurs in a model of
focal ischemia (Chaitanya and Babu, 2008), while the administration of E64d, a combined p-
calpain-cathepsin B inhibitor, decreases infarct volume, edema and neurologic deficit following
focal ischemia in rats (Tsubokawa et al., 2006a; Tsubokawa et al., 2006b).

A large number of proteins are cleaved by calpain following an ischemic or excitotoxic

insult [for reviews see (Chan and Mattson, 1999; Goll et al., 2003; Verkhratsky, 2007; Bevers
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and Neumar, 2008)]. A comprehensive list of calpain substrates found in neurons thus far is
available (for review see (Vosler et al., 2008)). Below are the recently identified, novel substrates

and new signaling consequences of calpain stimulation.

1.4.2 Membrane and Receptor Targets

Briefly, calpain activation following excitotoxic insult positively regulates its own
activity via cleavage of a number of proteins involved the homeostatic control of intracellular
calcium. Calpain cleavage of the plasma membrane calcium ATPase (PMCA) (Pottorf et al.,
2006), sodium-calcium exchanger (NCX) (Bano et al., 2005), L-type calcium channel (De Jongh
et al., 1994; Hell et al., 1996), ryanodine receptor (RyR) (Rardon et al., 1990),
sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA) (Parsons et al., 1999; French et
al., 2006) and inositol (1, 4, 5) triphosphate receptor (Magnusson et al., 1993) and inositol
triphosphate kinase B (Pattni et al., 2003) all result in the maintenance of elevated intracellular
calcium levels. Cleavage of the C-termini of NMDA (Guttmann et al., 2001; Guttmann et al.,
2002; Simpkins et al., 2003; Gascon et al., 2008) and AMPA (Bi et al., 1998a; Bi et al., 1998b;
Bi et al., 2000) receptor subunits results in decreased glutamatergic transmission through these
channels by disabling downstream signaling mechanisms (Wu et al., 2005). The effect of
cleavage on calcium transmission, if any, remains unknown, as the proteins forming the calcium
channel are not altered by calpain. Similar to calpain mediated C-terminal truncation of the

metabotropic glutamate receptor mGluR 1o disrupting coupling to the pro-survival PI3K-Akt
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pathway (Xu et al., 2007), cleavage of the C-terminus of the NMDA NR2A subunit and post-
synaptic density (PSD) 95 uncouples synaptic NMDA receptors from CREB-mediated

prosurvival expression (Gascon et al., 2008).

1.4.3 Cytosolic Targets

Calpain also cleaves key cytosolic enzymes involved with calcium homeostasis such as
Ca*/calmodulin-dependent protein kinase (CaMK) type IV (Tremper-Wells and Vallano, 2005)
and the protein phosphatase calcineurin (CaN) A (Wu et al., 2007). Although the effect of
CaMKIV cleavage on neuronal death has not been determined, regulation of CaN A has been
examined in ischemia due to the neuroprotective effects of the CaN inhibitor FK506 (Sharkey
and Butcher, 1994). This may be due to blocking the dephosphorylation and activation of the
proapoptotic protein Bad by CaN A (Uchino et al., 2002). Calpain-cleavage of CaN A also
results in increased phosphatase activity leading to the translocation of the transcription factors
nuclear factor of activated T-cells (NFAT) and forkhead in rhabdomyosarcoma (FKHR), and
increased expression of proapoptotic Bim and Fas-ligand (Shioda et al., 2006; Shioda et al.,
2007). Further experiments are necessary to determine if inhibition of the downstream effectors
of CaN A can provide neuroprotection.

Calpain may also cleave eukaryotic initiation factor 4G (elF4G), a scaffolding protein
critical for the delivery of mRNA cap-binding protein to the ribosome for translation. Decreases
in elF4G levels were demonstrated to be calpain-mediated following decapitation ischemia, as
the pharmacological calpain inhibitor, MDL-28,170, abrogated diminished protein levels

(Neumar et al., 1998). Calpain-mediated decreases in eIF4G were also shown following NMDA
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toxicity in primary neuronal culture as the calpain inhibitor calpeptin also blocked reductions in
elF4G protein levels (Petegnief et al., 2008). Reduced eIF4G levels were correlated with
inhibition of protein synthesis; however, in this model, although calpain inhibition was
neuroprotective, it did not restore protein synthesis, leaving the significance of eIF4G reduction
for neuronal survival in excitotoxicity unknown. Further studies are necessary to definitively
show that eIF4G is a direct substrate of calpain as decreased protein levels could be indirectly

linked to calpain via release of cathepsins or due to proteasomal degradation.

1.4.4 Nuclear Targets

Calpain can alter the availability of a number of transcription factors, including those of
the Sp-family proteins. These transcription factors regulate the expression of “housekeeping
genes” and are critical for development and survival (Suske, 1999). Following glutamate
exposure, a decrease in Sp transcription occurs in cortical neurons (Mao et al., 2002) that is due
to calpain cleavage of Sp3 and Sp4 (Mao et al., 2007). The direct effects of diminished Sp-
mediated transcription are unknown, but it has been suggested that they may indirectly mediate
decreased expression of the NR1 subunit following NMDA-mediated excitotoxicity (Gascon et
al., 2005).

Pathologic proteolytic activation of calpain also occurs with the N-terminal cleavage of
the collapsing response mediator proteins 1-5 (CRMP 1-5) (Hou et al., 2006; Jiang et al., 2007).
Nuclear translocation of CRMP N-terminal cleavage products has been implicated in neuronal
death (Hou et al., 2006), as well as with the alteration of NMDA NR2B subunit expression at the

neuronal surface (Bretin et al., 2006). Cyclin-dependent kinase 5 (CdkS5) is physiologically
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activated by p35 (Tsai et al., 1994); however, under conditions of calcium dysregulation and
calpain activation, p35 is cleaved to form p25 (Patrick et al., 1999; Jamsa et al., 2006). This
truncated form of p35 does not contain the membrane localization sequence of p35 and has a
longer half-life, leading to increased activity often in abnormal subcellular locations, including
the nucleus (Patrick et al., 1999). Calpain-mediated increased activity of Cdk5 following
excitoxicity leads to phosphorylation of the NMDA NR2A subunit and increased neuronal death
(Rashidian et al., 2005). Overactivation of CdkS5 has also been implicated with the accumulation
of hyperphosphorylated tau in ischemic areas (Wen et al., 2007).

Thus, the acute insult of cerebral ischemia rapidly overactivates glutamate receptors,
sharply increases intracellular calcium concentrations and results in pathological calpain
activation. Calpain potentiates its own activation via cleavage of calcium regulatory proteins at
the membrane (L-type calcium channels, PMCA and NCX) and ER (RyR, SERCA and IP3R)
resulting in further increases in intracellular calcium. Calpain-mediated cleavage uncouples
NMDAR from prosurvival cascades (PI3K/Akt and PKA) and propagates mitochondrial
dysfunction. Another consequence of ischemia-induced calpain activation is alteration of
transcription through direct cleavage of transcription factors (Sp3 and Sp4) or through
modification of phosphatase (CaN A) and kinase (Cdk5) activity. Finally, calpain-mediated
CRMP N-terminal cleavage product translocation to the nucleus results in neuronal death—a

phenomenon shared by many of the neurodegenerative diseases.
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1.4.5 Calpain and Apoptosis-Inducing Factor 2

Apoptosis-inducing factor (AIF) is a flavoprotein that functions as an oxidoreductase within the
mitochondrial intermembrane under physiologic conditions. Under periods of excitotoxic stress,
however, there is an increase in nitric oxide (NO)-dependent oxygen free radicals, leading to
DNA damage (Hara and Snyder, 2007). Increased DNA damage activates PARP, resulting in
NAD depletion, PAR polymer formation, and release of AIF from the mitochondria (Yu et al.,
2006). The Bcl-2 proteins Bax and Bid are also necessary for AIF release (Cregan et al., 2002;
Culmsee et al., 2005). Liberated AIF translocates to the nucleus, a necessary event for AIF-
induced cell death (Cheung et al., 2006). Despite the fact that AIF has no inherent endonuclease
activity, it causes distinctly high molecular weight (~50kb) fragmentation of DNA (Susin et al.,
1999). This is in contrast to the finer oligonucleosomal DNA degradation seen following
caspase activation. Mechanistically, it is known that AIF possesses DNA binding capability,
which is necessary for AIF-induced cell death (Ye et al., 2002). Binding of AIF to DNA causes
chromatin condensation, a factor that possibly increases DNA susceptibility to endonucleases.
The importance of AIF in neuronal cell death is exemplified by examining the ischemia-
resistant phenotype of Harlequin mice. These mice possess a proviral insert within the AIF gene
rendering an 80% reduction in total AIF compared to wild-type controls (Klein et al., 2002).
Despite retinal and cerebellar degeneration likely due to reduced tolerance to oxidative stress,
these mice have an approximate 40% reduction in infarct volume following a focal ischemic

insult (Culmsee et al., 2005).

? This sub-section was adapted from Vosler P, Chen J (2009) Calpain-modulation of programmed cell death
pathways in cerebral ischemia. In: Experimental Stroke (Yang G, Jin K, eds), pp 1-8. Oak Park, IL: Bentham
Science Publishers, Ltd.
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Calpain activation is directly linked to programmed neuronal death following
excitotoxicity in a caspase-independent manner (Cregan et al., 2002; Ray, 2006). Since calpain
prevents caspase activation, calpain must induce an alternate pathway. For a brief synopsis see
Figure 1.7 (Vosler and Chen, 2009). Until recently, AIF release was linked to PARP activation
(Du et al., 2003; Yu et al., 2006; Moubarak et al., 2007) and to Bax and Bid translocation to the
mitochondria (Cregan et al., 2002; Culmsee et al., 2005); however, a direct mechanism tying
these disparate mechanisms together was lacking. Calpain activation is a common phenomenon
to these signaling mechanisms.

First tested in isolated mitochondria from brain and liver, calpain mediates truncation of
AITF and release from mitochondria in response to truncated Bid (Polster et al., 2005). In both in
vitro and in vivo models of ischemia, it was determined that p-calpain located in the
intermitochondrial space is activated and mediates cleavage of AIF, which is responsible for its
translocation to the nucleus (Cao et al., 2007). While Bid and Bax are not required for AIF
truncation, Bid enhances calpain-mediated AIF release.

The identification of a mitochondrial calpain, calpain 10, substantiates the above
findings. Although it is an atypical calpain lacking domain IV (calcium binding domain), it is
present in the mitochondrial outer membrane, intermembrane space, inner membrane and matrix
(Arrington et al., 2006). Furthermore, mitochondrial calpain has similar calcium activating
requirements, as p-calpain and antibodies directed against p-calpain recognize the mitochondrial
form (Ozaki et al., 2007).

Calpain activation induced by cerebral ischemia thus acts upon many substrates, and AIF
has received considerable attention concerning ischemia-induced neuronal death. As will be

discussed in Chapter 2, there is controversy over the mechanism of AIF release. In addition to
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Figure 1.7 (continued). Traditionally, ischemia was thought to activate both the intrinsic and
extrinsic pathways. Activation of the pro-apoptotic Bcl-2 family proteins Bax and Bak lead to
mitochondrial membrane depolarization and release of cytochrome ¢. Cytochrome c release into
the cytosol combines with Apaf-1 and dATP, forming the apoptosome. This complex recruits
and activates caspase-9, which results in cleavage and activation of effector caspases-3 and -7.
Active effector caspases cleave ICAD, releasing CAD to cleave DNA. Inflammation caused by
ischemia results in release of pro-inflammatory cytokines such as FasL into the extracellular
milieu. The cytokines bind to their respective receptors, causing recruitment of FADD and
dimerization of caspase-8. Active capsase-8 cleaves Bid causing further mitochondrial
membrane disruption. Additionally, caspase-8 directly cleaves effector caspases. Excitotoxicity
due to ischemia, however, causes overactivation of NMDA receptors, leading to increased
intracellular calcium and NO activation. Increased intracellular calcium directly activates
cytosolic calpain, hijacking both the intrinsic and extrinsic pathways to enact its own neuronal
death cascade. Calpain directly cleaves the anti-apoptotic Bcl-2 proteins Bcel-X;. and Bcl-2, and
the pro-apoptotic Bel-2 proteins Bax and Bid. Indirectly, calpain cleaves CaN A, causing
dephosphorylation of Bad and sequestration of Bcl-X;. Combined, these events result in
calpain-mediated mitochondrial membrane permeabilization, mitochondrial Ca*" dysregulation,
and activation of mitochondrial calpain with cleavage of AIF. Once cleaved, AIF translocates to
the nucleus along with EndoG and results in DNA damage. Calpain also cleaves Apaf-1 and
apical caspases-8 and -9 to inhibit activation of effector caspases. Finally, rapid induction of NO
to form peroxynitrite results in PARP overactivation caused by DNA damage. Overactivated
PARP is cleaved by calpain to abrogate detrimental decreases in NAD" levels to ensure that
programmed neuronal death continues. Abbreviations: AIF, apoptosis-inducing factor; Apaf-1,
apoptosis-activating factor 1; CAD, caspase-activated DNase; CaN A, calcineurin A; Cyt c,
cytochrome c¢; EndoG, endonuclease G; FADD, Fas-associated death domain protein; FasL, Fas
ligand; ICAD, inhibitor of caspase-activated DNase; NAD, nicotinamide adenine dinucleotide;
NMDAR, N-methyl-D-aspartate receptor; NO, nitric oxide; ONOO', peroxynitrite; PARP, poly
(ADP-ribose) polymerase.

the connection between AIF release and calpain, there is also evidence that AIF release is linked
to activation of poly(ADP-ribose) polymerase (PARP)-1. As discussed in the following section,
PARP-1 overactivation following ischemia can result in AIF release. Moreover, ischemia-

induced PARP-1 activation can contribute to neuronal secondary energy failure.

42



1.5 MOLECULAR MECHANISMS OF ISCHEMIA-INDUCED ENERGY FAILURE

AND DELAYED NEURONAL DEATH

1.5.1 Nitric Oxide Induction

Calcium influx into neurons via NMDA receptors also induces NO production. Increased
calcium binds to calmodulin, which binds and activates neuronal nitric oxide synthase (nNOS)
(Knowles and Moncada, 1994). Activated nNOS converts L-arginine into citrulline and NO.
Neuronal NO has many physiological functions mediated by increasing cyclic GMP (cGMP)
concentrations via activation of soluble guanylyl cyclase. Increased levels of cGMP then
activate cyclic GMP-dependent kinases which modulate vascular smooth muscle relaxation and
learning and memory (Schlossmann and Hofmann, 2005).

Pathological activation of NMDA receptors can also result in NO-mediated neuronal
death as both NO inhibitors (Dawson et al., 1991) and genetic deletion of nNOS (Dawson et al.,
1996) abrogated excitotoxic neuronal death. There are many potential mechanisms mediating
NO pathology. Increased NO produced by glutamate receptor activation is known to reversibly
block mitochondrial ATP production by inducing disruption of mitochondrial membrane
potential (Almeida and Bolanos, 2001). Additionally, glutamate receptor activation results in
increased mitochondrial calcium, which contributes to loss of mitochondrial membrane potential
(White and Reynolds, 1996) and opening of the mitochondrial membrane permeability transition
pore (Almeida and Bolanos, 2001; Alano et al., 2002).

Glutamate receptor activation also results in production of reactive oxygen species,

including the potent DNA damaging peroxynitrite via the combined actions of increased
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mitochondrial calcium and NO production. Increased mitochondrial calcium results in
production of superoxide radicals, and superoxide reacts with NO to form peroxynitrite (Stout et
al., 1998; Urushitani et al., 1998). Peroxynitrite then diffuses into the nucleus where it causes
severe DNA damage (Hara and Snyder, 2007). Recently, in an elegant series of experiments, it
was determined that glutamate-mediated calcium dysregulation induced DNA damage with
subsequent activation of PARP-1 via in mitochondrial-derived ROS and NO-dependent manner
(Duan et al., 2007). These experiments delineate the sequence of events leading to PARP-1
activation. The following section outlines the role of PARP-1 in excitotoxic and ischemia-

related neuronal death.

1.5.2 PARP-1 Activation

Poly(ADP-ribose) polymerase-1 is a nuclear enzyme that uses nicotinamide adenine dinucleotide
(NAD") to form long branched negatively charged poly(ADP-ribose) polymers (PAR) on
proteins. The targets of PARP-1 are histones and multiple transcription factors, but over 90% of
PAR is found on PARP-1 itself (D'Amours et al., 1999). Regulation of PAR formation is
governed by poly(ADP-ribose) glycohydrolase, which cleaves PAR to produce free ADP-ribose
(Davidovic et al., 2001). The most studied function of PARP-1 is its role in DNA damage repair.
PARP-1 recognizes multiple forms of DNA damage as it is involved in the single and double
strand break and base excision repair pathways, making it a versatile DNA damage detector
(Kim et al., 2005). Identification of damaged DNA occurs via its double zinc finger domain,

which activates self-polymerization of ADP-ribose (D'Amours et al., 1999).
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Activity of PARP-1 is important for cellular survival as it functions to repair moderate
levels of DNA damage. Animals with genetic deletion of PARP-1 are defective in repairing
single and double strand break, have increased deletion, insertion and rearrangement mutations
(de Murcia et al., 1997; Shibata et al., 2005; Shibata et al., 2009). PARP-1 is also involved in the
maintenance of genomic stability as mice lacking PARP-1 have an increased incidence of tumors
when exposed to alkylating agents (Shibata et al., 2005) and have an increased incidence of
spontaneous brain and liver tumors with advancing age (Shibata et al., 2009). Finally, PARP-1
has been implicated in learning and memory as PARP-1 activity is increased in long-term
memory tasks and learning is inhibited with pharmacological inhibition of PARP-1 in aplysia
(Cohen-Armon et al., 2004).

In contrast to its physiological function, when high levels of DNA damage occur, PARP-
1 activation is associated with cellular death. This has been shown in many stress models,
including neurons (Hara and Snyder, 2007). Specifically, PARP-1-mediated neuronal death is
implicated in NMDA excitotoxicity via NO and peroxynitrite formation (Mandir et al., 2000). In
addition, pharmacological PARP-1 inhibition or genetic deletion is known to attenuate infarct
volume caused by focal ischemia (Eliasson et al., 1997; Endres et al., 1997).

