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ABSTRACT OF DISSERTATION

GLUCOCORTICOIDS EXACERBATE HYPOXIA INDUCED NEURONAL
DEATH IN THE DEVELOPING RAT CORTEX THROUGH REGULATION OF

THE PRO-APOPTOTIC GENE BNIP3

‘Dexamethasone (DEX) is a synthetic glucocorticoid that is prescribed to treat
premature infants with bronchopulmonary dysplasia. However, glucocorticoids
exacerbate metabolic insults, such as hypoxia-ischemia, in the rat brain. Furthermore,
DEX, acting independent of a secondary insult, induces apoptosis in the developing
rat cortex and hippocampus. In the adult rat hippocampus, DEX-induced apoptosis is
attributed to. Bcl-2 family member regulation, but in the developing brain the putative
effector proteins for DEX-mediated apoptosis have yet to be identified.

Bnip3 is a pro-apoptotic Bcl-2 family member that is upregulated in the
mature rat brain during hypoxia-ischemia. Since Bnip3 is a hypoxic responsive gene,
the experiments in this dissertation investigate Bnip3 as a putative effector protein for
glucocorticoid exacerbation of hypoxic insults in the developing rat cortex. In chapter
3, I determined Bnip3 localization and mRNA ontogeny in the postnatal rat brain to
identify brain regions and ages that may be susceptible to hypoxic insults. Bnip3
mRNA was localized to the neonatal cortex and hippocampus. Furthermore, Bnip3

mRNA levels were found to be greatest at postnatal day 6.5 in the female anterior and
iii
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posterior cingulate cortices and hippocémpus. Conversely, in the male brain Bnip3
mRNA was only increased in the anterior cingulate cortex and this was at postnatal
day 6.5.

In chapter 4, 1 subsequently investigated glucocorticoid and hypoxia
interactions of Bnip3 mRNA regulation. I found that Bnip3 mRNA expression was
increased in neonatal rat pups treated with DEX. An increase in Bnip3 mRNA was
also measured in primary cortical neurons 72 hours after treatment with RU28362, a

: glucocorticoid receptor selective. agonist. In cortical neurons, hypoxia increased
Bnip3 mRNA expression and this was exacerbated with RU28362 treatment. This
treatment paradigm also corresponded to decreased cell viability. Glucocorticoid and
hypoxia regulation of the Bnip3 promoter was found to be mediated by a
glucocorticoid response element and hypoxic response element. Finally, Bnip3 over-
expression in cortical neurons increased cell death. This effect was eliminated when
the Bnip3 transmembrane domain was removed. Cumulatively, these studies identify
a novel pathway in the developing cortex through which glucocorticoids may

exacerbate a metabolic insult, such as hypoxia.
Ursula Susan Sandau
Department of Biomedical Sciences
Colorado State University

Fort Collins, CO 80523
Summer 2006

v

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGMENTS

I sincerely thank my advisof Dr. Robert J. Handa for his guidance and advice
in regards to both scientific and non-scientific quéstions. I especially appreciate and
respect his mentoring style, which I feel has prepared me for addressing future
scientific questions and career choices. I would also like to thank my current
committee members, Drs. Robert McGivérn, Kathryn Partin and Stuart Tobet, and my
formér committee member Dr. F. Edward Dudek who each gave me critiéal, but
helpful advice on my dissertation work. I also thank my first scientific mentor Dr.
Nicole Perna who sparked my interest in academic research. I appreciate the time
each of these mentors has spent to help me build a strong foundation for the next
stage éf my life. I am also grateful for all the Handa Lab members that I had the
pleasure working with during the last five years. Each Handa Lab member assisted
the progress of my work by either teaching me a technique, asking tough questions or
simple being supportive during the rough times. I am also thankful for all the

- supportive faculty, staff and students of the Biomedical Sciences Department, who

made my graduate education a pleasure.

I must also thank my family for there continuous support and love during this
period. First I thank my parents, Carol and Udo, who have encouraged my pursuit for
higher education since childhood. I also thank my husband Erik Grotbeck whose

extra effort during the last five years made my graduate education possible.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



To Erik and all of my loving family members

vi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

ABSTRACT ..ooceveeevemssimesssesesesssesssesesiomsessssssesssssesmmmssssssessessesermmessessssessssmmess iii
ACKNOWLEDGMENTS........ooooroneeerreeeeeeereesessesesesssesseesssssssessessessesessssesemmmamesseen v
DEDICATION. .o vi
9 S 0) 2Bz (610123 X oS S ix
19 SN 0) ol VN 19 =1 eeeeeeeeeemeeee e essem e sseseeees xi
CHAPTER

1.  GENERAL INTRODUCTION. ........ecoueeeereneeeeeseeeeeennennns Lol

2. REVIEW OF LITERATURE

Mechanisms of Cell Death: Apoptosis, Autophagy and Necrosis.. 7

Naturally Occurring Cell Death in the Developing CNS............ 22
Hypoxia and the CNS..........coviuiiiiiiniiniiiieenereineeneanns 32
Bnip3: Structure, Function and Regulation............................ 40
Glucocorticoid Receptor Localization, Structure and Function..... 50 -
Glucocorticoid Neuroendangerment............oceevvveenininnennnnn 67
Clinical Implications..........couvvevrueiiirneiieieiieiieeneneanen. 77
Summary, Hypothesis and Specific Aims..............cccevennnnen. 84

3. Localization and developmental ontogeny of the pro-apoptotic Bnip3
mRNA in the postnatal rat cortex and hippocampus

PN o1 ¢ o1 88
INtrodUCHION. ....vt ittt et 89
Materials and Methods..........coeviviiiiiiiiiiiiiieiii e 91
Results......oooiiiiiii 97
| D) T 11T (o) + D R 103