The mechanism of PARP-1 overactivation-induced neuronal death has not been fully
delineated. PARP-1 activation caused by exposure of neurons to the DNA damaging agent
MNNG were shown to induce neuronal death via release of AIF (Yu et al., 2002). Further
examination of the mechanism of PARP-mediated neuronal death demonstrated that PAR
polymer, which translocates from nucleus to cytosol upon PARP-1 activation, is neurotoxic
(Andrabi et al., 2006). Moreover, formation of PAR polymer was associated with mitochondrial

AITF release and AIF-mediated neuronal death (Yu et al., 2006).
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Another plausible hypothesis underlying PARP-mediated neuronal death is that PARP-1
overactivation leads to severe NAD" depletion causing eventual energy failure. Formation of
PAR polymer by PARP-1 requires substantial amounts of NAD". PARP-1 cleaves the glycosidic
bond between nicotinamide and ADP-ribose of NAD" to produce the ADP-ribose needed for
polymerization. Processing NAD" in this manner requires re-synthesis of the energy substrate
rather than reduction of oxidized NAD, as is seen in other cellular processes including glycolysis
and the tricarboxylic acid cycle (Kim et al., 2005). Severe PARP-1-mediated energy depletion
has been suggested as a possible mechanism underlying ischemic neuronal death (Endres et al.,
1997). Loss of NAD" and energy depletion could also compromise mitochondria, also leading to
AIF release. However, a link between NAD" and AIF release has not been established.

In summary, ischemia and excitotoxic injury results in calcium dysregulation, NO
formation, and increases in ROS including peroxynitrite leading to DNA damage and PARP-1
activation. PARP-1 activation, either by formation of PAR polymer or NAD depletion, results in
AIF release and eventual neuronal death. As discussed in previous section, calpain is also
associated with AIF release and neuronal death following excitotoxic or ischemic insults. Since
the same insults lead to the activation of both PARP-1 and calpain, it is probable that there is a
common mechanism linking PARP-1 and calpain to AIF release. Additionally, PARP-1
depletion of NAD" is potentially responsible for secondary energy depletion observed with

delayed neuronal death.
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1.6 PROTEIN SYNTHESIS AND ISCHEMIA

1.6.1 Regulation of Protein Synthesis

The manufacturing of proteins is a fundamental cellular process essential to the growth,
development and maintenance of all cells. The central focus behind protein synthesis involves
correctly translating a sequence of messenger RNA (mRNA) transcribed from the DNA into a
series of amino acids. There are three stages to protein synthesis—initiation, elongation, and
termination. The process of protein synthesis initiation involves two key steps: 1) recruiting the
appropriate transfer RNA (methionine-tRNA) with its associated amino acid into the 40S
ribosomal complex, and 2) the binding and incorporation of the mRNA to the ribosome for
translation (Figure 1.8).

Initiation begins with the attachment of the eukaryotic initiation factors (eIF) elF1, eI[F1A
elF3, and elF5 along with a methionine-charged tRNA connected to elF2 to the 40S ribosomal
subunit. This forms the 43S preinitiation complex. This complex is then brought to the mRNA
by the formation of eI[F4F—a composite of eIF4A, elF4E, and elF4G. elF4E binds the 7-methyl
guanosine cap of the mRNA at the 5’end, elF4A is a helicase that unwinds the mRNA secondary
structure, and elF4G is a scaffolding protein that binds the other three proteins. The 43S
preinitiation complex is brought to the mRNA subsequent to elF4F binding forming the
canonical 48S preinitiation complex. The 48S complex scans the 5* untranslated region (UTR)
of the mRNA stopping at an initiation codon that is recognized by an anticodon methionine-
connected tRNA (tRNAM®"). The recognition of the initiation codon triggers elF2-associated

GTP hydrolysis, a reaction that is catalyzed by elF5. The elFs then dissociate from the ribosome
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Figure 1.8 (continued). Translation initiation begins with either a single 40S ribosomal subunit,
or as an 80S complex. Initiation factors elF1 and 1a are recruited to the 40S ribosome. In the
presence of an 80S complex, the large ribosomal subunit is removed. Initiation factors 3 and 5
then bind 40S. One of the main regulatory mechanisms is the formation of the e[F2-GTP-
methionyl tRNA ternary complex (A). This proceeds by the exchange of GDP for GTP on elF2
by elF2B, allowing the binding of the met-tRNA to bind elF2. This process is regulated by
elF2a kinases, such as PERK. PERK phosphorylates the alpha subunit of elF2, blocking the
exchange of GDP for GTP by elF2B. The ternary complex then binds the ribosome forming the
43S preinitiation complex. The second main regulatory step in initiation is brining the mRNA to
the ribosome for translation (B). This is regulated by the eIF4F complex. elF4E binds the
methyl-7-guanine cap of the mRNA and then binds the 4E binding domain of the scaffolding
protein eIF4G. Cap binding is regulated by 4EBP, which in its unphosphorylated state will
sequester 4E inhibiting cap binding. eIF4G, 4E, the RNA helicase eIF4A, and PABP combine to
form the elF4F complex that binds to 40S via the elF3 binding domain of 4G. Another helicase,
elF4B, also joins the initiation complex. The mRNA undergoes scanning until the start codon is
reached. This signifies formation of the 48S preinitiation complex. The hydrolysis of the GTP
on elF2 catalyzed by elFS5 is followed by eI[F5B-GTP, which removes all of the 43S preinitiation
complex factors except elF3. Translation then proceeds with the addition of more ribosomes
translating the same mRNA, forming the polysome. The mRNA is circularized via PABP
binding the poly-A-tail of the RNA, a step that greatly enhances translation of the message.

leaving the tRNA bound to the initiator codon in the P site of the 40S ribosomal subunit,
allowing for the binding of the 60S ribosomal subunit to the 40 subunit. This forms the
functional 80S ribosome. Comprehensive reviews of protein synthesis are available (Sonenberg
et al., 2000; Anderson and Kedersha, 2002; Thornton et al., 2003).

The key regulatory proteins in this process are eIF2 and eIF4F. eIF2 binds tRNAM®
during formation of the 43S preinitiation complex, and it is regulated by phosphorylation.
Regulatory serine/threonine kinases activated under varying stressors will phosphorylate the a
subunit of elF2 on serine 51 (Kimball, 2001). Phosphorylation of e[F2a increases the affinity of

elF2 to elF2B—a GDP-GTP exchange factor that charges the e[F2-GTP- tRNAM® ternary
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complex. The phosphorylated elF2a acts as a competitive inhibitor of e[F2B and therefore
reduces the concentration of the .ternary complex. This inhibits the formation of the 43S
preinitiation complex and essentially arrests protein synthesis (Kimball, 2001).

Regulation of eIF4F function is also important in controlling protein synthesis initiation.
The binding of eIF4E is modulated by at least two sets of proteins—elIF4E binding protein 1
(4EBP1), 4EBP2, and 4EBP3 and MAP kinase-interacting kinase 1(Mnk1). eIF4E is initially
bound to 4EBP1, and when 4EBP1 is phosphorylated it releases eIF4E and allows it to bind to
the 5° end of the mRNA (Takei et al., 2001). Phosphorylation of 4EBP1 is mediated through the
PI3K/AKT/mTOR pathway (Takei et al., 2001; Takei et al., 2004). Mnkl, alternatively,
phosphorylates and activates eIF4E even when it is bound by 4EBP1(Waskiewicz et al., 1999).

Mnkl activation is mediated through the MAP kinase/ERK pathway (Waskiewicz et al., 1997).

1.6.2 Molecular Mechanisms Underlying Protein Synthesis Inhibition

Following an ischemic insult the brain uniformly shuts down protein synthesis in all ischemia-
affected areas (Kleihues and Hossmann, 1971). During ischemia, the arrest of protein synthesis
is due to depletion of energy stores in the form of ATP and GTP and the direction of the little
energy available to the execution of more essential cellular processes. However, energy
depletion cannot be the cause of the entire duration of protein synthesis as energy stores are
repleted by fifteen minutes after reperfusion despite continued protein synthesis inhibition (PSI)
(Kleihues and Hossmann, 1971; Nowak et al., 1985). Protein synthesis eventually recovers
within 6-24 hours in most, but not all brain regions (Dienel et al., 1980; Thilmann et al., 1986;

Araki et al., 1990). In selectively vulnerable brain regions, namely the CA1 field of the

50



hippocampus, PSI persists, and this enduring PSI is correlated with eventual cell death in this
region (Hossmann, 1993). Furthermore, since PSI occurs uniformly throughout the brain, it is
not the loss of protein synthesis that produces damage after ischemia—it is the specific inability
to recover the function of protein synthesis (Hossmann, 1993).

The initial inhibition of protein synthesis after an ischemic insult can be isolated to the
inhibition of the initiation step of protein synthesis. This is supported both by experiments
examining the role of protein synthesis initiation and elongation in PSI. In one study, inhibiting
protein synthesis initiation using Poly (I) in an in vitro assay of ischemic brain tissue and
observing no further decreases in protein synthesis (Cooper et al., 1977). Other studies have
shown there was no correlation between the activity of the rate-limiting elongation factor, eEF2,
and protein synthesis rate in both an in vitro and an in vivo model of transient global ischemia
(Althausen et al., 2001; Garcia et al., 2004a; Owen et al., 2005). Hence, the regulation of protein

synthesis initiation has been studied in much greater depth.

1.6.2.1 ER Stress and Ischemia. Recently, post-ischemia PSI research focused on the
regulation of protein synthesis via the unfolded protein response (UPR) due to endoplasmic
reticulum (ER) stress. ER stress (i.e. ER depletion of calcium or ATP, or blockade of protein
glycosylation), is defined as an accumulation of misfolded proteins in the ER lumen (Kaufman,
1999). The accumulation of misfolded proteins leads to the dissociation of the ER chaperone
glucose-regulated protein 78 (GRP78) from the effector proteins PERK, ATF6, and IRE1a,
which are normally inhibited by GRP78 binding (Bertolotti et al., 2000; Shen et al., 2002).
Release of PERK autophosphorylates, then phosphorylates eIF2a and results in inhibition of

protein synthesis (Harding et al., 1999; Harding et al., 2000). Under conditions where elF2a. is
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phosphorylated there is increased transcription of ER stress transcripts. Under sublethal stresses,
the UPR is thought to be transiently induced to reverse ER stress. In contrast, prolonged UPR
activation is associated with a failure to reduce ER stress and results in cell death (Kaufman,
1999; McCullough et al., 2001).

Ischemia has been shown to induce ER dysfunction on multiple occasions (Paschen et al.,
1998b; Paschen et al., 1998a; Hu et al., 2000; Hu et al., 2001; Kumar et al., 2001). However, the
UPR is not induced following either focal (Paschen et al., 2003) or global ischemia (Kumar et
al., 2003). Focal ischemia resulted in pronounced expression of IRE1a-processed xbpl mRNA;
however, the normal increase in translation of the transcription factor following UPR induction
was not observed (Paschen et al., 2003). Therefore, in focal ischemia, the UPR was induced, but
it could not proceed due to the global inhibition of protein synthesis. There was even less
evidence of the UPR following global ischemia. Measurements of xbp1 revealed no increase in
IRE1a-processed xbp1, and there was no increase in translation of the UPR effector proteins
XBP1, CHOP or ATF4 (Kumar et al., 2003). Again, this indicates that impairment to protein
synthesis following ischemia prevents neurons from mounting an UPR. It also demonstrates a

failure of ischemia-sensitive neurons to mount a functional stress response.

1.6.2.2 Ischemia-induced elF2 Regulation. Although the UPR is not activated following
ischemia, ER stress-induces activation of PERK after cerebral ischemia (Kumar et al., 2001;
Kumar et al., 2003), which is necessary for ischemia-induced phosphorylation of the a subunit of
elF2 (Owen et al., 2005). Examination of the phosphorylation of eIF2a, and thus the inhibition
of e[F2B, has been shown on multiple occasions to be involved with at least the initial

suppression of translation during reperfusion after ischemia (DeGracia et al., 1996; DeGracia et
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al., 1997; Althausen et al., 2001; Kumar et al., 2001; Martin de la Vega et al., 2001; Kumar et al.,
2003; Garcia et al., 2004a; Owen et al., 2005). While there is substantial evidence regarding
elF2 phosphorylation, and this has been shown to inhibit protein translation, the time course of
phosphorylation of this initiation factor does not correspond to the duration of PSI after cerebral
ischemia. Phosphorylated elF2a is at its maximal levels approximately 10 minutes after
reperfusion and stays elevated between 90 minutes and 2 hours; however, phosphorylated elF2a
has returned to baseline levels in brainstem, cortex, and hippocampus by 6 hours after
reperfusion (Althausen et al., 2001; Martin de la Vega et al., 2001; Kumar et al., 2003).
Transient phosphorylation of elF2a was also observed following 1 hour of MCA occlusion.
Phosphorylated elF2a was increased after 15 minutes of reperfusion, peaked at 3 hours and
returned to baseline by 24 hours of reperfusion (Mengesdorf et al., 2002). Therefore, since
protein synthesis has not returned in most areas of the brain by 3-6 hours post-reperfusion, then
phosphorylation of elF2a cannot be responsible for persistent PSI.

Tangential to eIF2a phosphorylation state returning to baseline after ischemia is the
finding that the protein levels of growth arrest and DNA damage protein 34 (GADD34), an
elF2a phosphatase, are elevated after focal (McCaig et al., 2005) and global ischemia reaching
maximum expression around 24 hours after ischemia (Garcia et al., 2004a; Paschen et al., 2004).
Increased GADD234 protein levels are specific to the cortex, the whole hippocampus and the
penumbral zone of focal ischemia (Garcia et al., 2004a; Paschen et al., 2004; McCaig et al.,
2005); however, there is no change in the vulnerable CA1 field of the hippocampus (Paschen et
al., 2004). In addition, GADD34 is further increased in the cortex and the whole hippocampus
after ischemic preconditioning suggesting a protective role of GADD34 (Garcia et al., 2004a).

Interestingly, while GADD34 protein levels are not increased in the CA1 fields, GADD34

53



mRNA levels are increased within 1 hour of reperfusion (Paschen et al., 2004). This again
suggests there is a problem with recovery of protein synthesis initiation in vulnerable brain

regions to translate protective proteins.

1.6.2.3 eIF4E and Ischemia. Comparative to elF2a is the behavior of elF4E after ischemia and
reperfusion. DeGracia et al. (1996) found that there was no change in either phosphorylated
elF4E or total eIF4E after 10 minutes of cardiac arrest followed by 90 minutes of reperfusion. In
a 4 vessel occlusion model of global ischemia it was found that there was no change in total
elF4E after 30 minutes of ischemia, but there was a 50% decrease in phosphorylated elF4E
during ischemia that normalized within 30 minutes of reperfusion (Burda et al., 1998). Another
study using the 4 vessel occlusion model found a decrease in total eIF4E levels in both cortex
and hippocampus after 30 minutes of ischemia that normalized after 4 hours of reperfusion in the
cortex but not the hippocampus (Martin de la Vega et al., 2001). Moreover, this study showed
that phosphorylation of the eIF4E binding protein, 4EBP1, was significantly decreased after 30
minutes of ischemia, but normalized to control levels by 30 minutes of reperfusion (Martin de la
Vega et al., 2001). A follow up study performed by the same lab repeated the finding of
normalization of phosphorylated eI[F4AE by 4 hours of reperfusion following 30 minutes of
ischemia in both rats that did and did not receive ischemic tolerance (Garcia et al., 2004a).
Together, these findings suggest that regulation of eIF4E is not involved in prolonged PSI due to
ischemia. Cumulatively, the role of elF2 and eIF4E, the two main regulatory molecules involved
in protein synthesis under normal conditions do not seem to play a role in the pathogenesis

surrounding prolonged PSI. Hence there must be other mechanisms at work.
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1.6.2.4 Potential Role of eIF4G in Persistent PSI. One possible target mediating persistent PSI
after ischemia and reperfusion is the regulation of eIF4G. DeGracia et al. (1996) found that 90
minutes of reperfusion following 10 minutes of cardiac arrest resulted in the fragmentation of
elF4G. This finding was later confirmed to be caused by p-calpain, as in vivo inhibition of p-
calpain by calpastatin and MDL-28,170 completely blocked eIF4G fragmentation following
decapitation ischemia (Neumar et al., 1998). Furthermore, in a 4 vessel occlusion model Garcia
et al. (2004b) again found elF4G fragmentation to be associated with p-calpain and not caspase-3
activation as measured by a-spectrin cleavage within 4 hours of reperfusion. However, caspase-
3 cannot be ruled out as a mediator of further eIF4G fragmentation since proteolytic activation of
caspase-3 does not occur until 4-72 hours after ischemia (Chen et al., 1998).

Martin de la Vega et al. (2001) also found that after 4 hours of reperfusion following 30
minutes of 4-vessel occlusion ischemia elF4G levels were diminished in the CA1 field of the
hippocampus, but not in the whole hippocampus or the cortex. This result was also paralleled by
the formation of the eIF4F complex, as levels were diminished in the CA1 field compared to the
whole hippocampus and cortex (Martin de la Vega et al., 2001).

Phosphorylated e[F4G was also found to parallel Akt phosphorylation, as levels of both
phosphorylated proteins were diminished immediately after ischemia but rose substantially after
30 minutes reperfusion (Garcia et al., 2004b). These levels remained elevated over controls even
at 4 hours of reperfusion in both the hippocampus and the cortex. They also found a progressive
diminution of total e[F4G throughout 4 hours of reperfusion only in rats without ischemic
tolerance and the decrease was correlated with calpain activation. Total eI[F4G remained

diminished but constant in the rats with ischemic tolerance (Garcia et al., 2004a).
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Reduced levels of eIF4G were also found in the penumbra following 1 hour of MCA
occlusion in mice (Mengesdorf et al., 2002). The reductions in elF4G levels were pronounced
by 3 hours reperfusion and progressively decreased until 24 hours reperfusion. Thus, following
both focal and global ischemia, it appears that the brain regions that are subject to persistent PSI
coincide with loss of elF4G.

Given the previous results, the investigation of the regulation of eIF4G after ischemia
requires further attention. The fragmentation of elF4G by p-calpain after ischemia and
reperfusion is also of interest. Fragmentation of eIF4G alters its ability to bind eIF4E and thus
alters the type of mRNA’s that are translated. If eIF4E is not able to bind to e[F4G, then
mRNA’s with a 7-methy guanosine cap are not translated, and this shifts the selection of
mRNA’s that contain an internal ribosomal entry sequence (IRES) that does not require a cap to
be translated (Pelletier and Sonenberg, 1988; Gingras et al., 1999). Messages with IRES in their
5’ untranslated region (UTR) encode a number of proteins that could modulate the death of
neurons after ischemia (Coldwell et al., 2000; Henis-Korenblit et al., 2000). It would be of
interest to determine the mRNA being translated after ischemia and reperfusion, and to establish
their role in cell death. Finally, on a larger scale, the determination of the discrepancy in
temporal changes beyond 4 hours of ischemia and reperfusion of e[F4G between the cortex,
whole hippocampus, and the CA1 field of the hippocampus are essential to determining the role

of eIF4G in persistent PSI.
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1.7 SUMMARY

There are an exorbitant and intimidating number of processes that have been linked to neuronal
death following either ischemic insult or in vitro excitotoxicity. Dissecting the relevant and
important aspects for realizing viable neuroprotective strategies is a daunting task due to the
breadth knowledge available. Extensive examination of both the pioneering cerebral ischemia
literature scrutinizing the physiological disturbances caused by reduced blood flow and the more
recent discoveries of the cellular and molecular mechanisms of ischemic neuronal death exposes
two main pathological phenomenon underlying neuronal death—secondary energy failure and
persistent protein synthesis inhibition.

Secondary energy failure is seen in vivo in penumbral neurons following focal ischemia
and in the selectively vulnerable hippocampal CA1 neurons following global ischemia
immediately prior to death of these neurons. The intracellular phenomenon implicated in this
dissertation causing secondary energy failure is PARP-1 activation. Increased PARP-1
activation rapidly depletes NAD" and disrupts mitochondria to release AIF. Depletion of NAD"
and mitochondrial disruption concomitantly contribute to secondary energy failure.
Translocation of AIF to the nucleus produces DNA damage and is associated with delayed
neuronal death.

The other major phenomenon linked with delayed neuronal death is persistent protein
synthesis inhibition. Elegant physiological experiments have repeatedly shown that ischemia-
affected neurons that do not recover protein synthesis die. Importantly, but unappreciated in the
field, is the complimentary finding that neuroprotection realized by NMDA antagonism

maintained protein synthesis by lowering the CBF threshold for inhibition (Mies et al., 1993b).
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Examination of the underlying mechanisms of ischemia-induced protein synthesis inhibition
consistently demonstrates that physiological means of inhibition are not responsible for causing
persistent inhibition. Rather, the degradation of the scaffolding protein eIF4G is repeatedly
shown to be correlated with both persistent protein synthesis inhibition and delayed neuronal
death. However, direct evidence linking ischemia-induced eIF4G degradation with protein
synthesis inhibition and neuronal death is lacking.

The subsequent chapters will address these two issues independently. Chapter 2 provides
experimental evidence demonstrating a connection between PARP-1 activation and calpain-
mediated truncation of AIF via mitochondrial calcium disruption. Chapter 3 examines the role
of e[F4G degradation by calpain in persistent protein synthesis inhibition and delayed neuronal

death following in vitro ischemia. Finally, the implications of these findings are discussed.
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2.0 CALCIUM DYSREGULATION INDUCES APOPTOSIS-
INDUCING FACTOR RELEASE: CROSS-TALK BETWEEN

PARP-1- AND CALPAIN- SIGNALING PATHWAYS'

2.1 INTRODUCTION

Over the past decade, increasing evidence suggests that caspase-independent pathways play a
critical role in neuronal death, and apoptosis-inducing factor (AIF) is emerging as a predominate
mediator (Culmsee and Landshamer, 2006; Boujrad et al., 2007). Apoptosis-inducing factor is a
mitochondrial flavoprotein that functions as an oxidoreductase within the inner membrane
(Miramar et al., 2001). Cell death stimuli that disrupt the mitochondrial membrane, such as
excitoxicity, oxidative stress, DNA damage and cerebral ischemia cause AIF release from the
mitochondria and subsequent translocation to the nucleus (Susin et al., 1999; Cregan et al., 2002;
Yu et al., 2002; Cao et al., 2003; Zhu et al., 2003; Plesnila et al., 2004). The presence of AIF in

the nucleus is necessary for AIF-induced cell death (Cheung et al., 2006), where AIF binds

! This chapter was previously published: Vosler PS, Sun D, Wang S, Gao Y, Kintner DB, Signore AP, Cao G, Chen
J (2009b) Calcium dysregulation induces apoptosis-inducing factor release: Cross-talk between PARP-1- and
calpain- signaling pathways. Exp Neurol..
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directly to DNA and causes chromatin condensation and high molecular weight (~50kb) DNA
fragmentation (Susin et al., 1999; Ye et al., 2002).

There are two hypotheses regarding the mechanism of AIF release from mitochondria.
The first involves a byproduct of the activation of the DNA repair enzyme poly(ADP-ribose)
polymerase-1 (PARP-1), the poly(ADP-ribose) (PAR) polymer. Activation of PARP-1 is
essential for AIF release (Wang et al., 2004; Culmsee et al., 2005; Moubarak et al., 2007), and
results in the production of high levels of neurotoxic PAR polymer (Yu et al., 2006). Moreover,
PAR polymer has been directly linked to the induction of AIF translocation (Andrabi et al.,
2006), thus providing a death signaling mechanism that links the nucleus and mitochondria in
neurons.

The second hypothesis governing AIF release and translocation entails activation of the
calcium-dependent cysteine protease calpain (Cao et al., 2007). Calcium dysregulation is nearly
a ubiquitous facet of neuronal injury and death (Vosler et al., 2008). Accordingly, calpain
activation has been implicated in the pathology of most neurodegenerative diseases [for review
see (Vosler et al., 2008)]. Stemming from this fact, it was discovered that calpain was necessary
for AIF truncation and release from isolated brain and liver mitochondria (Polster et al., 2005).
We have demonstrated that calpain activation and N-terminus cleavage of AIF is also essential
for AIF translocation and ischemia-induced neuronal death (Cao et al., 2007).

The purpose of the present study was to determine whether PARP-1-mediated AIF
release is sequentially linked to calpain-dependent AIF release. To this end, we studied the
potential interaction between PARP-1 and calpain signaling pathways using the excitotoxic
NMDA exposure model in primary neurons. Our results suggest that PARP-1 and calpain work

in concert following calcium dysregulation to induce AIF release.
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2.2 METHODS

2.2.1 Gene transfection in primary neurons by AAV vectors

Construction and production of adeno-associated virus (AAV) vectors carrying either the short
hairpin siRNA AIF targeting sequence (AAV—AIFt), its scrambled control sequence (AAV—
AlFs) or the calpastatin cDNA (AAV—Cps) have been described elsewhere (Cao et al., 2007).
The neuronal cultures were infected with the AAV—AIFt, AAV-AIFs, or AAV—Cps vector or the
control vector [AAV—green fluorescent protein (GFP) or empty AAV] at the particle/cell ratio of
1 x 10*/liter for 6 h in serum-free media, and then incubated in vector-free normal media for 72 h.
The overexpression of calpastatin in neurons was confirmed by Western blot using the anti-
hemagglutinin (HA) antibody. The AIF knockdown effect by AAV—AIFt in neurons was

examined using Western blot with the anti-AIF antibody.

2.2.2 Primary neuronal culture and NMDA neurotoxicity

Primary cultures of cortical neurons were prepared from 17 d Sprague Dawley rat embryos.
Experiments were conducted at 12-14 d in vitro (DIV), when cultures consisted primarily of
neurons (97%) as determined using cell phenotype-specific immunocytochemistry (Cao et al.,
2001). To induce NMDA neurotoxicity, cultures were incubated with NMDA at the
concentration of 100 uM for 30 min and then returned to normal culture media.

Fluorescence of Alamar blue (Accumed International, Westlake, OH), an indicator that

changes from blue to red and fluoresces when reduced by cellular metabolic activity, was used to
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measure the viability of the cultured neuron at 24 h after induction of NMDA neurotoxicity. One-
half of the culture medium was replaced with MEM-Pak containing 10% Alamar blue (v/v), and
cultures were incubated for 1.5 h at 37°C in humidified 95% air and 5% CO,. Fluorescence was
determined in a Millipore (Billerica, MA) CytoFluor 2300 automated plate-reading fluorometer,
with excitation at 530 nm and emission at 590 nm.

NMDA-induced cell death was quantified by measuring lactate dehydrogenase (LDH)
release from damaged cells into the culture medium (Cao et al., 2007). In brief, 10 ul aliquots of
medium taken from the cell culture wells were added to 200 ul of LDH reagent (Sigma, St.
Louis, MO). Using a spectrophotometer plate reader (Molecular Devices, Sunnyvale, CA), the
emission was measured at 340 nm, which is proportional to the amount of LDH in the medium.
The data is expressed as the percentage change of LDH release and we used NMDA toxicity

alone as maximum toxicity (100%).

2.2.3 Subcellular fractionation and Western blot analysis

Nuclear and mitochondrial protein extracts were prepared from cultured neurons at 0.5, 2, 6, and
24 h after NMDA exposure. The cells were first suspended in a hypotonic buffer containing 50
mM Tris-HCI (pH 8.0), 25 mM MgCIl2, and 0.1 mM phenylmethylsulfonyl fluoride and kept on
ice for 15 minutes. The nuclear and mitochondrial fractions of protein were separately isolated
by centrifugation as previously described (Cao et al., 2003). The nuclear protein samples were
then immunoreacted with the rabbit monoclonal anti-AIF antibody at a dilution of 1:1000, and

immunoblotting of Histone-1 served as the protein loading control.
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Western blotting was performed using standard methods and the enhanced
chemiluminescence detection reagents (GE Healthcare). The following antibodies were used:
rabbit monoclonal anti-AIF antibody (clone E20, 1:1000) was purchased from Epitomics
(Burlingame, CA); mouse monoclonal anti-cytochrome ¢ oxidase I'V antibody (1:1000) was from
Invitrogen (Carlsbad, CA); rabbit polyclonal antibody histone-1 (1:500) was from Santa Cruz

Biotechnology (Santa Cruz, CA).

2.2.4 Calpain activity assay

Calpain activity assay was performed using a fluorescent calpain I substrate as described
previously (Cuerrier et al., 2005). In brief, mitochondrial proteins (30 pg) were incubated with
calpain reaction buffer [20 mM HEPES, pH 7.6, 1 mM EDTA, 50 mM NacCl, and 0.1% (v/v) 2-
mercaptoethanol] containing 10 uM calpain I fluorescent substrate H-E(EDANS)PLF~
AERK(DABCYL)-OH (Calbiochem, La Jolla, CA). The reaction was initiated by addition of
CaCl, (final concentration of 5 pM) and incubated at 37°C for 30 min. The activity of calpain
was measured by detecting the increase in fluorescence using excitation/emission wavelengths of
335/500 nm. Calpain activity was calculated quantitatively based on the standard curve generated

using recombinant calpain I (Calbiochem) and expressed as units per milligram protein.

2.2.5 Mitochondrial Ca*" (Ca*",)

Neurons on coverslips were incubated at 37°C for 60 min with 9 uM Rhod2-AM (Invitrogen,

Carlsbad, CA) which was reduced with a minimum of sodium borahydride and 3 mM sodium
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succinate in an HCO3; -MEM buffer solution as described before (Marks et al., 2005; Kintner et
al., 2007). Cells were then loaded with 200 nM MitoTracker green (Invitrogen, Carlsbad, CA) in
HEPES-MEM buffer for 30 min at 37°C. The coverslip was placed in a perfusion chamber
(Warner Instruments, Hamden, CT) on the stage of a Leica DMIRE2 confocal microscope
(Exton, PA). Cells were visualized with a 100X oil-immersion objective. Cells (2-3 in the field)
were scanned sequentially for MitoTracker green (ex. 488 nm argon laser line, em 500-545 nm)
and Rhod-2 (ex. 543 HeNe laser, em 544-677). The MitoTracker green signal was used to
maintain focus before each sequential scan. Sequential scans were analyzed using Leica
confocal software. Average grayscale values were collected from regions of interest (ROI)
around perinuclear mitochondrial clusters which exhibit colocalization of MitoTracker green and
Rhod-2 signals (typically, 5-6 ROIs were selected in each cell). Ca*",, values were expressed as
relative change of Rhod-2 signals from the baseline values and summarized data represents the
average of the calculated values from 4-5 cells. Rhod-2 AM (Kg4 ~ 580 nM) was taken up into
the mitochondria electrophoretically where it was de-esterified and trapped. At the end of each
experiment, 1 uM FCCP was applied in order to depolarize mitochondria and the subsequent loss

of Rhod-2 fluorescence signal verified its specific localization in mitochondria.

2.2.6 Statistical Analysis

Data are presented as mean = SE. Statistical assessment was performed using analysis of

variance (ANOVA) with post hoc Scheffe’s tests. A level of p<0.05 was considered statistically

significant.
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2.3 RESULTS

2.3.1 NMDA toxicity induces AIF truncation and AIF-dependent neuronal death

Previously we have established that calpain mediates AIF truncation as a prerequisite for release
from mitochondria (Cao et al., 2007). However, it is known that both full length and truncated
AITF can bind to DNA to cause DNA damage (Yu et al., 2002; Cao et al., 2003). Therefore, we
wanted to confirm that NMDA-mediated toxicity induced the release of the truncated form of
AIF. In rat primary cortical neurons, 30 minutes of NMDA exposure resulted in progressive
appearance of truncated AIF in whole-cell extracts beginning at 2 h after exposure (Figure
2.1A). In parallel with increases in truncated AIF in whole-cell extracts, there was an increased
presence of truncated but not full length AIF in the nuclear fraction of NMDA exposed neurons
(Figure 2.1B). These results support previous findings that truncated AIF is released from the
mitochondria and translocates to the nucleus following excitotoxic stress.

In order to confirm that AIF translocation is neurotoxic (Wang et al., 2004), we infected
neurons using an adeno-associated viral (AAV) vector expressing AIF-targeting sShRNA
(shRNA) to inhibit AIF expression. Figure 2.2A demonstrates a nearly complete loss of AIF
expression in shRNAt-infected but not in the control scrambled shRNA (shRNAs)-infected
neurons. We employed measures of cell death and cell viability to test if AIF knock down was
neuroprotective. Abrogation of AIF expression both significantly reduced LDH release and
increased neuronal viability over controls (Figures 2.2B and C, respectively). Although the
protective effect of AIF knock down was not complete, these data confirm that AIF plays a role

in NMDA -induced neurotoxicity.
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Figure. 2.1. Translocation of truncated AIF in neurons after NMDA neurotoxicity. A4,
Western blots based on total-cell extracts show that AIF was truncated to yield the 57 kDa
fragment in neurons at 2, 6, and 24 h after NMDA exposure (100 uM). Recombinant proteins
AIF62 (representing the endogenous AIF) and AIF57 (representing the calpain-truncated AIF)
served as size controls. B, Western blots based on nuclear protein extracts show that a truncated
AIF at the size of 57 kDa was increased in the nucleus at 2, 6, and 24 h after NMDA exposure
(100 uM). The graphs at the bottom of blots illustrate the time-dependent increases in the
truncated AIF in both whole-cell extracts (A) and nuclear extracts (B) after NMDA exposure.
Data are based on 3 independent experiments. *p < 0.05 versus control neurons without NMDA
exposure.
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Figure 2.2 Neuroprotective effect of AIF knockdown against NMDA toxicity in primary
cortical neurons. 4, Western blots show that AIF expression was decreased in neurons infected
with AAV expressing the AIF-targeting shRNA sequence (shRNAt), but not in neurons
expressing the scramble shRNA sequence (shRNAs). B-C, Cell death and cell viability were
measured based on LDH release (B) and Alamar blue fluorescence (C), respectively, at 24 h after
NMDA exposure (100 uM). *p < 0.05 versus nontransfected neurons. Data are mean + SE; n =
12 per experimental condition from three independent transfection experiments.
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2.3.2 AIF cleavage and translocation is calpain-dependent

We and others have demonstrated that AIF truncation and release is dependent upon calpain
activation in isolated mitochondria (Polster et al., 2005), primary neurons and in rat brain (Cao et
al., 2007). We next sought to demonstrate involvement of calpain in AIF truncation and
translocation to the nucleus following NMDA exposure. Calpastatin, the only known
endogenous inhibitor of calpain (Murachi et al., 1980), was transfected into neurons using AAV
expressing calpastatin-HA (Figure 3A). Calpastatin overexpression significantly reduced AIF
truncation (Figure 2.3B) and nuclear translocation (Figure 2.3C) following NMDA exposure.

In addition, calpain inhibition also resulted in a significant increase in cell viability. These
experiments demonstrate the requirement of calpain activation for AIF truncation, translocation

and neuronal death following NMDA exposure.