4. Glucocorticoid exacerbation of hypoxia induced neuronal death and
expression of the pro-apoptotic Bnip3 in the developing cortex

vii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1107 0 Tvt 5 L) 1 P 112

Materials and Methods. .......ovviiiiiiiiiiiiiiiee e 114

RESUIES. ettt ettt ettt ieeies e esessannnnnnns 126

1D R Tu ) 13 (o) 1 143

5. DISCUSSION. .....oeeeeeeeeeeeeeeee e e ee oo e e e e 149
00451 T U T3 ()1 P 176
REFERENCES.....ov oo e e e, S 177
LIST OF ABBREVIATIONS . ...ttttiiittiiieiite it enteenaeeranesrasneeennees 213

viii

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Chapter 2:

1. Schematic illustration depicting the Bcl-2 homology (BH) domains of
the pro- and anti-apoptotic Bcl-2 family members.............c.ccoeueee. 11

2. Schematic diagram illustrating the three putative mechanisms of

3. Schematic diagram illustrating hypoxic-regulation of HIF-1a.......... 34

4. Schematic diagram illustrating Bnip3 protein structure with the relative
locations of the Bcl-2 homology domain-3 (BH3) and transmembrane
(TM) dOMAIN. ....uvieiiniiiiitiiieieiiiierteeieetateieerreeesetatransenens 43

5. Schematic diagram illustrating the known mechanisms of Bnip3 gen
(161 v 010190 | DR PP .. 46

6. Schematic illustration depicting the protein structure of the GR and
mechanisms of GR mediated gene transcription.............c.ccvvvene. 52

7. Ligand bound steroid receptors induce géne transcription via recruitment
of coregulatory proteins that alter histone acetylation and subsequently
chromatin COIlING........oviitiiiiriiiiir it e e 57

8. GR mediated transcription is altered by additional transcription
22161 () ¢ S PP 64

Chapter 3:

9. In situ hybridization of Bnip3 mRNA expression in developing male
and female rat brain.............coiiiiiiiiiiiirii e, 99

10. Comparison of Bnip3 mRNA expression in the anterior cingulated
cortex, posterior cingulate cortex and hippocampus of male and

femalerats on PND 4 and PND 7.........ccoviiiiniiiininiiiiiiiiinnnnn, 100
11. Developmental ontogeny of Bnip3 mRNA expression in the rat
anterior and posterior cingulate cortices and hippocampus.............. 102
ix

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4:

12. Photomicrographs showing in situ hybridization ahalysis of Bnip3
mRNA expression in DEX treated rats...............c..cooinin 127
13. DEX upregulates Bnip3 mRNA expression in the neonatal anterior
and posterior cingulate cortices and hippocampus........................ 128
14. A GR selective agonist increases Bnip3 mRNA expression and
induces cell death in primary cortical neurons................. eereeaae 130
15. Hypoxia increases Bnip3 mRNA levels in primary cortical neurons ‘
through the hypoxic response element...............cc.coooiiiiiia.. .. 132
16. Glucocorticoids enhance hypoxia induced Bnip3 mRNA expression
in primary cortical neurons.......... O PP PPN 134
17. The GR selective agonist RU28362 enhances hypoxia-induced death
of primary cortical NeUrons. ........c.coeeviiiiiiriiiniinriiiienieennnan 136
18. Over-expression of Bnip3 in primary cortical neurons induces cell
death. . ..o e 137
19. GR induces Bnip3 promoter activity in primary cortical neurons...... 139
20. The Bnip3 promoter region containing the putative GRE2 is
responsive to activated GR...........coociiiiiiiiiiiiiiinn e 140
21. GR regulation of Bnip3 gene transcription is mediated through a
L€ 2 2 142
Chapter 5:
22. Schematic illustration depicting the putative regulation and actions
of Bnip3 during NOCD.......c.ccciiiiiiiiiiiiiiiiinenn 158
23. Schematic illustration depicting the putative regulation and actions

of Bnip3 during either normoxic, hypoxic or glucocorticoid plus
hypoxic conditions.................. ettt e et aanas 166-167

Reproduced with permission of the

copyright owner. Further reproduction prohibited without permission.



LIST OF TABLES

1. Division of the Bcl-2 gene family members into pro- and anti-apoptotic
SUDTAMILIES. .. et e ee e e e e aaes 10

2. Bnip3 mRNA (pg/ng cDNA) levels in the anterior cingulate cortex, posterior
cingulate cortex and hippocampus of postnatal GDX and intact male rats and
TP and vehicle treated female rats.............ccccooiiiiiiiiiiiiiiiiiiiie e 104

Xi

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 1
General Introduction

Infants born prior to 36 weeks of gestation are susceptible to developing the

chronic lung disease bronchopulmonary dysplasia. Several lines of research report
' that hypoxia, which is a symptom of premature birth and bronchopulmonary

dysplasia, 'results in abnormal human brain development. For example, premature
infants diagnosed with bronchopulmonary dysplasia exhibit increased levels of
cerebral cortical apoptosis and central nervous system (CNS) complications (Hargitai
et al., 2001). Furthermore, prematurity and hypoxia-ischemia correlate with a higher
incidence of behavioral disorders, such as schizophrenia (Jones and Cannon, 1998;
Dalman et al., 1999) and attention deficit disorder (Krageloh-Mann et al., 1999). |

Bronchopulmonary dysplasia is commonly treated with the synthetic
glucocorticoid Dexamethasone (DEX) (Adams and Cory, 1998; Halliday, 1999).
Furthermore, the DEX use in premature infants is correlated with a 34% increase in
the incidence of cerebral palsy compared to children treated with saline (Shinwell et
al., 2000). Infants that receive glucocorticoid treatment are also predisposed to
developing neurological abnormalities, neuromotor dysfunction and schizophrenia in
adulthood (Fitzhardinge et al., 1974; Gibson et al., 1993; Bos et al., 1998; Shrivastava

et al., 2000; Koenig et al., 2002). Cumulatively, these clinical observations suggest
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that glucocorticoids act synergistically with hypoxia to alter normal CNS
development.