2.3.3 PARP-1 inhibition abrogates AIF translocation and calpain activity

We next confirmed the dependence of AIF release on PARP-1 activation. Using PAR polymer
as a marker of PARP-1 activity, we found that exposure of neurons to NMDA resulted in the
progressive accumulation of PAR polymer, an effect that was blocked using the PARP-1 specific
inhibitor 3-ABA (Figure 2.4A). Inhibition of PARP-1 (and PAR polymer formation) also
attenuated AIF truncation, nuclear translocation, and neuronal death (Figures 2.4B, C and E,
respectively). Thus, PARP-1 is also critical for AIF release and neuronal death due to NMDA

exposure.
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Figure 2.3 Calpain inhibition prevents NMDA-induced AIF truncation and nuclear
translocation in neurons. 4, Neurons were infected for 3 d with empty AAV or AAV carrying
the calpastatin (cps) cDNA (AAVcps), and the expression of cps (tagged with HA) was
confirmed by Western blot using the anti-HA antibody. B, Western blots for AIF using whole-
cell extracts from control neurons (Con) or 0.5, 2 and 6 h after NMDA exposure (100 uM) in
neurons infected with empty AAV or AAVcps. C, Western blots for AIF using nuclear extracts
from control neurons (Con) or 2 and 6 h after NMDA exposure in neurons infected with empty
AAV or AAVcps. The graphs at the bottom of blots illustrate the effect of cps transfection on
NMDA-induced truncation (B) and nuclear translocation (C) of AIF, respectively. D, Cps
transfection increases cell viability 24 h after NMDA exposure, based on the Alamar blue assay.
All data are mean + SE, **p<0.01; ***p<0.001 versus neurons infected with empty AAV, based
on 3 independent experiments.
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Figure 2.4 PARP-1 inhibition attenuates NMDA-induced AIF truncation and nuclear
translocation in neurons. 4, Neurons were treated with 3-ABA (1 mM) or vehicle for 30 min
and then incubated with NMDA (100 uM). Western blot was performed at 0.5, 2, 6 and 24 h
after NMDA exposure to detect the formation of poly(ADP-ribose)polymers (PARS). The blots
are representatives of two independent experiments with similar results. B, Western blots for AIF
using nuclear extracts from control neurons (C) or 2, 6 and 24 h after NMDA exposure in
neurons pre-treated with 3-ABA (1 mM) or vehicle. The graph at the bottom illustrates the effect
of 3-ABA on NMDA-induced nuclear translocation of AIF, based on 3 independent experiments.
*p < 0.05 versus vehicle-treated neurons. C, Western blots for AIF using whole-cell extracts
from control neurons (C) or 2, 6 and 24 h after NMDA exposure in neurons pre-treated with 3-
ABA (1 mM) or vehicle. The blots are representatives of two independent experiments with
similar results. D, Calpain activity measured in isolated mitochondria (30 pg protein/reaction)
before or 2 and 6 h after NMDA exposure from neurons neurons pre-treated with 3-ABA (1 mM)
or vehicle. E, PARP-1 inhibition by 3-ABA decreases cell death 24 h after NMDA exposure, as
determined by measuring LDH release. All data are mean + SE, *p<0.05; **p<0.01 versus
vehicle-treated neurons, from three experiments.
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Activation of PARP-1 has also been associated with increased calpain activity in non-
neuronal cells (Moubarak et al., 2007). We therefore tested the hypothesis that calpain activity is
dependent upon PARP-1. Exposure of neurons to NMDA resulted in elevated calpain activity in
mitochondria, which was prevented by PARP-1 inhibition (Figure 2.4D). This indicates that

calpain-mediated truncation of AIF is contingent upon PARP-1 activity.

2.3.4 Calpain and PARP-1 inhibition attenuates AIF translocation

To confirm that AIF translocation was dependent upon both calpain and PARP-1, we performed
immunocytochemistry to visualize AIF. In control neurons, AIF colocalized with the
mitochondrial marker cytochrome ¢ (Figure 2.5Aa-c). At 6h following NMDA exposure,
approximately 50% of the neurons had AIF present in the nucleus (Figure 2.5A, d-f and m-p).
In contrast, treatment with either calpastatin and 3-ABA treatment attenuated AIF translocation
to the nucleus (Figure 2.5A, g-1). Quantification demonstrated a significant reduction in the
number of neurons containing nuclear AIF with calpain and PARP-1 inhibition (Figure 2.5B
and C, respectively). These results demonstrate that both PARP-1 and calpain activation are

involved in AIF translocation to the nucleus.

2.3.5 3-ABA inhibits NMDA-induced Ca*' accumulation in mitochondria

Lastly, we sought to determine the mechanisms governing PARP-1-dependent calpain activation.

Since calcium dysregulation is a common phenomenon underlying neuronal demise, and calpain
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Figure 2.5 Attenuation of NMDA-induced AIF nuclear translocation in neurons by
inhibiting calpain or PARP-1. 4, Immunostaining for AIF (green) and cytochrome c (red). In
control neurons (a-c), AIF and cytochrome ¢ fluorescence exhibit a coincided cytoplasmic
pattern (combined image in panel ¢). At 6 h after NMDA exposure (100 pM), many neurons
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Figure 2.5 (continued). show AIF nuclear localization (arrows in panel d and in combined
panel f) in which cytochrome c¢ fluorescence remains cytosolic or is lost (e). AIF nuclear
translocation is less frequently seen in cultures that are either infected with AAVceps (g-1) or pre-
treated with 3-ABA (j-1). The higher power images in panels m-p show the triple-label of AIF
(green), cytochrome ¢ (red) and DAPI (blue) in NMDA-challenged neurons. Note that AIF and
DAPI fluorescence is co-localized in NMDA-challenged neurons (arrows). B-C, Percentages of
neurons showing nuclear translocation of AIF at 2, 6, and 24 h NMDA exposure (100 uM). The
effects of AAVcps transfection or 3-ABA on AIF translocation are illustrated in B and C,
respectively. *p<0.05, **p<0.01 versus control treatment (empty AAV or vehicle), from 4
independent experiments.

is a calcium-dependent protease, we hypothesized that PARP-1 activation contributed to
mitochondrial calcium dysregulation and ultimately to calpain activation.

NMDA-induced changes in mitochondrial Ca®" were investigated using Rhod-2. Under
control conditions, punctate mitochondrial Ca®* dye Rhod-2 staining colocalized with
mitochondrial probe MitoTracker green (Figure 2.6A). Exposure to 100uM NMDA resulted in
a gradual increase in the mitochondrial Ca®" signal that reached a plateau by 25 min and ~2.5
fold of control (Figure 2.6B). Increased mitochondrial Ca’" levels were sustained at 120 min in
the presence of NMDA (Figure 6A and B). Loss of Rhod-2 fluorescence signal from
mitochondria (>90%) was induced by adding the mitochondrial depolarizing agent FCCP (1uM)
to verify that the increased Ca®" localized specifically to the mitochondria (Figure 2.6A and B).

To investigate the role PARP-1 plays in mitochondrial dysfunction following NMDA-
mediated neurotoxicity, the effects of PARP1 inhibition using 3-ABA on changes in
mitochondrial Ca*" was studied. Inhibition of PARP-1 completely abolished the NMDA-

induced increases in Rhod-2 fluorescence over the entire 120 min exposure period (Figure 6A-
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C). In addition, no mitochondrial swelling was observed with the MitoTracker green signal in
the presence of 3-ABA and 100uM NMDA. Together, these data show that PARP-1 activation

mediates NMDA -induced elevation of mitochondrial Ca2+,

2.4 DISCUSSION

There are two main contemporary hypotheses regarding the mechanism underlying AIF
translocation from the mitochondria to induce caspase-independent neuronal death: PARP-1-
induced PAR polymer formation (Yu et al., 2006) and calpain activation (Cao et al., 2007). Here
we report the novel finding that PARP-1 induced mitochondrial Ca®" dysregulation mediates
calpain activation and subsequent AIF truncation and translocation to the nucleus. This is the
first time PARP-1 and calpain activation have been examined simultaneously in the context of
neuronal NMDA toxicity. Moreover, it reconciles the two seemingly independent hypotheses.
This study confirmed that ischemia-related injury induces neuronal death via AIF
translocation as shown previously (Cregan et al., 2002; Yu et al., 2002; Zhu et al., 2003; Wang et
al., 2004; Culmsee et al., 2005). We also demonstrate that both PARP-1 and calpain trigger
truncation and nuclear localization of AIF, and that calpain activity is dependent upon PARP-1.
This finding is supported by a previous study showing that calpain acts downstream of PARP-1
following MNNG-induced necrosis in mouse embryonic fibroblasts (Moubarak et al., 2007). An

important addition to understanding the sequential nature of PARP-1 and calpain activation is
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Figure 2.6 PARP-1 activation contributes to mitochondrial Ca** dysregulation after NMDA
neurotoxicity.

75



Figure 2.6 (continued). Neuronal cultures grown on coverslips were loaded with MitoTracker
green and the mitochondrial Ca®" dye Rhod-2. Changes in MitoTracker and Rhod-2
fluorescence were monitored on a confocal microscope. In some studies, cells were incubated
with 1.0 mM 3-ABA for 30 min prior to and during the subsequent exposure to NMDA (100
uM). A, Representative images showing single neurons loaded with MitoTracker green and
Rhod-2. B, Time course of changes of Rhod-2 fluorescence signals. C, Summary of relative
change in Rhod-2 fluorescence in response to 100 uM NMDA with and without 3-ABA
treatment. Mean + S.E.; n = 3-4, *p < 0.05.

that PARP-1 activates calpain through PAR polymer-induced mitochondrial Ca*" dysregulation.
How PAR polymer induces alterations in mitochondrial Ca®" levels remains unknown. One
potential mechanism is that PAR polymer induces mitochondrial permeability pore formation,
resulting in Ca>" overload. This is supported by the finding that the mitochondrial permeability
pore inhibitor cyclosporine A blocked calpain mediated calcium-induced AIF release in isolated
mitochondria (Polster et al., 2005).

The validity of the hypothesis that PARP-1 induces mitochondrial Ca*" dysregulation to
induce calpain activation is dependent on mitochondrial calpain. Indeed, the most calcium-
sensitive form of calpain, p-calpain (or calpain I), possesses a mitochondrial localization
sequence and is found in the mitochondrial intermembrane space (IMS) (Garcia et al., 2005;
Badugu et al., 2008). We have also found p-calpain to be localized to the IMS under control
conditions. However, calpain was also present in both the outer and inner mitochondrial (IM)
membrane fractions following ischemia-related injury (Cao et al., 2007). Notably, AIF is
normally located in the IM. Ischemic injury therefore results in the colocalization of calpain and
AIF.

Mitochondria start accumulating Ca®” when intracellular Ca** increases to ~400 nM

(Szabadkai and Duchen, 2008). Free mitochondrial Ca®” will only increase when the robust Ca*"
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buffering capacity of mitochondrial matrix becomes nearly saturated. Therefore, the NMDA -
induced increase in free mitochondrial Ca®* levels shown in this study indicates intracellular
Ca*'levels increased prior to mitochondrial Ca®* changes and were unremitting, although we did
not monitor them concurrently. We believe that sustained increases in free mitochondrial Ca**
leads to opening of the permeability transition pore and release of AIF. Ablation of
mitochondrial Ca®" increases by 3-ABA will then reduce AIF release and apoptosis following
excitotoxicity.

Neuronal stress induced by NMDA toxicity produced an early (<5 min) increase in
mitochondrial Ca®" that was responsible for mitochondria-induced ROS production and PARP-1
activation (Duan et al., 2007). This study complements our findings, and we propose the
following two-phase model as shown in Figure 2.7. First, excessive NMDA receptor activation
leads to massive Ca®" influx. The mitochondria serve as a sink to absorb a portion of this excess
Ca®". However, excessive Ca’" levels overload the oxygen reducing capacity of the
mitochondria, and results in release of superoxide radicals into the cytosol. Cytosolic superoxide
can then react with the nitric oxide that is concomitantly produced during NMDA receptor
activation (Dawson et al., 1991; Dawson et al., 1996) to form peroxynitrite (Stout et al., 1998;
Urushitani et al., 1998), a molecule known to produce severe DNA damage (Hara and Snyder,
2007).

Next, DNA damage activates PARP-1 producing PAR-polymer and severe NAD
depletion in the second phase of our model (>10 minutes following excitotoxicity). Levels of
PAR polymer that exceed the processing capacity of the PAR polymer catabolic enzyme, PAR
glycohydrolase (PARG) (Andrabi et al., 2006; Cozzi et al., 2006), result in secondary

mitochondrial Ca*" dysregulation. Alternatively, NAD depletion could create a severe energy
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crisis (Eliasson et al., 1997; Endres et al., 1997), contributing to mitochondrial Ca*"
dysregulation. Abnormal Ca*" homeostasis results in mitochondrial calpain activation, which
cleaves AIF located in the inner mitochondrial space. Truncated AIF is then released from the
mitochondria and translocates to the nucleus. The final stage is AIF-induced DNA processing
and eventual neuronal death.

In summary, we provide novel evidence that PARP-1 activation following NMDA
exposure induced mitochondrial Ca*" dysregulation, subsequent calpain activation and AIF
release from the mitochondria. This study further reconciles two seemingly disparate hypotheses
regarding the mechanisms of AIF-induced neuronal death. Furthermore, it provides the
groundwork for future endeavors to investigate how PARP-1 contributes to mitochondrial Ca**
dysregulation. Additional characterization of these mechanisms will lead to greater
understanding of neuronal death and potentially to viable therapeutics to combat

neurodegenerative diseases.
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Figure 2.7 Model of PARP-1 and calpain-mediated AIF release. Excitotoxic activation of
NMDA receptors result in 1) massive influx of Ca® and increased NO production. 2) Uptake of
Ca®" by mitochondria leads to increased O, production that 3) reacts with NO to form ONOO'".
4) Production of ONOO' causes DNA damage, 5) activating PARP-1. 6) PARP-1 activation,
either by increased PAR polymer formation or decreased NAD cause further mitochondrial Ca**
dysregulation, potentially via the MPT. 7) Further Ca>" dysregulation activates mitochondrial
calpain, which 8) truncates AIF. 9) Truncated AIF translocates to the nucleus where it causes
10) DNA fragmentation and neuronal death. A/F, apoptosis-inducing factor; MPT, mitochondrial
permeability transition pore; NAD, nicotinamide adenine dinucleotide; O, superoxide radical;
PARP-1, poly(ADP-ribose) polymerase-1; ONOO'’; peroxynitrite.
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3.0 CRITICAL ROLE FOR EUKARYOTIC TRANSLATION

INITIATION FACTOR 4G DEGRADATION IN MEDIATING

ISCHEMIA-INDUCED NEURONAL DEATH

3.1 INTRODUCTION

Protein synthesis is a complex and highly regulated process essential for normal growth,
development and maintenance of cells. Various cellular stressors including viral infection,
nutrient deprivation, heat shock and endoplasmic reticulum (ER) stress uniformly inhibit protein
synthesis (Kaufman, 1999; Sonenberg et al., 2000; Anderson and Kedersha, 2002). The degree
and nature of the stress is important regarding eventual recovery of protein synthesis. A
sublethal insult such as hypoglycemia will initially inhibit protein synthesis, but translation will
return upon nutrient repletion (Kiessling et al., 1984). In contrast, inhibition of protein synthesis
is unrelenting due to infection or other stimuli that induce programmed cell death (Thilmann et
al., 1986; Morley et al., 1998; Gil and Esteban, 2000; Hata et al., 2000b).

Programmed death stimuli are repeatedly shown to inhibit protein synthesis [for review
see references (Clemens et al., 2000; Morley et al., 2005)]. Likewise, agents that inhibit protein

synthesis are known to induce programmed cell death in various cell types (Cotter et al., 1990;
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Martin et al., 1990; Bushell et al., 2000). However, a mechanism directly associating protein
synthesis inhibition with cell death has not been identified. The relationship between persistent
protein synthesis inhibition and programmed cell death is robustly exemplified by neurons
following an ischemic insult, and it provides a useful model to study the interaction between PSI
and programmed cell death.

Protein synthesis inhibition (PSI) occurs in all ischemia-affected neurons due to global
ischemia (Kleihues and Hossmann, 1971, 1973; Cooper et al., 1977; Morimoto et al., 1978;
Dienel et al., 1980; Morimoto and Yanagihara, 1981; Nowak et al., 1985; Bodsch et al., 1986;
Thilmann et al., 1986; Xie et al., 1988; Araki et al., 1990). In contrast to the rapid restoration of
energy metabolism (Hossmann and Zimmermann, 1974; Kleihues et al., 1975), protein synthesis
is slower to recover and even fails to recover in ischemia-susceptible brain regions (Dienel et al.,
1980; Bodsch et al., 1986; Thilmann et al., 1986; Araki et al., 1990). This is also poignantly
demonstrated in focal ischemia models as the brain regions where protein synthesis is inhibited
following 1h of ischemia predict the eventual infarct area at 3 days (Hata et al., 2000b).

Ischemia (Cooper et al., 1977), as well as other programmed cell death stimuli (Morley et
al., 1998; Zhou et al., 1998), cause polysome disassociation, indicating inhibition of translation
initiation. Examination of the levels and phosphorylation states of a number of critical
translation initiation factors following cerebral ischemia collectively suggest that only levels of
the scaffolding protein responsible for delivering the mRNA to the ribosome for translation,
eukaryotic initiation factor (elF) 4G, are correlated with persistent PSI (DeGracia et al., 1996;
Neumar et al., 1998; Martin de la Vega et al., 2001; Mengesdorf et al., 2002; Garcia et al.,
2004b). Excitotoxicity caused by ischemia and other neurodegenerative diseases is known

to result in NMDA-induced calcium influx into neurons, resulting in activation of the protease
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calpain [for review see (Vosler et al., 2008)]. Calpain is known to degrade elF4G in vitro
(Wyckoff et al., 1990), and it has been implicated in ischemia-induced decreases in elF4G
(Neumar et al., 1998; Martin de la Vega et al., 2001).

The purpose of the present study is to determine the underlying mechanisms mediating
persistent PSI and to determine if PSI is directly related to neuronal death instigated by an in
vitro ischemia model, oxygen glucose deprivation (OGD). We hypothesize that persistent PSI
following in vitro ischemia is caused by calpain-mediated degradation of eIF4G. Our results
indicate that elF4G is degraded following in vitro ischemia in a calpain-dependent manner.
Moreover, maintenance of critical levels of e[F4G, either by calpain inhibition or eIF4G

overexpression, resulted in both protein synthesis-dependent and -independent neuroprotection.

3.2 METHODS

3.2.1 Primary neuronal culture and oxygen-glucose deprivation

Rat primary cortical neuronal cultures were derived from E18 embryos of pregnant Sprague
Dawley rats. Cortical neurons were dissociated, suspended in Neurobasal medium supplemented
with B27 and plated in 6-well dishes at 2 x 10° cells/cm? for immunoblotting and activity assays,
1.6 x 10° cells/cm® for cell death assays and protein synthesis assays and 8 x 10* cells/cm? for
immunocytochemistry. Experiments were performed on DIV 11-12 to ensure development of a

mature neuronal phenotype with expression of glutamate receptors (Mattson et al., 1993) and
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where cultures consisted of >97% neurons determined by neuron and glial-specific
immunocytochemistry (Cao et al., 2001).

Oxygen glucose deprivation (OGD) was used as an in vitro model of ischemia. Briefly,
maintenance media was replaced with media lacking glucose and other components known to be
substrates for glycolysis, culture dishes were placed in an airtight chamber (Billups-Rothenberg,
Del Mar, CA) and flushed with 100% argon gas for 3 minutes, and neurons were incubated at
37°C for 0.5, 1.0 or 1.5h. Following OGD, media was replaced and incubated (reperfused) for
times indicated (media was not replaced for the “0” time point). Control cultures had their media
changed with maintenance media with the same frequency as OGD-treated cultures and were

incubated at 37°C in humidified 95% air and 5% CO, for equivalent periods.

3.2.2 AlamarBlue, LDH and Hoechst staining

Neuronal viability was assessed by measuring fluorescence of AlamarBlue (Accumed
International). AlamarBlue is a blue non-fluorescent dye that fluoresces red when reduced by
cellular metabolic activity. The amount of fluorescence is proportional to the number of viable
cells (White et al., 1996). Media was replaced with media containing AlamarBlue reagent
diluted at 1:30 in Neurobasal media without B27 supplement. Neurons were incubated at 37°C
in humidified 95% air and 5% CO; for 30 minutes. Fluorescence was read with a Millipore
CytoFluor 2300 automated plate-reading fluorometer set at excitation of 530nm and emission at
590nm.

Lactate dehydrogenase (LDH) release is an indicator of cell membrane integrity and

correlates with the number of dead cells induced by excitotoxic stimulus (Koh and Choi, 1987).
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Aliquots of 100ul were taken from culture wells and were added to 150ul of LDH reagent
(Sigma-Aldrich). Absorbance of the reaction was measured at 340nm over a period of 5
minutes. The slope of the absorbance versus time correlates with the amount of cell death.
Nuclear staining with Hoechst 33258 was used to confirm the results of the AlamarBlue
and LDH assays. Neurons were fixed with 4% paraformaldehyde for 10 minutes, washed 6
times with PBS, stained with Hoechst for 15 minutes, and washed three more times in PBS (Cao
et al., 2003). Cells with normal and condensed nuclei were counted and considered viabile and
non-viable, respectively. At least 3000 cells were counted under each condition (three fields per
condition, four to six wells per condition, and three independent experiments). Results are

presented as the percentage of viable cells relative to experimental control.

3.2.3 Protein Synthesis Assay

Media was replaced with Methionine-free media (Invitrogen) supplemented with 10pCi *°S-
methionine (MP Biomedicals) and incubated at 37°C for 15 minutes. This incubation time
assured assessment of protein synthesis initiation without appreciable protein degradation.
Pulse-labeling was stopped by washing in ice-cold PBS three times. Neurons were lysed in 1M
NaOH/2% H,0; and incubated at 37°C for 10 minutes. Lysates were precipitated with 20%
TCA and were incubated on ice for 30 minutes. Aliquots were taken from precipitated samples
to measure protein content. Pellets were then collected by vacuum filtration on Whatman GF/A

glass fiber filters, washed three times with 1ml 5% TCA and once with 1ml acetone, and allowed
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to dry. Incorporation of >*S-methionine was measured by scintillation counting. Fold-
incorporation over pg protein was calculated, and all data was expressed as a mean percentage of

control = SD.

3.2.4 Caspase and calpain activity assays

Caspase and Calpain activity assays were performed as previously described (Chu et al., 2005;
Cao et al., 2007). Briefly, neurons were collected from 6-well plates, centrifuged and lysed by
adding 0.15 mL lysis buffer (Cell Signaling). The samples were sonicated and then centrifuged
16 000 g for 10 min at 4°C. After centrifugation, protein concentrations of the supernatants were
determined using the Bio-Rad Protein Assay Kit (Bio-Rad, Hercules, CA, USA). Samples
containing 100 pg protein were mixed with 20 uM of the fluorogenic substrate Acetyl-Asp-Glu-
Val-Asp-7-amido-4-trifluoromethyl-coumarin (Chemicon International, Temecula, CA, USA),
followed by a 2-h incubation at 37°C. The changes in fluorescence were quantified every 20 min
using a luminescence spectrometer (Winlab; Perkin Elmer, Shelton, CT, USA) (excitation 400
nm, emission 505 nm). Results are presented as percentage fluorescence of experimental groups
relative to control.

Calpain activity assay was performed as previously described (Cao et al., 2007), and
neurons were collected as described in the caspase activity assay. In brief, 100ug of protein
were incubated with calpain reaction buffer [20mMHEPES,pH7.6, ImM EDTA, 50mM NaCl,
and 0.1% (v/v) 2-mercaptoethanol] containing 10 uM calpain I fluorescent substrate H-

E(EDANS)PLF_AERK(DABCYL)-OH (Calbiochem, La Jolla, CA). The reaction was initiated
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by addition of CaCl; to a final concentration of 5uM and incubated at 37°C for 30 min. The
activity of calpain was measured by detecting the increase in fluorescence using excitation/
emission wavelengths of 335/500 nm. Calpain activity as measured by relative fluorescence was

presented as percentage fluorescence of experimental groups relative to control.

3.2.5 Western blot analysis

Western blot was performed by gel electrophoresis of cell lysates on SDS-PAGE gels, and
detected using enhanced chemiluminescence reagents (GE Healthcare). The following antibodies
were used: goat polyclonal antibodies against e[F4G N-terminus (N20) and C-terminus (D-20)
(1:400), elF4A (1:400) and B-actin (1:10,000), purchased from Santa Cruz Biotechnology; rabbit
polyclonal antibodies against PABP (1:1000), e[F4B (1:1000), p70%°*"*¢ (1:1000), elF20
(1:1000), S6 (1:1000), 4E (1:1000), 4EBP (1:1000), rabbit monoclonal antibodies for P-p70S6
kinase (1:1000) and P-eIF2a (1:1000), and a mouse monoclonal antibody against HA (1:1000),
purchased from Cell Signaling; and a rabbit polyclonal antibody for eIF3 (p110) 1:15,000

purchased from Bethyl Laboratories.

3.2.6 Immunocytochemistry

Triple-label staining was performed to examine co-localization of HA tag with the neuronal
marker MAP2, along with Hoechst stain in transfected primary neurons. Twenty four hours after

OGD neurons were assessed by AlamarBlue and LDH assays, then fixed with 4%

paraformaldehyde for 10 min. Cells were washed 6 times with PBS and then blocked for 1h at
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4°C in 2% BSA with 0.5% TritonX-100 for cell permeabilization. The cells were incubated
overnight at 4°C with rabbit anti-MAP2 antibody (1:1000) (Santa Cruz Biotechnology) and
mouse anti-HA (1:1000) (Cell Signaling) diluted in blocking solution. After incubation, cells
were washed 6 times and incubated for 1h at 4°C with Alex488-conjugated goat anti-rabbit
antibody and Cy3-conjugated rabbit anti-mouse antibody (Jackson ImmunoResearch Inc., West
Grove, PA, USA) diluted 1 : 2000. After another three consecutive washes with PBS, cells were
stained with Hoechst 33258 to visualize changes in nuclear morphology. Finally, cells were
observed and imaged with an inverted fluorescent microscope with a CCD camera. Digital

images were captured with the Metavue program (MDS Analytical Technologies).

3.2.7 Recombinant protein preparation

Recombinant myc-tagged elF4G was a kind gift from Dr. Simon Morley (Sussex University,
UK) and the preparation has been described previously (Bushell et al., 2000). The truncated C-
terminal His-tagged recombinant elF4G proteins amino acids 179-675 and 676-1129 were

provided by Dr. Nahum Sonenberg (McGill University, Montreal, Canada).

3.2.8 Cell-free proteolytic cleavage of eIF4G by calpain

The cell-free calpain cleavage assay was conducted as previously described (Ghosh et al., 2005;

Joy et al., 2006). Briefly, recombinant p-calpain (Calbiochem, CA) was incubated with either

full length or truncated forms of eIF4G in a calpain assay buffer (25mM Tris-HCI, pH 7.3 and

150mM NaCl). Calcium at a concentration of ImM was added as indicated in the experiments.
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Incubation of calpain with eIF4G occurred either in the absence or presence equal molar
concentrations of calpastatin or 10uM ALLN. Reactions were incubated for the given times at at
25°C and were stopped by addition of 10mM EDTA. The calpain-treated samples were resolved
on SDS-PAGE. The gels were stained with Coomassie blue, and bands were excised for
MALDI-TOF mass spectrometry. In other experiments, the gels were transferred to PVDF

membranes and probed for the indicated antibodies.

3.2.9 Construction of viral vectors

The HA-elF4G plasmid was generated as previously described (Imataka et al., 1997; Gradi et al.,
1998). Lentiviral vectors overexpressing human full-length HA-eIF4G were constructed by
inserting the HA-eIF4G into the FUW transfer vector, which is under control of the ubiquitin
promoter. A control vector with the EGFP open reading frame was also constructed and inserted
into the FUW transfer vector. The constructed transfer vectors were transformed into JIM109
cells (Promega) and isolated using the EndoFree Plasmid Maxi Kit (Qiagen). Large scale
production of virus were performed as previously described (Ramezani and Hawley, 2002), with
minor modifications. A mixture of plasmids containing 675ug FUW transfer vectors, 435ug
pCMVARS.9 (packaging construct) and 237ug pVSVG (envelope plasmid) were added to 24ml
Opti-MEM (Invitrogen). Lipofectamine 2000 (Invitrogen) solution (900ul in 24ml Opti-MEM)
was also prepared, and the plasmid mixture and Lipofectamine 2000 solution were added and
incubated at room temperature for 20 minutes. Six ml of plasmid-Lipofectamine solution were
added to 15cm plates with 70% confluent monolayer of HEK293T cells. Cells were incubated

for 4 hours and media was replaced with fresh culture media. The supernatant was collected 72h
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after transfection, filtered through a 0.45um filter flask, and centrifuged at 21,000 rpm for 1.5h
using the SW28 rotor (Beckman Coulter). Further purification of viruses was performed using
sucrose gradient ultracentrifugation. The pellet was suspended in 3ml Opti-MEM, loaded on top
of 3ml 20% sucrose solution and centrifuged at 22,000rpm for 1.5h using the SW50.1 rotor
(Beckman Coulter). The pellet was then resuspended in 200ul Opti-MEM, aliquoted and stored

at -70°C.

3.2.10 Gene transfection of calpastatin and viral vectors into primary neurons

Generation of the calpastatin plasmid with the C-terminal 3HA tag in the pcDNA3.1 vector has
been described previously (Cao et al., 2007). Transfection of calpastatin was achieved using
Nucleofection (Amaxa, Gaithersburgh, MD) according to manufacturer’s protocol. The
calpastatin plasmid or GFP control plasmid (Amaxa) were transfected immediately prior to
plating. Following the rat neuron Nucleofector kit protocol 4 x 10° cells were transfected with
each reaction. Neurons were then plated at the densities described above. Neurons were allowed
to mature to DIV 11 and then transfection efficiency was assessed by immunocytochemistry and
Western blot probing for the HA tag.

Biological titer was determined for each batch of lentivirus made. A range of virus
volume (1-20ul) was added to individual wells on 24-well plates and incubated for 72h.
Transfection efficiency was assessed by immunocytochemistry by probing for the HA tag.

Following immunocytochemical detection, virus volume was scaled proportionally to infect the
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cells of a 6 well plate, and transfection was assessed by Western blot. For elF4G overexpression
experiments, neurons were infected for 72h with lentivirus. Experiments were then performed

on DIV 11.

3.2.11 Lentiviral-shRNA infection

Lentiviral vectors carrying shRNA directed against rat elF4G and a scrambled control sShRNA
sequence were purchased from Santa Cruz biotechnology. Virus was stored in aliquots at 5 x 10
infections units of virus per pl. Biological titer was performed to determine efficient knock
down in primary neurons as assessed by Western blot at indicated incubation times. For
neuronal viability and protein synthesis measurements, neurons were transfected with 1.5ul virus
per well 72h for before being subjected to OGD. One day after OGD, viability and protein

synthesis assays were performed.

3.2.12 Luciferase vectors, in vitro transcription, mRNA transfection and luciferase assays

The B-globin, HCV, EMCV and VEGF reporter plasmids were prepared by cloning various
5’UTRs into pSVN luciferase vector as previously described (Dobrikova et al., 2006; Bradrick et
al., 2007). The c-myc and inverse c-myc reporter plasmids had their 5’UTRs cloned into the
pUC19 backbone (NEB), also as previously described (Kaiser et al., 2008). Basically, the
cloning cassettes consisted of the Renilla luciferase ORF and a 50-mer poly(A) tail, and the T7

promoter was inserted in to the various 5’UTRs’ promoters.
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For in vitro transcription, the reporter plasmids were linearlized (-globin with BamHI,
HCV, EMCV and VEGF with Clal; and c-myc and inverse c-myc with Sall) and transcribed with
T7 RNA polymerase (Ambion) to produce mRNAs. Reactions were performed in the presence
of either the 7-methyl-guanosine cap (7mG) or the cap analog G(ppp)A to create capped and
uncapped mRNA. Enzymatic clean up was performed using an RNeasy kit (Qiagen), mRNA
concentration was determined, and each mRNA was inspected on agarose gel to determine
correct size and possible degradation.

Transfection of primary neurons was performed using 20ul DMRIE-C reagent
(Invitrogen) per well on 24-well plates. A blank control with no transfection reagent and a well
with DMRIE-C reagent only (no mRNA) were used for each experimental condition.
Immediately prior to transfection, DMRIE-C reagent was mixed with culture media and 1ug
mRNA. Culture media was aspirated from neurons and media containing transfection mix was
added. Neurons were incubated at 37°C for 2 hours.

Following incubation, neurons were lysed with 100ul R/uc assay buffer (Promega) and
Rluc activity was measured according to manufacturer’s protocol (Promega) on a LMaxII
luminometer (Molecular Devices). A minimum of three independent experiments were carried
out for each mRNA. Background luminescence was determined for each experimental time
point by subtracting the reading of the blank well from the DMRIE-C-only well and each
mRNA-transfected well. Data are presented as the fold increase in relative light units (RLU)

over the DMRIE-C only well.
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3.2.13 Statistical Analysis

All results are expressed as mean + SD from at least three independent experiments. Multiple-
group comparisons were performed using ANOVA with post hoc Fisher PLSD correction

testing, and p < 0.05 was accepted as statistically significant.

3.3 RESULTS

3.3.1 Ischemia-severity correlates PSI with neuronal viability

We initially sought to establish our primary neuronal culture system coupled with oxygen
glucose deprivation (OGD) as a viable model of the persistent PSI observed following in vivo
ischemia. To accomplish this we needed to model both ischemia-sensitive and —resistant areas
of the brain; accordingly, we established both sublethal and lethal durations of OGD. Sublethal,
moderately and severely lethal OGD durations were established by measuring cell viability using
AlamarBlue reduction assay, measuring necrosis using LDH release and measuring nuclear
morphology (a measure of programmed cell death) at 0.5, 1 and 1.5h, respectively. Sublethal
OGD did not result in significant amounts of neuronal death as determined by any of the
aforementioned assays. However, OGD exposure times of 1.0h and 1.5h decreased viability by
50% and 90% respectively (Figure 3.1A, C and D), with corresponding increases in LDH
release (Figure 3.1B). Sublethal OGD resulted in an initial inhibition of protein synthesis

followed by a progressive recovery to control levels by 24h reperfusion (Figure 3.1E). Lethal
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Figure 3.1 Protein synthesis inhibition correlates with cell death. A, Cell viability was
determined with the AlamarBlue reduction assay, B, LDH assay, and C, by Hoechst staining. D,
Representative images of control neurons and neurons subjected to 0.5 and 1h of OGD stained
with Hoechst. Note the condensed nuclei in the 1Th OGD neurons. E, Protein synthesis was
measured by incorporation of **S-methionine into nascent peptides (relative to total protein
content of each well) following various OGD durations at indicated reperfusion times. Bars
represent mean = SD values of n = 3-4 independent experiments. ANOVA with Fisher PLSD
was conducted to determine statistical significance: **p<0.01, ***p<0.001.
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levels of OGD caused a similar initial inhibition of protein synthesis but with recovery to 45%
and 10% control translation for 1h and 1.5h OGD, respectively. The levels of protein synthesis
recovered by 24h reperfusion showed a positive correlation with the amount of cell viability as
measured by the Alamar Blue reduction assay and Hoechst staining and necrosis measured by

LDH release.

3.3.2 Levels of elF4G correlate with persistent PSI

Continuing to validate our model, we compared the changes in the initiation factor levels and
phosphorylation states induced by in vitro ischemia to the results of the in vivo literature. As
seen in vivo (DeGracia et al., 1996; Garcia et al., 2004b; Martin de la Vega et al., 2001;
Mengesdorf et al., 2002) , there were no changes in most of the major regulatory initiation
factors following 1h OGD (Figure 3.2A and D). Lethal but not sublethal OGD, however,
resulted in the progressive decrease of eIF4G from 2h to 24h reperfusion (Figure 3.2B and D).
Notably, the decreases in the levels of eIF4G strongly correlate with decreased neuronal viability
and persistent PSI presented in Figure 3.1. This initial evidence supports our hypothesis that
loss of baseline levels of eIF4G could be responsible for persistent PSI following ischemia, and
ultimately cell death. Of note, total levels of 4EBP did decrease at 6-12h, but since it is a
negative regulator of translation, lower levels of this protein are not expected to contribute to
PSI.