Studies utilizing both in vivo and in vitro approaches provide additional
evidence that glucocorticoids act as neuroendangering compounds. Glucocorticoids
administered to the adult rat causes a decrease in anterior cingulate cortex volume
(Cerqueira et al.? 2005). Furthermore, in the postnatal rat brain glucocoﬁicoids
decrease the number of cortical neurons (Kreider et al., 2006). Glucocorticoids also
exacerbate infarcts attributed to secondary metabolic insults such as kainic acid and
hypoxia-ischemia (Sapolsky and Pulsinelli, 1985; Sapolsky, 1986b; Roy and
Sapolsky, 2003). In vitro studies also reveal that glucocorticoids modulate hypoxia-
responsive gene expression (Kodama et al, 2003; Leonard et al, 2005)

The neuroendangering aspects of glucocorticoids are mediated by the
glucocorticoid receptor (GR). Ligand activated GR predominantly regulates cellular
function by either inducing or répressing transcription of glucocorticoid responsive
genes (Becker et al., 1986; Wright et al., 1993). For example, activated GR modﬁlates
hypoxic responsive gene éxpression via transactivation of the hypoxia-regulated
transcription factor, hypoxia inducible factor-1 (HIF1) (Kodama et al., 2003; Leonard
et al., 2005). Studies also reveal that activated GR influences the onset of apoptosis
by regulating pro- and anti-apoptotic Bcl-2 family member expression.

Apoptosis is the genetically regulated mechanism employed by the CNS to
eliminate cells either during the normal developmental process or in response to
injuries, such as hypoxia and glucocorticoid treatment. The Bcl-2 gene family serves

as the mediators for apoptosis and is composed of genes that function in either a pro-
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or anti-apoptotic fashion. The pro-apoptotic members are further classified into two
subfamilies based on the Bcl-2 homology (BH) domains possessed. Bax, Bak, and
Bok posses multiple BH domains and characteristically act as the effectors to
mitochondria membrane disruption. The remaining pro-apoptotic memﬁers are in the
Bcl-2 homology domain 3 (BH3)-only subfamily (Adéms and Cory, 1998). Typically,
the BH3-only members initiate cell death by responding to an apoptotic stimulus and
subsequently interacting with either a multi-domain member or anti-apoptotic

" member (Yin et al., 1994a; Cheng et al., 2001; Wei et al., 2001; Letai et al., 2002).

Bcl-2 and 19 kDa interacting protein-3 (Bnip3) is a unique pro-apoptotic
member of the BH3-only subfamily. Bnip3 is classified into this family based on
limited shared sequencé homology of the BH3 and transmembrane (TM) domains
(Boyd et al., 1994; Yasuda et al., 1998). Unlike the other BH3-only members, Bnip3
does not require the BH3 domain to induce apoptosis or to heterodimerize with either
Bcl-2 or Bcl-X.. Conversely, localization to the mitochondria, as well as
heterodimerization of Bnip3 with Bcl-2 or Bcl-X;. and subsequent cell death are a
result of the NH; terminus and TM domain (Chen et al., 1997a; Ray et al., 2000).
Furthermore, over-expression of Bcl-2 and Bcl-X| are unable to circumvent cell death
induced by Bnip3 (Raly et al., 2000), suggesting that Bnip3 can act independently to
induce apoptosis.
Bnip3 is also unique in that it is directly regulated by hypoxia through HIF1

bindihg to a hypoxic response element (HRE) within the Bnip3 promoter (Bruick,
2000). Furthermore, studies in the adult rat brain reveal that hypoxié induces cell

death by regulating Bnip3 actions. In response to hypoxic-ischemic insult, Bnip3
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protein levels are elevated in the adult rat hippocampus, cortex and striatum and this
increase in Bnip3 expression closely parallels an increase in hypoxia-induced cell
death in these regibns (Schmidt-Kastner et al., 2004; Althaus et al., 2006). In the
neonatal rat cortex, hypbxia also initiates apoptosis; however, the effector protein that
mediates hypoxic-induced cell death in the postnatal brain has yet to be determined.

| Bcl-2 family member recruitment and regulation governs the apoptotic
process, but varies depending on the cell type, age, or the apoptotic stimulus. For
example, studies report that glucocorticoids select for apoptosis in the juvenile and
adult rat dentate gyrus by upregulating the pro-apoptotic protein Bax and
downregulating the anti-apoptotic proteins Bcl-2 and Bel-X;, (Almeida et al., 2000;
Crochemore et al., 2005). Conversely, DEX administered to the postnatal rat does not
alter expression of either Bcl-2 or Bax mRNA and protein in the Ammon’s horn
pyramidal neurons and dentate gyrus granule cells (Tan et al., 2002) despite reports of
DEX-induced cell death (Kreider et al., 2005). These results suggest different
mechanisms of glucocorticoid neuroendangerment exist depending on the
developmental period.

Based on these reports, 1 hypothesizéd that glucocorticoids exacerbate
hypoxia induced cortical neuron death, thereby altering normal CNS development.
Further, the glucocorticoid enhancement of hypoxia cell death is mediated by GR
modulation of hypoxia induced Bnip3 expression. The two research chapters in this
dissertation address this hypothesis, with chapter 3 characterizing Bnip3 expression
and ontogeny in the developing rat brain and chapter 4 investigating glucocorticoid

and hypoxia regulation of Bnip3 and cell death in the cortex.
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Postnatal development of the rat CNS is characterized by a périod of naturaily
occurring cell death (NOCD) in the cerebral cortex and hippocampus that peaks
during the first postnatal week (Gould et al., 1991; Ferrer et al., 1994b; Spreafico et
al., 1995). Despite these reports of NOCD in the postnatal rat brain, lirﬂited studies‘
have been performed to determine the developmental ontogeny of potential effector
proteins (Castren et al., 1994; Ferrer et al., 1994a; Vekrellis et al., 1997; Hamner et
al., 1999; Rickman et al., 1999; Mooney and Miller, 2000; Groc et al., 2001; Vinet et

: al., 2002). Consequently, the experiments described in the first research chapter
(chapter 3) address the localization and developmental ontogeny of Bnip3 mRNA in
the anterior and posterior cingulate cortices and hippocampus of the postnatal male
and female rat brain. The experiments identified a transient increase in Bnip3 mRNA
expression on postnatal day (PND) 6.5 in the male and female anterior cingulate
cortex. Furthermore, a transient increase in Bnip3 mRNA expression wés also
identified on PND 6.5 in the female posterior cingulate cortex and hippocafnpus, but
not in the male. These experiments were performed in order to establish an expression
profile for Bnip3 in the developing brain, which also correlates with the period of
elevated NOCD. Furthermore, these studies also indicate regions and ages of the
developing rat brain which may be susceptible to insults resulting in Bnip3 mediated
cell death, such as hypoxia.

The second research chapter (chapter 4) describes studies, which first
investigate glucocorticoid upregulation of Bnip3 mRNA expression in the postnatal
male and female rat cortex and in primary cortical neurons. The subsequent

experiments address the putative glucocorticoid exacerbation of hypoxia induced
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Bnip3 mRNA expression in primary cortical neurons. The mechanism(s) governing
the glucocorticoid and hypoxia regulation of Bnip3 transcription are also investigated
using Bnip3 promoter reporter luciferase reporter constructs. The gene transcription
studies indicate that Bnip3 is regulated by GR and hypoxia via a glucocorticoid
.response element (GRE) and HRE within the Bnip3 promoter, respectively.
Glucocorticoids were found to exacerbate hypoxia induced Bnip3 mRNA expression;
which also correlates with an increase in cell death. A final set of experiments
establish that over-expression of Bnip3 indepeﬁdently induces primary cortical
neuron death, which is dependent on the TM domain of the Bnip3 protein.
Cumulatively these studies identify a novel mechanism by which glucocorticoids

endanger the developing CNS.
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Chapter 2
Literature Review

1. Mechanisms of Cell Death: Apoptosis, Autophagy and Necrosis

All living cells must undergo death, either as a result of injury or as a

" consequence of the natural aging process. However, the mechanisms of cell death

vary depending on the dying cell’s age and type as well as the initiating stimulus.
Three categories of cell death were defined by Schweichel and Mefker (1973) based
on the morphological changes of the dying cell. Type I cell death, }previously
identified as apoptosis by Kerr et al., (1972), is characterized by chromatin
condensation, DNA fragmentation and apoptotic body formation. Type II cell death
or autophagy, has extensive cytoplasmic vacuoles that are lysosomal in nature
(Schweichel and Merker, 1973; Yuan et al., 2003). Finally, type III cell death,
necrosis, is characterized by the rapid swelling of intracellular organelles, such as the
mitochondria, which results in plasma and nuclear membrane disruption (Schweichel
and Merker, 1973; Syntichaki and Tavernarakis, 2002).

Unfortunately, the morphological features for the three cell death types are not
clearly delineated; for example, nucleus pyknosis and membrane blebbing, both
typical apoptosis ché'racteristics, are also associated with end stage autophagy (Yuan
et al., 2003). Additionally, cytoplasmic vacuole formation is present in both necrotic

and autophagic cells (Yuan et al., 2003; Marino and Lopez-Otin, 2004). Therefore,
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when identifying the mechanism of cell death both the morphological features and
biochemical process should be considered. The following sections further define the
morphological and biochemical properties associated with apoptosis, autophagy and
necrosis; as well as the putative roles for each cell death type in the central nervous
system (CNS).
Apoptosis

Apoptosis, also referred to as programmed cell death, has been extensively
characterized. Apoptosis is a genetically regulated mechanism involving RNA and
protein synthesis (Adams and Cory, 1998; Putcha et al., 2001). Activation of catalytic
enzymes, such as caspase-3, -8 and-9, also occurs which leads to downstream events
including DNA fragmentation and cell death (Reed, 2000). Apoptosis mediated cell
death is characterized by morphological features such as chromatin fragmentation,
nuclear condensation and pyknosis, swelling and fragmentation of the cytoplasm,
apoptotic body formation and cell condensation (Kerr et al., 1972; Schweichel and
Merker, 1973). A&ditionally, apoptotic cells do not burst during the cell death process
(Kerr et al., 1972), but are instead phagocytized by neighboring cells (Duvall et al.,
1985; Savill et al., 1993). Compared to necrosis, the apoptotic process is slow and
potentially reversible. Additionally, apoptosis is an energy demanding process as
adenosine triphosphate (ATP) is necessary for nuclear condensation and DNA
fragmentation (Leist et al., 1997).
The Bcl-2 gene family: Mediators of apoptosis

There are two distinct apoptosis mechanisms that initiate cell death, the

intrinsic and extrinsic pathways. Pro- and anti-apoptotic proteins that are Bcl-2 family
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members act as mediators for both pathways. The intrinsic pathway is completely
dependent on the Bcl-2 family members, while under certain circﬁ_mstances the
extrinsic pathway may circumvent these proteins. The Bcl-2 family is composed of a
group of genes that function in either a pro- or anti-apoptotic fashion. I-.I'owever, all
members of the Bcl-2 gene family share homology with at least one of the four
conserved Bcl-2 homology (BH) domains (Table 1).