Phosphorylation of elF2a is a known mechanism to inhibit translation by blocking
delivery of the tRNA to the ribosome (Kimball, 2001). Transient increases in the

phosphorylation of elF2a with levels returning to baseline by 6 hours of reperfusion have been
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Figure 3.2 Decreased levels of e[F4G correlate with persistent PSI. A, Western analysis of
various translation initiation factors after 1.0h OGD at indicated reperfusion time. Note there
were no changes in initiation factor levels that would be associated with inhibition of translation
at any reperfusion time. B, Levels of eIF4G following sublethal OGD did not result in decreases
in elF4G levels while lethal OGD of 1.0h showed a progressive decrease starting at 2h
reperfusion. C, Western blot images of the total and phosphorylated levels of two major
translation initiation regulators following OGD. D, Relative optical density was measured and
compared to control values for indicated initiation factors and (-actin loading control after 1h
OGD. E, Levels of total and phospho proteins were compared following 1.0h OGD. Bars
represent mean = SD of n = 4-6 independent experiments. ANOVA with Fisher PLSD
determined statistical significance: *p<0.05, ** p<0.01, ***p<0.001. Abbreviations: 4EBP, 4E
binding protein; PABP, poly(A) binding protein; S6, small ribosomal subunit 6 protein.
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repeatedly observed following in vivo ischemia (DeGracia et al., 1996; DeGracia et al., 1997;
Althausen et al., 2001; Kumar et al., 2001; Martin de la Vega et al., 2001; Mengesdorf et al.,
2002; Garcia et al., 2004b; Owen et al., 2005). Following OGD the levels of phosphorylated
elF2a mimicked that seen in vivo as there was 2-fold increase in phosphorylation followed by a
rapid return to baseline by 2h reperfusion (Figure 3.2C and E). The level and phosphorylation
state of p70%° ¥ the regulator of 5>TOP mRNA and a indicator of global protein synthesis
(Fumagall and Thomas, 2000), was not significantly altered during in vitro ischemia or

036 kinase 11y ischemia-

reperfusion Figure 3.2C and E). This also corresponds to the status of p7
sensitive brain regions (Martin de la Vega et al., 2001). This data provides evidence that
validates our in vitro model as an adequate representation of in vivo ischemia. Furthermore, the

onset and duration of eIF2a phosphorylation indicates that it is probably mediating the initiation

of PSI but it is not involved with persistent PSI.

3.3.3 Calpain is activated following in vitro ischemia

Neuronal cell death following OGD has been linked to both caspase and calpain-dependent
mechanisms (Newcomb-Fernandez et al., 2001; Cho et al., 2004; Malagelada et al., 2005), and
elF4G has been shown to be both a substrate of caspase-3 (Clemens et al., 1998; Marissen and
Lloyd, 1998; Bushell et al., 1999; Bushell et al., 2000) and calpain (Wycoff et al., 1990; Neumar
et al., 1998). Therefore, we attempted to determine if these proteases are involved with the
decreases in elF4G following in vitro ischemia.

We first evaluated the cleavage products of the caspase-3 and calpain substrate a-spectrin

following OGD. Both proteases cleave the 240kDa protein into a 150kDa fragment, but calpain
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Figure 3.3: Evaluation of caspase and calpain activation following OGD. A, Primary
neurons were subjected to 1h OGD, lysates were taken at the indicated reperfusion times, and
Western blot was performed using an antibody directed against a-spectrin. Immunoblots show
increased calpain-generated a-spectrin fragments (145kDa) but not caspase-generated fragments
(120kDa). B, Relative optical density of a-spectrin fragments following OGD and reperfusion.
C, Caspase activity assay was performed as described in the methods section. Neuorns were also
treated with 200nM staurospaurine (STS) as a positive control or 200nM STS and 100uM of the
caspase inhibitor zZVAD as a negative control for 1h. D, Calpain activity assay revealed
increased calpain activity immediately after OGD. E and F, Primary neurons were treated with
the indicated concentrations of the caspase inhibitors for 1h prior to OGD and throughout 1h
OGD and reperfusion. Cell viability (Alamar Blue), E, and necrosis (LDH), F, were assessed at
24h reperfusion. Inhibitor concentration was optimized to allow highest concentration without
causing cell death. Bars represent mean = SD of n = 3-4 independent experiments. ANOVA
with Fisher PLSD determined statistical significance: *p<0.05, **,p<0.01, ***p<0.001.
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further cleaves it into a 145kDa fragment while caspase-3 produces a 120kDa fragment.
Following OGD there is a decrease in the full length protein. This corresponded to an increase in
the appearance of the calpain-induced 145kDa fragment, while there is no change in the caspase-
induced 120kDa fragment (Figure 3.3A and B). This suggests that calpain rather than caspase
is activated in our model. These results were confirmed with caspase and calpain activity assays.
Caspase activity did not increase above control following OGD. In contrast, calpain activity was
increased immediately after OGD and continued for 6h of reperfusion (Figure 3.3C and D).

To further confirm that caspases were not involved with the neurotoxicity seen in our
model, we examined the effect of caspase inhibition on neuronal viability and necrosis.
Inhibition of caspases using the effector caspase specific inhibitor DEVD or the pan caspase
inhibitor zZVAD failed to provide neuroprotection (Figure 3.3E and F). This is in agreement
with previous studies of ODG in mixed glial and neuronal cultures (Newcomb-Fernandez et al.,

2001).

3.3.4 Calpain inhibition blocks eIF4G cleavage

Based on these findings we examined the role of calpain on cell viability, protein synthesis and
elF4G levels after OGD by inhibiting calpain. Calpain inhibition was achieved by
overexpression of calpastatin, the only known endogenous inhibitor of calpain (Pontremoli et al.,
1992). Calpastatin was clearly overexpressed in these neurons as measured by immunoblot and
with approximately 50% transfection efficiency measured by immunocytochemistry (Figure
3.4A and B). Examination of calpain activity revealed calpastatin overexpression reduced the

appearance of the 145kDa band of a-spectrin and inhibited the decrease in full length a-spectrin.
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Treatment with zZVAD did not alter the a-spectrin cleavage profile following OGD (Figure
3.4C).

Analysis of protein synthesis following OGD in calpastatin and GFP-transfected neurons
shows an initial inhibition of protein synthesis with increased recovery in the calpastatin-
overexpressing neurons compared to time-matched GFP controls at 12 and 24h reperfusion
(Figure 3.4D). The increase in protein synthesis was associated with increases in cell viability at
24h reperfusion (Figure 3.4E and F). Calpain inhibition did not significantly decreased LDH
release in our model suggesting calpain is involved with programmed neuronal death in our
model and not necrosis (data not shown) Overexpression of calpastatin, but not inhibition of
caspases, resulted in significantly increased levels of eIF4G at 24h reperfusion compared to GFP
transfected controls (Figure 3.4G). This provides further evidence that calpain is mediating
elF4G cleavage following OGD in primary neurons, and decreases in elF4G potentially account

for persistent PSI and, ultimately, neuronal death following ischemia.

3.3.5 elF4G is a calpain substrate

Confirming that e[F4G is a substrate of calpain (Wyckoff et al., 1990; Neumar et al., 1998), we
employed a cell free assay where we coupled recombinant eI[F4G with recombinant calpain I
(50:1 molar ratio of elF4G: calpain) then activated calpain with ImM calcium. Calpain I clearly
cleaved elF4G during the incubation. This is an unambiguous effect of calpain as the
endogenous calpain inhibitor calpastatin and the pharmacological calpain specific inhibitor

ALLN abrogated elF4G cleavage (Figure 3.5A).
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Figure 3.4 Calpain inhibition results in increased translation, cell viability and eIF4G levels
following OGD. Rat primary cortical neurons were transfected with HA-tagged calpastatin.
Transfection was confirmed by immunoblotting for HA, A, and efficiency was assessed by
immunocytochemistry, B. C, Calpastatin overexpression was confirmed to inhibit calpain
activity measured by a-spectrin cleavage. Neurons were either transfected with calpastatin or
GFP plasmids, or treated with 100uM zVAD for 1h prior to and for 24h after 1h OGD.
Overexpression of calpastatin blocked decreases in total a-spectrin and formation of the 145kDA
calpain-mediated cleavage product. D, Protein synthesis was measured in calpastatin- and GFP
transfected controls following 1h OGD for the indicated reperfusion times. Statistical
significance represents calpastatin-overexpressing neurons compared to time-matched GFP
controls. Cell viability was measured using Alamar Blue, E, and Hoechst staining, F, at 24h
reperfusion. G, Calpastatin and GFP transfected neurons were exposed to 1.0h OGD and levels
of elF4G were observed at 24h reperfusion. Bars represent mean £ SD of n = 3-4 independent
experiments. ANOVA with Fisher PLSD determined statistical significance: **,p<0.01,
**%p<0.001.
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Figure 3.5 Calpain cleaves elF4G in a cell-free assay. A, Recombinant eIF4G (400ng) was
incubated with 10nM calpain I and activated by ImM Ca”" at 25°C for 1h in a calpain reaction
buffer. The reaction was stopped by the addition of 10uM EDTA in an SDS loading buffer. The
protein was then resolved on 4-15% gradient gels. Calpain was inhibited with both recombinant
calpastatin and the pharmacological calpain inhibitor ALLN. Gels were probed with an N-
terminal elF4G antibody. B and C, Reactions were also incubated for the indicated times with
the same amounts of recombinant e[F4G and calpain and probed for eIF4G using antibodies
directed against the N-, B, or C-, C, terminus. The figures show potential cleavage bands of
eIF4G produced by calpain I. D, Recombinant eIF4G (10ug) was incubated with Ca*" (control)
or Ca”" and calpain for the indicated time. Coomassie-blue stained eIF4GI cleavage by calpain I
was analyzed by mass spectrometry. The three cleavage products were positively identified as
elF4G and molecular weights confirmed at 60, 50 and 16kDa. E, Recombinant truncated eI[F4G
proteins (100ng) were assessed for susceptibility to calpain cleavage as above. Immuoblot
probed for C-terminal His tag to visualize recombinant proteins. F, Western analysis of primary
neuronal lysates at various reperfusion times following 1h OGD and probed with C-terminal
elF4G antibody. The fragments found in neuronal culture correspond to the fragments observed
in the cell free assays.
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We next examined the time course of eIF4G cleavage by calpain. Incubation of
recombinant e[F4G with 10nM calpain for specified times resulted in progressive cleavage of
elF4G into size specific products as shown by probing for eI[F4G N- and C-terminal directed
antibodies (Figure 3.5B and C). Notably, 50 and 66kDa fragments were seen using the C-
terminus antibody, which corroborates the findings in the neuronal cultures following OGD
(Figure 3.5F) and in brain following focal ischemia (Mengesdorf et al., 2002).

In a further attempt to identify the cleavage sites of calpain on elF4G, we used
recombinant protein fragments of e[F4G. Recombinant calpain was also able to completely
cleave elF4G fragments consisting of amino acids 197 to 674 and 675 to 1129 (Figure 3.5E).
Analysis of the cleavage products by mass spectrometry positively identified the bands as elF4G
and confirmed the molecular weights as 60, 50 and 16kDa (Figure 3.5D). Unfortunately,
multiple attempts to identify the specific sequence targeted by calpain using Edman degradation
have not yielded any results. Together, these results suggest that calpain does not recognize a
discrete site on elF4G, but progressively cleaves the protein to either modify or completely

abolish its function.

3.3.6 Overexpression of elF4G is neuroprotective

We next sought to determine if neuronal death following ischemia was directly related to
maintenance of critical levels of eIF4G. To test this hypothesis we overexpressed elF4GI in
primary neurons using a lentiviral vector. The lentivirus expressing HA-eIF4GI under control of
the constitutive ubiquitin promoter was able to efficiently overexpress (~75-90%) HA-eIF4G

(Figure 3.6A and B). Overexpression of eIF4G did not affect the level of other initiation
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Figure 3.6 Neuroprotection by elF4G is partially protein synthesis dependent. A,
Lentiviral-mediated overexpression of e[F4GI under control of the ubuiquitin promoter (FUW) is
shown by Western blot of neurons infected with GFP lentivirus and HA-eIF4GI lentivirus. B,
Immunostaining for the HA tag was performed to assess transfection efficiency, and neuronal co-
localization is demonstrated by costaining for MAP2. C, Concentration-response of neuronal
viability, measured by AlamarBlue, and protein synthesis of neurons exposed to cycloheximide
(CHX) for 24h. Note the decrease in viability when protein synthesis inhibition becomes more
pronounced. D and E, Neurons transfected for 72h were exposed to either 50uM CHX, 1h
OGD, or 1h OGD followed by 50uM CHX and protein synthesis (CPM/ug protein), D, and
neuronal viability (AlamarBlue), E, was assessed in GFP- and elF4G-transfected neurons at 24h.
F, The effect of e[F4G overexpression on protein sythesis at the early reperfusion times of 0-12h
was assessed. G, Western blot analysis showing the effect of transfection and 1h OGD on the
expression of regulatory translation initiation factors at progressive reperfusion times. Bars
represent mean = SD of n = 3-4 independent experiments. ANOVA with Fisher PLSD
determined statistical significance: * p< 0.05, **p<0.01, ***p<0.001.
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factors, including the phosphorylation state of elF2a (Figure 3.6A). Of note, we attempted to
examine the role of cap-dependent protein synthesis on neuronal viability by constructing a
lentiviral vector with a mutant eIF4GI (m4GI). This mutant lacked the cap binding protein
(eIF4E) binding domain. Unfortunately we were not able to express the full length mutants in
our neurons using our lentiviral expression system.

Overexpression of elF4GI resulted in increased protein synthesis and neuronal viability
24h following 1h OGD compared to GFP control (Figure 3.6D and E, respectively). To
determine if the neuroprotective effect of eIF4GI was directly due to protein synthesis, we
blocked protein synthesis using cycloheximide (CHX). A concentration response curve of CHX
application demonstrates that concentrations of CHX that substantially inhibit protein synthesis
for 24h also result in evident neuronal death (Figure 3.6C). Protein synthesis was inhibited to
20% of untreated levels following 24h exposure of CHX in all groups under control conditions,
and was nearly completely inhibited in all groups after OGD (Figure 3.6C and D).

Examination of neuronal viability revealed that concentrations of CHX that inhibited
protein synthesis were also mildly, but significantly neurotoxic (Figure 3.6C and E). This
observation corroborates previous findings in primary neurons (Furukawa et al., 1997). The
importance of protein synthesis in maintenance of viability following in vitro ischemia was
further substantiated as CHX treatment resulted in significantly decreased neuronal viability
following OGD in both the GFP and elF4G overexpressing conditions. Significantly reduced
viability was also observed when comparing control CHX-treated cultures treated with CHX to
OGD-and CHX-treated cultures (Figure 3.6E). Importantly, inhibition of protein synthesis
with CHX only partially blocked the neuroprotective effect of eIF4G as el[F4G-overexpressing

cultures that were simultaneously treated with CHX had increased viability compared to OGD-
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and CHX-treated GFP neurons (Figure 3.6E). This suggests suggesting that e[F4G may confer
neuroprotection via mechanisms other than simply increasing global translation.

In further support of our hypothesis that transient PSI is an adaptive response to ischemia,
while persistent PSI is pathological, we examined the effect of eI[F4G overexpression on the time
course of protein synthesis following OGD. As seen with control cultures and calpastatin-
overexpressing neurons, protein synthesis was immediately inhibited following OGD in both
control and elF4G-overexpressing neurons. However, protein synthesis began to recover at 12h
reperfusion in eIF4G overexpressing neurons but not in control (Figure 3.6F).

Examination of protein levels following OGD revealed increased elF4G levels at all
times measured following OGD in eIF4G but not GFP overexpressing neurons. Furthermore,
OGD resulted in a similar e[F2a phosphorylation profile when comparing GFP and elF4G
overexpressing neurons (Figure 3.6G). Again, this suggests that eI[F2a does not contribute to
persistent PSI or delayed neuronal death. However, these data collectively demonstrate that
maintenance of critical levels of eIF4G is essential for neuronal survival in both a translation

dependent and perhaps a translation independent manner.

3.3.7 shRNA silencing of eIF4G exacerbates neuronal death

Our overexpression experiments demonstrate that maintenance of eIF4G levels is sufficient to

restore protein synthesis and provide neuroprotection from OGD. The next step was to

determine if eIF4G was necessary for neuronal survival following in vitro ischemia. To

accomplish this we transfected a lentiviral vector with shRNA targeting rat eIF4G into our
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Figure 3.7 elF4G silencing is detrimental to neurons and exacerbates ischemic injury. A,
Neurons plated in 6-well dishes were infected with either 10ul of shRNA lentivirus targeting rat
elF4G or control shRNA virus for 72 and 96h. Cell lysates were analyzed by Western blot and
probed with an eI[F4G N-terminus antibody to determine protein knockdown. B, Analysis of
protein synthesis in control sShRNA- and GFP-transfected, e[F4G shRNA-transfected (sh4G) and
co-transfection of human HA-e[F4G and elF4G shRNA (4G+sh4G) under control conditions and
24h after 1h OGD. C, Viability analysis using AlamarBlue under the same conditions as in B.
D, Western blot analysis of initiation factors after e[F4G silencing and restoration under control
conditions and 24h after 1h OGD. Bars represent mean £ SD of n = 3-4 independent
experiments. ANOVA with Fisher PLSD determined statistical significance: **p<0.01,
**%p<0.001.
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primary cultures. Knockdown of elF4G to approximately 20% of control values was observed at
72h and 96h post infection without affecting levels of other initiation factors (Figure 3.7A).
Short hairpin RNA-mediated knockdown of elF4G resulted in a 24% and 17% decrease
in protein synthesis and neuronal viability, respectively (Figure 3.7B and C). The decreases in
translation are similar to e[F4G silencing in a recent study in a breast cancer cell line (Ramirez-
Valle et al., 2008). Ischemia-induced decreases in protein synthesis and viability were also
exacerbated by loss of e[F4G. To determine if the exacerbation of injury was specific to loss of
elF4G, concomitant overexpression of human elF4G was performed. Importantly,
overexpression of human elF4G in endogenous elF4G-depleted neurons resulted in increased
protein synthesis and neuronal viability (Figure 3.7B and C). Recovery of protein synthesis and
viability was again associated with e[F4G as there were no changes in levels of other regulatory
translation initiation factors and elF4G levels were increased compared to control and shRNA-

treated neurons (Figure 3.7D).