Bcl-2 is an anti-apoptotic Bcl-2 gene family member and encodes all four BH

" domains (Fig. 1). The other anti-apoptotic family members include the genes Bcl-X,

Bcl-w, Boo, A1 and MCL-1, each of thése gehes possess at least BH1, 2 and 3
domains (Tsujimoto et al., 1985; Boise et al., 1993; Gibson et al., 1996; Adams and
Cory, 1998, , 2001). The anti-apoptotic members act to stabilize the mitochondrial
membrane and prevent the onset of apoptosis in the absence of a stimulus. The pro-
apoptotic Bcl-2 family members are further divided into two sub-families based on
the number of BH domains they possess. The members of one sub-family posses
multiple Bcl-2 homology domains and include Bax, Bak and Bok. These members
have the BH1, 2 and 3 domains (Adams and Cory, 2001). The second group
possesses only the BH3 domain (hence their designation as BH3-only proteins) and
includes members such as Bnip3, Bik, Bim, Bad and Bid (Boyd et al., 1994; Yang et
al., 1995; Wang et al., 1996; O'Connor et al., 1998; Oda et al., 2000).

The BH domains possessed by the pro- and anti-apoptotic Bcl-2 gene family
members typically mediates the proteins’ actions. For a majority of the Bcl-2 family
members the BH domains are sites of protein-protein interactions between the BH3-

only members and the multi-domain members; as well as between the pro- and anti-
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Table 1

Division of the Bcl-2 gene family members into pro- and anti-apoptotic

subfamilies
Anti-apoptotic Pro-apoptotic Pro-apoptotic
(multi-domain subfamily) (BH3-only subfamily)
Bcl-2 Bax Bnip3
Bel-X, Bak Bim
Bcl-W Bok Bid
Boo Bad
Al : Nix
MCL-1 Bik
Puma
Noxa

Pro- and anti-apoptotic Bcl-2 family member characterization. The anti-apoptotic
members, which all possess at least BH domains 1, 2 and 3, are listed. The pro-
apoptotic members are divided into the two subfamilies. The multi-domain members
posses the BH domains 1, 2 and 3; while the BH3-0only members posses BH domain
3. Bnip3 is the BH3-only pro-apoptotic Bcl-2 family member depicted in bold font.

10
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Anti-apoptotic: Bcl-2, Bel-X|,

[N B B[ B2 ]

Pro-apoptotic (multi-domain): Bax, Bak, Bok

| I [BHi| [BH2] IN]

Pro-apoptotic (BH3-only): Bnip3, Bad, Bim

l | 1

Figure 1. Schematic illustration depicting the Bcl-2 homology (BH) domains of the
pro- and anti-apoptotic Bcl-2 family members. Upper illustration depicts the anti-
apoptotic proteins, Bcl-2 and Bel-XL, with the relative locations of the
transmembrane (TM) and BH1, 2, 3 and 4 domains. Middle illustration depicts the
pro-apoptotic multi-domain proteins Bax, Bak and Bok with the relative locations of
the TM and BH1, 2 and 3 domains. Lower illustration depicts the pro-apoptotic BH3-
only proteins Bnip3 and Bad with the relative locations of the TM and BH3 domains.

11
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apoptotic Bcl-2 family members (Yin et al., 1994a; Muchmore et al.., 1996).
Additionally, the pro- or anti-apoptotic properties of the proteins are generally
conferred by the BH domains. Even though each family member shares the conserved
BH3 domain, the processes by which the pro-apoptotic members initiaté cell death
are not conserved. One typical mechanism by which apoptosié is initiated results from
an interaction between a BH3-only and multi-domain member. During this process,
tﬁe BH3-only member acts as the intermediate between an apoptotic stimulus and

" multi-domain member activation (Wei et al., 2001; Letai et al., 2002). The BH3-only
member, initiates cell death by inserting the amphipathic a-helix BH3 domain into
the hydrophobic cleft formed by the BH1, BH2 and BH3 domains of a multi-domain
family member (Yin et al., 1994a; Muchmore et al., 1996; Sattler et al., 1997; Letai et
al., 2002). The multi-domain member is subsequently activated, translocates to the
mitochondrial membrane, heterodimerizes with an anti-apoptotic member and
disrupts mitochondria fﬁnction (Heimlich et al., 2004). Furthermore, studies indicate
apoptosis initiated by a BH3-only member requires the downstream activation multi-
domain member (Wei et al., 2001; Zong et al., 2001). For example, the direct
interaction of the BH3-only proteins, Bim and Bad, with anti-apoptotic Bcl-2 fails to
induce cell death in the absence of the multi-domain members, Bax and Bak (Zong et
al., 2001). However, not all cell death mechanisms undergo this process. For
example, the multi-domain member Bax can initiate apoptosis by forming a pore in
the mitochondria membrane independent of heterodimerization with an anti-apoptotic
member (Zha et al., 1996; Ishibashi et al., 1998; Nouraini et al., 2000). Additional

studies reveal that the BH3-only members, Bad and Bik, indirectly induce apoptosis

12
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by sequestering the anti-apoptotic Bcl-2 and Bcl-X. proteins and enhancing a cell’s
susceptibility to cell death (Letai et al., 2002). Conversely, the anti-apoptotic
members are capable of preventing cell death by sequestering the BH3-only
members and preventing Bax and Bak activation (Cheng et al., 2001).
The mitochondria and apoptosis
The intrinsic and extrinsic apoptotic pathways are regulated by distinct

| mechanisms; however, mitochondrial function is disrupted in both. Putative
alterations in mitochondrial function, which leads to cell death, include: loss of
mitochbndn'al membrane potential, disruption of oxidative phosphorylation, electron
transport chain collapse and generation of reactive oxygen species (Zamzami et al.,
1996; Cai and Jones, 1998; Kroemer and Reed, 2000).

Mitochondria are organelles composed of two well defined spaces, the matrix
and intermembrane space, which are demarcated by the inner and outer mitochondrial
membranes. The inner membrane contains the proteins ATP synthase, adenine
nucleotide translocator (ANT) and protein complexes that constitute the electron
transport chain. These proteins produce the majority of a cell’s ATP supply by
shuﬁling protons across the inner membrane. Normal mitochondrial function is
characterized by an electrochemical gradient present between the intermembrane
space and matrix. The subsequent flow of protons down the electrochemical gradient
mediates ATP synthase’s conversion of ADP to ATP. An apoptotic stimulus can
disrupt the inner and outer mitochondrial membranes, consequently collapsing the

electrochemical gradient, releasing apoptogenic factors and inducing cell death.
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Mitochondria membrane permeabilization (MMP) occurs through the
disruption of either the outer or both the inner and outer mitochondrial membranes.
The disruption of either membrane collapses the electrochemical gradient and
releases the pro-apoptotic factors cytochrome ¢ and apoptosis inducing .factor. Three
putative mechanisms of MMP have been described (Fig. 2). The first mechanism
opens the mitochondria permeability transition (PT) pore, which spans both the inner
and outer membranes and is permeant to molecules that are up to 1.5kD in size

" (Kroemer and Reed, 2000). The PT pore forms at places where voltage dependeﬁt
anion channel (VDAC) and ANT interact, thﬁs bringing the inner and outer
membranes into close proximity (Adams and Cory, 2001). However, the PT pore can
also open independent ANT (Kokoszka et al., 2004). The exact mechanisms that
initiate PT pore opening are not yet clearly identified; however, pro-apoptotic Bcl-2
family member activation, a change in voltage across the electrochemical gradient,
ANT ligaﬁds, caspases and cyclosporin A have all been implicated (Zamzami et al.,
1996; Vander Heiden et al., 1999; Hengartner, 2000). Opening of the PT pore is
followed by matrix swelling, electrochemical gradient loss and disintegration of the
outer membrane (Kroemer and Reed, 2000). The second and third mechanisms do not
directly involve the inner mitochondrial membrane. The second mechanism results
from the interaction of pro-apoptotic Bcl-2 family members, such as Bax and Bak,

| with VDAC (Shimizu et al., 1999). II:l normal conditions VDAC is permeable to
solutes up to 5 KD and is stabilized by the anti-apoptotic Bcl-2. However, Bax
interaction with VDAC alters the channels properties and it becomes permeant to

apoptotic factors such as cytochrome c. The final mechanism is the direct result of the
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Figure 2. Schematic diagram illustrating the three putative mechanisms of MMP. (A)
PT pore opening occurs at contact sites between the inner membrane (IM) and outer
membrane (OM) and is mediated by VDAC and ANT interaction. PT pore opening
causes matrix swelling and disrupts electrochemical gradient. (B) VDAC is opened
by pro-apoptotic proteins such as Bax, which releases apoptosis inducing factors such
as cytochrome c (cyt ¢) from intermembrane space. (C) Pro-apoptotic proteins
directly disrupt the OM by forming a pore and releasing cyt c
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pro-apoptotic members forming a pore in the outer membrane, causing selective
outer membrane permeabilization and cytochrome c release (Eskes et al., 2000).
Despite these differences in the mechanisms mitochondrial disruption is a component
of apoptosis.
Intrinsic and extrinsic cell death pathways

The intrinsic pathway is initiated by an apoptotic stimulus that activates a pro-
apoptotic Bcl-2 family member, disrupts the mitochondrial membrane and
subsequently releases apoptogenic proteins from the intermembrane space (Zamzami
et al., 1996). The Bcl-2 gene family is responsible for either initiating or preventing
mitochondrial membrane disruption. Upon MMP, cytochrome c is released from the.
mitochondria, which interacts with apoptotic protease-activating factor-1 to form the
apoptosome (LI et al, 1997). The apoptosome recruits the initiator caspasé,
procaspase-9, which is cleaved info active caspase-9. The activated caspase-9 cleaves
the effector caspases -3, -6 and -7 to initiate apoptosié (Slee et al., 1999). Caspases
are cysteine proteases that exist in the cytoplasm and induce apoptosis by specifically
cleaving proteins after every aspartate residue (Hengartner, 2000). The effector
caspases mediate downstream biochemical processes that result in the typical
morphological features of apoptosis. For example, caspase-3 activates caspase-
activated DNase by cleaving the proenzyme inhibitor of caspase-activated DNase.
Activated caspase-activated DNase mediates DNA laddering (Enari et al., 1998), the
characteristic feature of apoptosis.

An extracellular apoptotic stimulus initiates the extrinsic cell death pathway.