3.3.8 Cap-dependent translation is inhibited following OGD

It is established that select viral and cellular mRNAs have a 5’UTR that functions as an internal
ribosomal entry sequence (IRES), allowing for translation to proceed in a cap-independent
manner. Moreover, different IRESs possess various requirements for eIF4G. For example,
picornaviruses such as encephalomyocarditis virus (EMCV) require only the central portion of
elF4G for translation of its uncapped messages. Other IRESs such as hepatitis C virus (HCV) do

not require elF4G, but require other initiation factors for efficient translation. Cellular IRESs
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have recently been discovered; however, much less is known about the initiation factor
requirements for their translation (Jackson, 2005).

We thus wanted to determine if cleavage of eI[F4GI by calpain following OGD would
differentially affect translation of various cellular and viral IRESs. Additionally, we sought to
confirm that cap-dependent translation was indeed inhibited following OGD. Both cellular (3-
globin, c-myc and vascular endothelial growth factor) and viral (EMCV and HCV) 5’UTRs were
inserted upstream of the Renilla luciferase open reading frame. In vitro transcription was
performed either in the presence of the methyl-7-guanosine cap to produce capped mRNA or the
G(ppp)A cap analog structure to produced uncapped mRNA. The various mRNAs were then
transfected into the primary neurons for 2h at the times indicated. Following incubation, the
cells were lysed and luciferase activity was measured.

Under control conditions, the capped B-globin, HCV and VEGF 5’UTRs were robustly
translated, while the c-myc and EMCV mRNAs underwent more moderate translation (Figure
3.8A). Interestingly, the inverted c-myc 5’UTR was more efficiently translated than c-myc
itself. The uncapped HCV 5’UTR was also robustly translated under control conditions. No
other uncapped mRNAs were translated with greater efficiency than capped mRNAs. It is
notable that both uncapped -globin and VEGF mRNAs translated significantly less than the
capped forms under control conditions.

Following OGD, capped B-globin translation was severely inhibited throughout all
measurement times while translation of the uncapped mRNA did not change. Similarly, both
capped and uncapped HCV mRNA translation was strongly reduced. Translation of the VEGF

5’UTR was also decreased; however, the decrease was more gradual, progressively decreasing
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Figure 3.8 Cap- and IRES-dependent translation following in vitro ischemia. A, Plasmid
DNA carrying indicated 5°’UTRs upstream of the Renilla luciferase reporter ORF were
linearlized and mRNA transcription was performed in the presence of the 7-methyl guanosine
cap or the G(ppp)A cap analog to produce capped and uncapped mRNA . Neurons were exposed
to 1h OGD, and mRNA was transfected into neurons 1h before indicated reperfusion time and
neurons were lysed 2h later. The fold relative light units (RLU) were determined for each
transcript at each time and are presented above. Note the pronounced and persistent decrease in
cap-dependent translation during reperfusion. B, Neurons were infected with GFP and elF4G
(4G) lentivirus for 72h wherein neurons underwent 1h OGD. Infected neurons were then
transfected with the -globin mRNA to examine the effect of elF4G overexpression on cap-
dependent translation. Bars represent mean + SD of n = 3-4 independent experiments. ANOVA
with Fisher PLSD determined statistical significance: *p<0.05, **p<0.01, ***p<0.001.
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from 2h to 24h reperfusion. Interestingly, the cap and uncapped VEGF mRNA were translated
with equal efficiency following OGD. There were no changes in the translation of c-myc and
EMCYV mRNAs at any of the reperfusion times measured. These data demonstrate that cap-
dependent translation is impaired following OGD. In addition, translation of the 5’UTRs
examined did not correspond to eIF4G cleavage.

Lastly, we wanted to determine if the restoration of protein synthesis due to e[F4G
overexpression was due to restoration of cap-dependent translation. As in the previous
experiments, capped [3-globin mRNA was transfected into eI[F4G- and GFP- transfected neurons
at the indicated times after OGD. Luciferase activity indicating cap-dependent translation was
continually inhibited following OGD in GFP-transfected neurons (Figure 3.8B).
Overexpression of elF4G, however, increased cap-dependent translation 24h after the insult.
These results indicate that the increase in protein synthesis caused by increasing elF4G levels

was, at least in part, due to increased cap-dependent translation.

3.4 DISCUSSION

It has been known for nearly 40 years that protein synthesis is inhibited in all ischemia-affected
brain regions (Kleihues and Hossmann, 1971), and that persistent inhibition of protein synthesis
is a robust predictor of eventual neuronal death in both global (Dienel et al., 1980; Thilmann et
al., 1986; Araki et al., 1990) and focal (Hata et al., 2000a, b) models of ischemia. Despite this

knowledge, protein synthesis inhibition has never been directly linked to neuronal death. In fact,
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persistent PSI was thought to be a mere epiphenomenon of ischemic injury (Heiss, 1992) and
persisted due to repeated peri-infarct depolarizations (Hata et al., 2000b) or was secondary to
eventual energy failure (Hata et al., 2000a).

Here we provide compelling evidence of a direct link between ischemic neuronal death
and persistent PSI. The mechanistic connection between neuronal death and PSI is the
pathological degradation of eIF4G mediated by excitotoxicity-induced calpain activation.
Calpain inhibition increased protein synthesis and blocked ischemia-induced decreases in elF4G.
Maintenance of critical levels of eIF4G by overexpression resulted in increased neuronal
viability that was in part due to increased cap-dependent protein synthesis. Complementing this
finding was the depletion of eIF4G resulting in decreased protein synthesis and exacerbating
ischemic neuronal injury.

To our knowledge, this is a novel finding demonstrating that a translation initiation factor
is directly involved in neuronal death. The decrease in overall translation rate caused by multiple
death stimuli are known to correlate with eIF4G levels in a number of cell types (Clemens et al.,
1998; Marissen et al., 2000; Morley et al., 2000; Constantinou and Clemens, 2007). Decreases
in e[F4G have also been implicated in previous in vivo studies that repeatedly demonstrated
persistently decreased levels of 4G up to 4h of reperfusion in global ischemia models (DeGracia
et al., 1996; Neumar et al., 1998; Martin de la Vega et al., 2001; Garcia et al., 2004b) and up to
24h following focal ischemia (Mengesdorf et al., 2002). Importantly, the complete loss of eIF4G
at 24h after focal ischemia is highly correlated with the time of final infarction area (Hata et al.,
1998).

In order to adequately study the role of eIF4G in ischemic neuronal death we therefore

needed to apply an in vitro approach. Previous studies have used either cancer cell lines or other
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immortalized cell lines to study PSI following ischemic-like injury. Examination of the effect of
OGD on differentiated PC-12 cells failed to show the persistent inhibition of protein synthesis,
the activation of any of the elF2a kinases or the decreases in e[F4G levels that are seen
following ischemia in vivo (Martin et al., 2000; Munoz et al., 2000). This information combined
with the knowledge that both the major regulatory aspects of translation initiation (eIF2-Met-
tRNA complex and elF4F transport of mRNA) are likely to be altered in certain cancers
(Clemens, 2004) suggest that the processes involved with PSI following ischemia could be
fundamentally altered in these cell types; hence, they are not adequate models for the study of
PSI. As demonstrated in our model, the activation state of a number of important translation
initiation regulatory proteins nearly completely recapitulate that seen in vivo (Figure 3.2).

In the present study, we confirmed that calpain was activated following OGD, and that
inhibition of calpain by overexpression of its endogenous inhibitor calpastatin was sufficient to
block decreases in eI[F4G. Calpain has been demonstrated to degrade elF4G in a cell free-assay
(Wyckoff et al., 1990), and it has been implicated in the degradation of eIF4G in brain following
ischemia (Neumar et al., 1996; Neumar et al., 1998). Importantly, our findings show that not
only does calpain inhibition by calpastatin block decreases in elF4G, it also abrogates ischemia-
induced persistent PSI and increases neuronal viability.

Calpain inhibition was recently shown to block NMDA- and nitric oxide- mediated
decreases in eIF4G in rat primary cortical cultures (Petegnief et al., 2008). However, an increase
in protein synthesis was not observed with calpain inhibition. The discrepancy between this
study and ours could be explained by the pharmacologic agents used to inhibit calpain as
opposed to the molecular inhibition used in this study. The pharmacologic agents could have

unknown off-target effects including inhibition of protein synthesis. Indeed, the authors did not
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find that calpain inhibition decreased NMDA-induced neuronal death (Petegnief et al., 2008).
This is in stark contrast to many studies demonstrating that calpain inhibition is neuroprotective
following excitotoxicity [for review see (Ray, 2006)].

Numerous attempts to identify preferential calpain cleavage sites have been unsuccessful
(Tompa et al., 2004; Cuerrier et al., 2005); therefore we employed a cell-free system in an
attempt to identify the calpain-mediated cleavage products of eI[F4G. Our cell-free assay
demonstrated that calpain readily cleaves eIF4G in to progressively smaller fragments with
increased time. This result was unexpected as calpain activation generally results in cleavage at
discrete sites on its substrates (Goll et al., 2003). Instead, the progressive cleavage of eIF4G is
more reminiscent of degradation as seen with 20S proteasomal processing of eIF4G than the site-
specific cleavage of calpain (Baugh and Pilipenko, 2004).

Despite many efforts, we were not able to identify the calpain cleavage sites or the
fragments of elF4G produced by proteolysis. However, we were able to detect an approximately
65kDa cleavage product with a C-terminal directed antibody in both our cell free assay and our
neuronal cultures following OGD that is similar to a band observed following focal ischemia
(Mengesdorf et al., 2002). This suggests that at least one product of calpain-mediated 4G
cleavage is conserved in vivo and may play a role in translation.

In an attempt to determine the biological significance of ischemia-induced elF4G
degradation on translation we examined the translation of various mRNA 5’UTRs linked to a
Renilla luciferase reporter. Our results confirmed our hypothesis that cap-dependent translation
is robustly and persistently inhibited due to decreased levels of eIF4G. Interestingly, none of the
viral or cellular IRES sequences were preferentially translated following in vitro ischemia,

including the HCV IRES which does not require elF4G for translation (Jackson, 2005). This
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suggests that other factors regulating IRES translation may be compromised. Of note, translation
of the VEGF IRES was sustained for up to 6 hours after ischemia. The reason for the sustained
translation of VEGF mRNA is not known, and the luciferase reporter method used may not
reveal other aspects governing VEGF mRNA stability. However, since VEGF is known to be
neuroprotective, further examination is warranted (Hansen et al., 2008; Lee et al., 2009).

The importance of protein synthesis in cell death is controversial as application of protein
synthesis inhibitors has been shown to induce programmed cell death in some cell types (Cotter
et al., 1990; Martin et al., 1990; Bushell et al., 2000) and to prevent death in others—especially
in neurons. Inhibition of protein synthesis with cycloheximide was shown to be neuroprotective
in cultured sympathetic neurons deprived of nerve growth factor (NGF) (Martin et al., 1988;
Scott and Davies, 1990), and pretreatment of cultured neurons with cycloheximide protected
neurons from OGD (Lobner and Choi, 1996; Meloni et al., 2002).

There are important differences between these studies and the current study in terms of
the models used, the time when CHX was applied and the concentration CHX used. First, the
insult of NGF deprivation is expectedly different from in vitro ischemia. Therefore induction of
programmed cell death may proceed by different mechanisms. Second, in the OGD studies,
CHX was applied 24h before the insult and could have resulted in altered gene transcription that
was neuroprotective when CHX was removed (i.e. preconditioning). Finally, the concentration
of CHX used, 1pg/ml (~3.6uM) for NGF deprivation (Martin et al., 1988) and 0.5 pg/ml
(~1.8uM) for protection from OGD (Lobner and Choi, 1996; Meloni et al., 2002), were much
less than was necessary in the current experiment to inhibit protein synthesis for 24h (50uM
corresponds to 14pg/ml CHX) (Figure 3.6C). This discrepancy could be due to different culture

densities plated and culture conditions compared with the current study. However, these studies
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did not present data demonstrating the effect of CHX treatment on viability. Baseline viability
data should be required when analyzing the effect of protein synthesis inhibitors in models of
cell death.

The results presented in this paper suggest that persistent PSI following OGD is related to
delayed neuronal death. Accordingly, addition of CHX at concentrations that severely decrease
protein synthesis for 24h exacerbated ischemia-induced neuronal death, while neuroprotection
provided by overexpression of either calpastatin or e[F4G increased protein synthesis. An
important finding of this paper is that the neuroprotective proteins did not prevent PSI, they
restored translation. This is an important distinction in terms of eventual neuroprotective
strategies as the aim for clinical neuroprotection is to prevent loss of brain after ischemia onset
where protein synthesis is already inhibited.

Restoration of protein synthesis is clearly important for maintenance of neuronal viability
following ischemia. Neuroprotection provided by eIF4G overexpression significantly increased
protein synthesis; however, neuroprotection by e[F4G was only partially due to restoration of
translation as treatment with CHX did not completely block the neuroprotective effect. Other
mechanisms must therefore be involved with the protective effect of eI[F4G. Recently, it was
demonstrated that eI[F4G was involved with preservation of bioenergetics and mitochondrial
activity along with suppression of autophagy (Ramirez-Valle et al., 2008). The potential role of
elF4G in regulating mitochondrial biogenesis and autophagy via protein synthesis-dependent and
—independent mechanisms is an enticing prospect for further study as both phenomena are
burgeoning fields in ischemia research (Vosler et al., 2009a).

In conclusion, we provide evidence that calpain-mediated degradation of elF4G is the

link between neuronal death and persistent PSI. Notably, neuroprotection provided by
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preservation of eIF4G levels is only partly due to restoration of ischemia-induced PSI. Future
studies should examine alternative mechanisms whereby elF4G confers neuroprotection.
Additional assessment of the types of mRNA translated and the mechanism of translation
following ischemia are also warranted. Further understanding of the role of elF4G and
potentially other factors regulating persistent PSI may lead to the development of novel

neuroprotective strategies.
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4.0 DISCUSSION OF THE FUTURE DIRECTION OF
SECONDARY ENERGY DEPLETION AND PERSISTENT

PROTEIN SYNTHESIS INHIBITION

4.1 INTRODUCTION

The previous chapters provide detailed experimental evidence regarding two major components
of ischemia research—secondary energy depletion and persistent protein synthesis inhibition.
Considering the extensive literature regarding energy depletion and PSI it would appear that
these two phenomena are independent of each other. The apparent commonality between them
is calpain activation. However, one piece of experimental evidence is lacking. That is the
demonstration that restoration of NAD" levels blocks subsequent mitochondrial calcium
dysregulation, thus providing a connection between loss of NAD" and calpain. While there is
limited data available to support this statement, there is a possibility that the neuroprotective
mechanism of e[F4G, other than its restoration of protein synthesis, is its involvement in
maintenance of cellular bioenergetics. These possibilities will be discussed in the following
sections. In addition, the main contemporary theories of the mechanisms governing persistent

PSI are discussed in relation to pathologic eIF4G degradation.
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4.2 SECONDARY ENERGY DEPLETION

Focal ischemia results in lack of blood flow and energy depletion below a CBF of
18ml/100mg/min. Upon reperfusion, however, energy is restored to baseline levels. Secondary
energy depletion is observed in the gradually progressing infarct area, suggesting that it is
involved in delayed neuronal death. The intracellular mechanisms governing energy depletion
have been worked out in great detail.

Briefly, increased intracellular calcium caused by NMDA receptor activation is buffered
by various cellular organelles including mitochondria. The increased calcium load increases
production of superoxide radicals that diffuse into the cytosol and interact with the NO produced
during NMDA receptor activation and form peroxynitrite. This is a ROS that potently damages
DNA, activating the DNA damage detection enzyme PARP-1. Overactivation of PARP-1 due to
extensive DNA damage severely depletes energy stores in the form of NAD" and concomitantly
releases PAR polymer.

Currently it is unknown whether NAD" depletion or excess PAR polymer formation
mediates mitochondrial calcium dysregulation. Furthermore, it is not known exactly how
mitochondrial calcium dysregulation occurs due to the two putative stimuli. A reasonable
hypothesis is that either NAD" depletion or PAR cause VDAC channels to open and allow
excess calcium entry. What is known is that mitochondrial calcium dysregulation activates
calpain that resides in its inner mitochondrial membrane. Activated calpain then cleaves a
number of substrates, including AIF to actuate delayed neuronal death.

Recently our lab examined the involvement of NAD" in the context of DNA repair

instigated by OGD in primary neurons (Wang et al., 2008). Repletion of NAD" prior to or up to
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1h after OGD profoundly increased neuronal viability and reduced DNA damage. The reduction
in DNA damage was associated with increased base-excision repair (BER); however, the
protective effect of NAD" was only partially due to restoration of BER activity, as genetic
silencing of the rate limiting BER enzyme, APEI, did not completely block neuroprotection
(Wang et al., 2008).

Collectively, this study demonstrates that preservation of NAD" is critical to maintain
activity of the essential process of DNA repair in response to ischemic injury. There are other
targets that also rely upon NAD" as an energy substrate that may also be involved with the
prosurvival effect of NAD". Oxidative phosphorylation in the mitochondria is a process that
necessitates large amounts of NAD" to produce the majority of cellular ATP. It has been argued
that since NAD" is compartmentalized in neurons that the mitochondrial store of NAD" is
resistant to PARP-1-mediated NAD" depletion in the nucleus (Ying et al., 2005; Alano et al.,
2007).

The counter argument can be provided that while initial depletion of NAD" may not
deplete mitochondrial pools, sustained activation of PARP-1 with continued depletion of nuclear
and cytosolic NAD" may indirectly decrease mitochondrial energy stores by increasing overall
intracellular energy demand. Further increases in energy demand following ischemia could push
the mitochondrial past a functional threshold leading to membrane compromise. This could
explain how PARP-1 overactivation and subsequent NAD" depletion would lead to
mitochondrial calcium dysregulation observed in our model (Figure 2.7). This would also
correlate well with the onset of secondary energy failure observed following focal ischemia.