Tumor necrosis factor receptor superfamily activation by an extracellular ligand, such
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as tumor necrosis factor o, is one mechanism that initiates the pathWay. Tumor
necrosis factor a activation of tumor necrosis factor receptor type 1, also known as
p535, recruits Fas-associated death domain protein (Chinnaiyan et al., 1995). Fas-
associated death domain protein subsequeﬁtly recruits and activates casi3ase—8, which
is an upstream effector caspase that induces cell death either dependent or
independent of the Bcl-2 family. Caspase-8 can directly activate the downstream
caspases -3,-6, and -7 to induce cell death independent of the Bcl-2 family (Muzio,

“ 1998; Muzio et al., 1998). Caspase-8 can also mediate a convergence of the extrinsic
and in&insic pathways by cleaving Bid to truncated Bid (Li et al., 1998). Bid is a
BH3-only pro-apoptotic Bcl-2 family member that once cleaved activates the intrinsic
pathway and subsequently induces MMP and cytochrome c release (Luo et al., 1998).
Apoptosis and the CNS

Apoptosis has been extensively studied in the brain and has implications in
both normal CNS development and in some neuropathologies that afflict the

~ developing and mature brain. Knockout mice have been used to investigate the

putative roles of apoptosis associated proteins during mammalian CNS development.
Elimination of select caspases by knockout results in abnormal brain development.
For example, the caspase-9 knockout phenotype is embryonic lethal with severe
malformations in the cortex (Kuida et al., 1995). Similarly, capsase-3 knockout
causes cerebral abnormalities, but the animal lives for approximately 1 month (Kuida
et al., 1995). Mice with knockouts of the pro- and anti-apoptotic Bcl-2 family
members also have altered CNS development. An examplé can be demonstrated in

Bcl-X; knockout mice, which are similar to the caspase-9 knockout phenotype in that
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both are embryonic lethal with altered CNS development. Additionally, excessive
apoptosis occurs within the intermediate zone of the spinal cord and brainstem as well
as in the dorsal root ganglion of Bcl-Xy.deficient mice (Motoyama et al., 1995;
Shindler et al., 1997; Lindsten et al., 2005). Furthermore, Bcl-X| is an essential
component of telencephalic neuron development (Roth et al., 1996; Shindler et al.,
1997; Lindsten et al., 2005).

In addition to the role apoptosis plays during CNS development it has also
been implicated as a mechanism of cell death associated with various
neuropathologies. For example, Bcl-2 family member expression is altered in the
hippocampus of epileptic rats, with elevated levels of the pro-apoptotic Bax and
decreased levels of the anti-apoptotic Bcl-X, (Akcali et al., 2005). Beta-amyloid
induced neurodegeneration is also associated with apoptosis and the pathology is
accompanied decreases expression of the anti-;apoptotic protein Bel-w (Zhu et al.,
2004; Yao et al., 2005). Apoptbsis has also been extensively studied as a putative
mechanism for cell death following growth factor withdrawal (Garcia et al., 1992;
Greenlund et al., 1995; Deckwerth et al., 1996; Putcha et al., 2001; Putcha et al.,
2002) and hypoxic-ischemic insults to the CNS (Freeland et al., 2001; Gibson et al.,
2001; Daval et al., 2004; Schmidt-Kastner et al., 2004; Althaus et al., 2006).

The mechanism of autophagic cell death

Autophagy is an evolutiénarily conserved mechanism that is employed by
yeast and multicellular organisms to accommodate extracellular stressors, such as
hypoxia and nutrient deprivation (Yuan et al., 2003; Marino and Lopez-Otin, 2004;

Mizushima et al., 2004). Multicellular organisms also use autophagy for the removal
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of damaged organelles and during development (Gorski et al., 2003j Marino and
Lopez-Otin, 2004). Autophagy is an active process that requires ATP as an energy
source and kinase/phosphatase signaling pathways to induce caspase-independent cell
death (Marino and Lopez-Otin, 2004). The formation of a double memBrane vesicle,
referred to as an autophagosome, initiates autophagy. Cytoplasmic contents, which
may include entire organelles, are sequestered into the autophagosome. The
autophagosome subsequently fuses with a lysosomal vacuole and is degraded by aci‘d ,
“ lysosomal/vacuole hydrolases (Marino and Lopez-Otin, 2004; Yoshimori, 2004). This

catabolic process prolongs cell survival during adverse conditions by generating
energy and destroying damaged organelles; however, autophagy can result in cell
death (Lum et al., 2005).
‘Autophagy and the CNS

An essential component of mammalian CNS development is the induction of
naturally occurring cell death (NOCD) following growth factor withdrawal. A surge
of recent studies implicate autophagy as a mediator for growth factor withdrawal
induced cell death (Xue et al., 1999; Yu et al., 2003; Florez-McClure et al., 2004; Gu
etal., 2004). Lum et al, (2005) reported that growth factor induced cell death occur
independent of apoptosis via autophagy. Furthermore, cells generated from Bax/Bak
deficient mice and subjected to growth factor withdrawal are eliminated by
autophagic cell death mechanisms if growth factors are not restored (Lum et al.,
2005).

Autophagy is also a putative mediator of numerous neuropathologies. In the

neonatal rat hippocampus a hypoxic-ischemic insult induces a novel type of delayed
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cell death that is not morphologically similar to either apoptosis or necrosis.
Additionally the dying hypoxic hippocampal cells have condensed nuclei, but the
chromatin is clumped not fragmented. Cytoplasmic vacuoles are also present;
however, the nature of these vacuoles, as to whether or not they are lysosomal, has
not been elucidated (Fukuda et al., 1999; Sheldon et al., 2001). Autophagic cell death
is also implicated as a process that regulates neurodegenerative diseases. Ultra-
structural examination of the substantié nigra of Parkinson’s disease patients has
 identified neurons undergoing autophagy (Anglade et al., 1997). Furthermore,
abnormal lysosomal activity, resembling autophagy, occurs throughout the
degenerative process of Alzheimer’s disease (Caml&o-et al., 1994). During
Huntington’s disease, the presence of accumulated misfolded Huntington protein also
induces autophagic cell death (Kegel et al., 2000).
Necrotic cell death
Necrosis in an evolutionarily conserved process thaf both nematodes and
mammals use when challenged with an extreme stressor. However, unlike apoptosis
and autophagy, there are no specialized proteins that mediate necrosis (Syntichaki and
Tavernarakis, 2002). The morphological characteristics associated with necrosis
include mitochondria swelling, formation of cytoplasm vacuoles and dilation of the
endoplasmic reticulum. Additionally, the nucleus of necrotic cells eventually
disintegrates or undergoes karyolysis (Schweichel and Merker, 1973; Syntichaki and
Tavernarakis, 2002). Necrosis culminates with cell lyses and subsequent release of its
cytoplasmic contents into the intercellular space, which mounts an inflammation