Another plausible mechanism underlying NAD" protection is restoring the activity of the

class III histone deacetylases, particularly SIRT1. These NAD'-dependent nuclear enzymes
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function by deacetylating targets such as histones and transcription factors, and they have been
associated with increased life span promoted by calorie restriction (Fulco and Sartorelli, 2008).
Decreased SIRT1 activity is seen following PARP-1 mediated NAD -depletion and cell death in
heart (Pillai et al., 2005). Activity of SIRT1 is also important for protection against axonal
degeneration (Araki et al., 2004), and it is involved in the protective preconditioning effect of
resveratrol against OGD in brain slice (Raval et al., 2006).

We are currently exploring the role of SIRT1 involvement in NAD'-dependent
neuroprotection following NMDA exposure. We are examining the effect of NAD" on
maintenance of mitochondrial calcium regulation. The results of these studies will provide vital
understanding of the mechanisms underlying secondary energy failure provoked by ischemic

insult.

4.3 PERSISTENT PROTEIN SYNTHESIS INHIBITION

The data from Chapter 3 demonstrate that preventing degradation of elF4G is critical to recovery
of protein synthesis following ischemia and preservation of neuronal viability. The mechanisms
governing the neuroprotective effect of eI[F4G are both translation-dependent and —independent.
This forms the molecular basis underlying persistent PSI. In addition to the hypothesis that
elF4G degradation mediates persistent PSI, other postulates exist. Phenomena such as formation

of irreversible protein aggregates, stress granule and P-body (RNA degradation) formation,
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formation and persistence of RNA granules and translation-associated dysfunction of stress
responses are all implicated in persistent PSI (DeGracia et al., 2008). These phenomena are
discussed in relation to the pathological degradation of eIF4G.

Stress-induced PSI is a universal phenomenon, and transient PSI is an adaptive response
to manage stress. The function of PSI is suggested to serve a two-fold purpose. The first is to
block nascent peptide synthesis as increases in unfolded proteins would contribute to increased
cellular damage. The second function is to initiate the heat shock response, which consists of
selective translation of chaperone proteins that serve to reverse any damage caused by the stress
by refolding proteins and eventually restore normal translation (DeGracia and Hu, 2007).

The inhibition of protein synthesis caused by all stresses including ischemia has been
divided into three phases: initiation, maintenance, and termination (DeGracia and Hu, 2007).
The stages were recently refined to incorporate mRNA regulation or ribonomics (Tenenbaum et
al., 2002). The initiation phase is associated with protein synthesis regulation at the ribosomal
level, the maintenance phase refers to mRNA regulation and termination is governed by
successful execution of stress-response programs such as the UPR and heat shock response
(DeGracia et al., 2008). To facilitate discussion relevant to contemporary theory concerning
persistent PSI (DeGracia et al., 2008) the following sections discuss ischemia-related PSI in

terms of these three stages.

4.3.1 Initiation phase of translation arrest

One of the initial events following ischemia is dissociation of polysomes to block translation

initiation (Cooper et al., 1977). Dissociated polysomes, comprised of ribosomes, translation
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initiation factors and mRNA are released into the cytoplasm. It is known that ischemia results in
the formation of ubiquinated proteins in all ischemia-affected neurons (Hu et al., 2000; Hu et al.,
2001). The ubiquinated protein clusters are cleared in ischemia-resistant neurons, but remain in
the sensitive neurons such as the CA1 field (Hu et al., 2000; Hu et al., 2001; Liu et al., 2005b).
Ischemia-sensitive neurons additionally possess co-translational aggregates that sequester
components of the disassociated polysome including ribosomal subunits, initiation factors, co-
chaperones and components of the ubiquitin-proteasome apparatus (Liu et al., 2005b). The co-
translational protein aggregates were regarded as irreversible and were thus associated with
persistent PSI. Furthermore, reductions of co-translational aggregates were found following
ischemic preconditioning, a phenomenon of increased resistance to subsequent ischemia
following a sublethal insult (Liu et al., 2005a). The decreases in aggregates were associated with
preconditioning-induced upregulation of chaperones and of the ubiquitin-proteasomal response.
The sequestration of ribosomes into protein aggregates is not complete. Examination of
the relation between S6 ribosomal subunit and ubiquinated proteins in post-ischemia neurons
revealed only a partial co-localization as there was a large proportion of free-cytosolic S6
(DeGracia et al., 2007). Therefore, protein aggregation may only play a part in persistent PSI.
However, the S6 subunit and ubiquinated proteins were also associated with components of

stress granules (DeGracia et al., 2007), which leads to the maintenance stage of PSI.

4.3.2 Maintenance of PSI by RNA regulation

Stress granules (SGs) are dynamic cytoplasmic foci consisting of arrested translation initiation

complexes induced in cells by environmental stresses (Anderson and Kedersha, 2002; Kedersha
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and Anderson, 2002). The formation of SGs is thought to be an adaptive cellular mechanism
whereby the translation of housekeeping genes is suppressed while repair or cell death program
expression is enhanced (Kedersha and Anderson, 2002). The RNA-binding/prion-like protein,
T-cell internal antigen-1 (TIA-1), is an essential component of SGs. It exports out of the
nucleus following stress-induced phosphorylation of elF2, the key component of the ternary
complex that transports the initiator methionyl-transfer RNA to the ribosome (Kedersha et al.,
1999). TIA-1 forms SGs in the cytoplasm by binding untranslated mRNA and its associated
translation initiation machinery via its RNA-recognition motifs (RRM) and self-aggregating via
its prion-related domain (PRD) (Gilks et al., 2004). Removal of the RRM of TIA-1 prevents SG
formation and may attenuate the PSI caused by cellular stress (Gilks et al., 2004). Furthermore,
inhibition of TTA-1 increases translation of TIA-targeted mRNA (Lopez de Silanes et al., 2005).

SGs are formed in ischemia-exposed neurons in vivo (Kayali et al., 2005; DeGracia et al.,
2006). These studies revealed that TIA-1 co-localized with two markers of SGs, the small
ribosomal subunit (S6) and elF4G, in the hippocampus following global ischemia (Kayali et al.,
2005; DeGracia et al., 2006). Subsequent examination of the involvement of SGs in persistent
translation arrest revealed that SGs increased in all ischemia-affected brain regions, and that
sequestration of the small ribosomal subunit into SGs represented only a fraction of total 40S
ribosomes in neurons. Thus, regulation of 40S subunit by SGs cannot account for persistent PSI
(DeGracia et al., 2007).

Another process of mRNA maintenance during translation arrest involves selective
mRNA degradation. SGs confine select mRNAs until a molecular decision is made to either
reinitiate translation, store, or degrade the mRNA (Anderson and Kedersha, 2002; Kedersha and

Anderson, 2002; Kedersha et al., 2005). Following cellular stress, SGs can co-localize with
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another type of cytoplasmic foci, processing bodies (PBs), that contain mRNA degradation
enzymes (Kedersha et al., 2005). While there are many proteins exclusive to either SGs or PBs,
there are some common to both. One of these proteins, tristetraprolin (TTP), is associated with
both mRNA binding in SGs and mRNA decay (Lykke-Andersen and Wagner, 2005; Murata et
al., 2005). Overexpression of TTP results in an increase in SG and PB co-localization (Kedersha
et al., 2005). TTP may then bind to mRNA destined for degradation in SGs and transport them
into PBs where RNA degradation enzymes are located. However, degradation of mRNA does
not appear to play a role in persistent PSI as the co-localization of TTP with SGs occurs at
approximately 16h in all ischemia-affected neurons (Jamison et al., 2008).

Although RNA-degradation does not seem to play a role in persistent PSI, another
possibility has been revealed. Following ischemia, there is a redistribution of mRNA from a
diffuse cytoplasmic staining into a punctate pattern. These puncta, which are termed mRNA
granules, were present in all reperfused neurons. However, they eventually resolved in ischemia-
resistant neurons while they persisted in CA1 neurons. The mRNA granules contained poly-A-
binding protein (PABP), eIF4G and mRNA (Jamison et al., 2008). Importantly, TIA-1 and S6
were absent from the granules suggesting they are not components of SGs.

An interesting finding was that the mRNA granules also co-localized with HuR, a protein
that binds adenine-uridine rich elements (ARE) on specific mRNA and aids in their stabilization
(Brennan and Steitz, 2001). Additionally, the protein is involved in sequestering functionally
similar mRNA to putatively activate coordinated translation programs (Keene, 2007).
Association of HuR with mRNA granules was observed in all ischemia-resistant neurons;
however HuR did not associate with ischemia-sensitive neurons until 36h reperfusion (Jamison

et al., 2008), suggesting an impaired signaling to mRNA granules.
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4.3.3 Termination phase of PSI by activation of stress responses

The final phase of PSI following stress is the activation of the stress response. This phase is
mediated by the unfolded protein response (UPR) caused by ER-stress (Kaufman, 1999), and by
the heat shock response (HSR) to increase translation of chaperone proteins. An increase in
unfolded proteins or denatured proteins results in chaperones dissociating from stress actuators in
the ER and the cytosol. The ER stress response, mediated by the chaperone GRP-78 release of
PERK with subsequent PERK-dependent phosphorylation of elF2a (Kumar et al., 2001), inhibits
synthesis of constitutive proteins. The HSR is induced by an increase in dysfunctional proteins
in the cytosol (Voellmy and Boellmann, 2007).

As was previously discussed in the introduction, the UPR is rendered dysfunctional by
ischemia since translation is persistently inhibited (Kumar et al., 2003; Paschen et al., 2003).
Evidence has long been known of an impairment of the heat shock response in ischemia-
sensitive brain regions (Nowalk et al., 1985). It was discovered that mRNA of HSP70, an
inducible heat shock protein robustly increased with cellular stress, is present for prolonged
periods in ischemia-sensitive brain regions, but only transiently in ischemia-resistant areas
(Welsh et al., 1992). Moreover, successful translation of HSP70 only occurred in ischemia-
resistant neurons of the penumbra (Kinouchi et al., 1993).

This ties in with HuR localization to mRNA granules because translation of the heat
shock protein HSP70 correlates with early HuR localization to mRNA granules in ischemia-
resistant neurons, but HuR fails to localize to mRNA granules until 36h reperfusion in ischemia-

sensitive neurons (Jamison et al., 2008). This supports the suggestion that successful mounting
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of the HSR early after stress protects neurons from delayed death (DeGracia and Hu, 2007).
Indeed, HSP70 can reverse SG formation (Gilks et al., 2004) and may result in resumption of

translation. However, this remains to be demonstrated in post-ischemic neurons.

4.3.4 Relationship between elF4G and the phases of ischemia-induced PSI

Overall, in ischemia-sensitive neurons there appears to be a dysfunctional termination phase of
ischemia-induced PSI. One explanation is neurons that do not mount a HSR cannot alleviate the
stimuli that caused the initial PSI inhibition, thus PSI persists and there is a toxic accumulation
of misfolded proteins and protein aggregates. Neurons that can successfully mount and HSR
produce chaperone proteins that aid in refolding some proteins and may increase degradation of
severely damaged proteins. A flaw to this logic is that while PSI persists, the signals that initiate
PSI are transient. Namely, phosphorylation of eIF2a by PERK is transient and translation
inhibition is unaffected in PERK knock out mice following ischemia (Owen et al., 2005).
Another explanation is that ischemia-resistant neurons maintain levels of elF4G, while
elF4G is decreased in ischemia-sensitive neurons. Therefore, functional eIF4G may be
necessary to form the el[F4F complex to translate heat shock mRNA to mount the HSR and to
restore protein synthesis. This is suggested in our study examining the role of e[F4G in
persistent PSI and neuronal death. The maintenance of critical levels of eI[F4G may be necessary
for translation of HSR proteins such as HSP70. Indeed, the protective effect of e[F4G maybe
partially due to restoration of translation of HSP70. An experiment examining the induction of

HSP70 was not examined in our study, but it could easily be tested in subsequent experiments.
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Additionally, the restoration of protein synthesis by overexpression of eI[F4G may restore the
UPR to produce neuroprotection. Again, this could also be studied in our model.

Successful expression of the stress response could also alleviate the co-translational
aggregates seen in ischemia-sensitive neurons (Hu et al., 2000; Hu et al., 2001; Liu et al., 2005a;
Liu et al., 2005b). A functional HSR would increase chaperone function to decrease misfolded
proteins and increase elimination of defunct proteins. Thus, prolonged presence of co-
translational aggregates is the result of an impaired stress response, and theoretically can be
reversed if the stress response is repaired in a timely fashion.

Currently, it is not clear how HuR interacts with mRNA granules to induce HSP
translation. The mRNA granules consist of eI[F4G, PABP and mRNA in both ischemia-resistant
and —sensitive brain regions. Since elF4G is degraded in ischemia-sensitive neurons, the signal
for HuR to colocalize with mRNA granules may be lacking. Indeed, there is altered subcellular
localization of elF4G (DeGracia et al., 2006) that could account for lack of HuR localization.
However, it is unlikely that HSP70 would be translated even if HuR was located in the mRNA

granule because eIF4G is functionally compromised.

4.4 A POTENTIAL LINK BETWEEN EIF4G, SECONDARY ENERGY FAILURE AND

PERSITENT PROTEIN SYNTHESIS INHIBITION

Our results demonstrate that the neuroprotective effect of e[F4G is both protein synthesis-

dependent and —independent. The previous sections postulate a mechanism for the protein-
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synthesis dependent component of e[F4G to provide neuroprotection. A recent study has
provided a possibility for a protein-synthesis independent mechanism. By silencing elF4G
expression in MCF10A immortalized breast epithelial cells, the authors demonstrate that eIF4G
is responsible not only for the translation of important mRNA involved with bioenergetics and
mitochondrial activity, but it is linked to intracellular signaling involving nutrient sensing,
mitochondrial dysfunction and autophagy (Ramirez-Valle et al., 2008).

The mRNA regulated by elF4G included mitochondrial ribosomal proteins and proteins
involved with glucose homeostasis. It was also discovered that eIF4G silencing induced an
increase in the phosphorylation of the energy sensing kinase AMP kinase (AMPK) possibly due
to a decrease in ATP production. Phosphorylation of AMPK occurs when energy metabolism is
decreased as indicated by an increase in the AMP/ATP ratio (Fulco and Sartorelli, 2008).
Activated AMPK inhibits mammalian target of rapamycin (mTOR) (Inoki et al., 2003), an
important translation regulator that is activated by Akt in response to growth factors to increase
translation via elF4G (Holcik and Sonenberg, 2005).

It can be postulated that a decrease in elF4G could impair mitochondrial bioenergetics,
leading to an increased AMP/ATP ratio and the activation of AMPK, or eIF4G could be involved
with the signaling of AMPK. The increase in AMPK activation due to eIF4G depletion could be
caused by direct activation of a signaling cascade or indirectly by impairing mitochondrial
bioenergetics, leading to eventual decrease in ATP production and an increase in AMP/ATP
ratio. Degradation of eIF4G could thus simultaneously be linked to persistent PSI and secondary
energy failure. Indeed, activation of AMPK is known to be detrimental for ischemic brain as

genetic knockdown or pharmacologic inhibition of the o subunit of AMPK reduces infarct
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volume (Li et al., 2007). However, a direct relationship between el[F4G and AMPK in ischemic
brain has not been established.

Maintenance of elF4G levels in ischemic brain may also exert neuroprotective effects
through preservation of mitochondria and increased mitochondrial biogenesis. As stated above,
elF4G is involved with translation of mitochondrial ribosomal proteins and depletion of eIF4G
results in impaired mitochondrial membrane potential (Ramirez-Valle et al., 2008).
Mitochondrial biogenesis has recently received attention as a potential endogenous
neuroprotective mechanism (Vosler et al., 2009b). Future experiments could examine the effect
of e[F4G overexpression on mitochondrial membrane potential, ATP levels, mitochondrial DNA
content and mitochondrial proteins following ischemia to determine if eIF4G is involved with
mitochondrial biogenesis.

Finally, depletion of eIF4G was associated with an increase in autophagy as measured by
increased myosin light chain (LC) 3-II expression and increased binding of the autophagosome
specific dye monodansylcadaverine (Ramirez-Valle et al., 2008). The role of autophagy has
recently received substantial attention in ischemia research. Conditional genetic knock out of
important autophagy regulating proteins is neuroprotective in neonatal hypoxia-ischemia (Koike
et al., 2008) and pharmacologic inhibition of autophagy reduces infarct volume caused by focal
ischemia (Wen et al., 2008). Thus, maintenance of e[F4G levels could function to decrease

autophagy following ischemia to provide neuroprotection.
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4.5 SUMMARY

The purpose of this dissertation was to examine two major metabolic mediators of delayed
neuronal death caused by ischemia—secondary energy depletion and persistent protein synthesis
inhibition. Secondary energy depletion was indirectly examined in chapter 2 as a direct
mechanism linking decreased NAD" and mitochondrial dysfunction has not been provided.
However, a novel connection between PARP-1 activation and calpain-mediated AIF release was
established via mitochondrial calcium dysregulation.

Chapter 3 examined the role degradation of the important translation initiation factor
elF4G had in mediating persistent protein synthesis inhibition and delayed neuronal death. The
data clearly demonstrate that maintenance of critical levels of eIF4G is essential to preserving
neuronal viability. Neuroprotection due to increased protein synthesis was discussed in terms of
enabling damaged neurons to enact a functional stress response.

Interestingly, protection due to increased levels of a translation initiation factor was also
due to a protein synthesis-independent mechanism. Prospective mechanisms of protein
synthesis-independent eIF4G mediated neuroprotection are via increased mitochondrial
biogenesis, decreasing autophagy and possibly via protection against secondary energy
depletion. Thus, eIF4G could be involved with both major metabolic disturbances governing
ischemia-induced neuronal death.

Eukaryotic initiation factor 4G thus plays an extremely important role in maintenance of

cellular viability. It will be of great interest to entirely delineate the breadth of the function of
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elF4G in ischemia and under physiologic conditions. The research presented in this dissertation
provides a novel perspective regarding the mechanisms underlying delayed neuronal death and

may eventually lead to the development of clinically applicable neuroprotective strategies.
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