response capable of injuring neighboring cells (Majno and Joris, 1995).
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Calcium acts as the common effector stimulus that initiates most types of
necrotic cell death. Intracellular increases in Ca2+ result from either extracellular
Ca2+ inﬂux through voltage-, ligand- and receptor-gated channels (Sattler and
Tymianski, 2000; Sattler et al., 2000) or ﬂuough Ca2+ release from intfacellular
stores such as the endoplasmic reticulum (Mattson et al., 2000; Paschen, 2001;
Paschen and Frandsen, 2001). The rise in intracellular Caﬁ+ levels results in a Ca2+
ovgrload, which causes a secondary Ca2+ release from mitochondrial stores. The

- secondary release of Ca2+ is mediated by both the mitochondrial sodium/calcium
exchanger and PT pore opening (Halestrap et al., 1998; Lemasters et al., 1998b;
Lemasters et al., 1998a; Zhu et al., 2000).

Necrosis and the CNS

Hypoxia-ischemia and excitotoxicity are two insults that iﬂduce necrotic cell
death in the CNS. Additionally, intracellular Ca2+ overload resulting in
excitotoxicity is the underlying mediator of ischemia-induced necrosis (Ankarcrona et
al., 1995; Miyamoto and Auer, 2000). The infarct associated with a hypoxic-ischemic
insult results from both apoptosis and necrosis. A hypoxic-ischemic insult initially
induces necrosis at the infarct’s core. Conversely, in the penumbra delayed cell death
or apoptosis occurs. Similarly, cerebellar granule neuron cultures subjected to
glutamate over-stimulation have two phases of cell death. Thé first being a rapid
necrotic response, while the second is delayed apoptosis (Ankarcrona et al., 1995).
Finally, recent studies question if hypoxia-ischemia induced necrosis results from the

hypoxic or ischemic component. Miyamoto and Auer (2000), report that ischemia,
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but not hypoxia, induces extensive necrosis in the mature rat brain. However, hypoxia
exacerbates the ischemic insult by 8% (Miyamoto and Auer, 2000).
2. Naturally Occurring Cell Death in the Developing CNS

A hallmark of peripheral nervous system (PNS) and CNS development is the
genesis of excess undifferentiated progenitor and differentiated neuronal and glial
cells than are present in the mature organism (Heumann and Leuba, 1983; Gould et
al., 1991; Ferrer et al., 1994b; Ferrer et al., 1994a; Spreafico et al., 1995). It is
estimated that during CNS development an extra 20 to 80% of cells are born
(Blaschke et al., 1996, Thomaidou et al., 1997). These excess cells are removed by a
process of naturally occurring cell death (NOCD) to ensure normal development
occurs (Gould et al., 1991; Oppenheim, 1991; Ferrer et al., 1994b; Spreafico et al.,
1995). Neurons that fail to make the appropriate synaptic connections are fated to
initiate an active mechanism of cell death. Synapse outgrowth and synaptic
connections are mediated by neurotrophin actions and their respective tyrosine kinase
receptors. The withdrawal of growth factors, as a result of inappropriate connectivity,
serves as a death initiating signal (Levi-Montalcini and Booker, 1960; Johnson et al.,
1978, Sanes et al., 2000). However, the specific growth factors and downstream death
effector proteins responsible for mediating cell death are not conserved across all cell
types. Additionally, the elimination of extra cells was historically attributed to
apoptosis; however, a few reports insinuate that autophagy may also play a role in
this process. Regardless of the intracellular mechanism, tight regulation of NOCD is
critical for normal development of the CNS.

Overview of neurogenesis in the developing CNS
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Neurons and glia whiéh comprise the mature cortex and hippbcampus are
derived from undifferentiated progenitor cells in an active state of mitosis. Actively
dividing progenitor cells give rise to daughter cells that either remain as progenitor
cells or become mature differentiated neurons or glia. The primary site Ic')f
telencephalic neurogenesis is the ventricular zone. There are also three additional
regions of neurogenesis in the rodent brain: the subventricular zone, hippocampal
granule cell precursors and external granule layer. The progenitor cells reside in -

" either the ventricular zone or the three secondary sites of neurogenesis. Additionally,
the progenitor cells of the subventricular zone or hippocampal granule cell precursors
are derived from the ventricular zone progenitor cells. The ventricular and
subventricular zones give rise to the neurons and glia of the mature cortex.
Additionally, cortical cells generated during early rat embryogenesis (embryonic day
(E) 11 .to E15) arise from the ventricular zone progenitor cells; while late cortical
development is mediated by the subventricular zone progenitor cells (Sanes et al.,
2000; Campbell, 2005).

Excess neurogenesis: The removal of progenitor and differentiated cells

Normal CNS development is characterized by the genesis of excess progenitor
and differentiated cells across multiple species including the chicken, rat, mouse and
ferret (Heumann and Leuba, 1983; Gould et al., 1991; Ferrer et al., 1994b; Price et al.,
1994; .Spreaﬁco et al., 1995; Johnson and Berman, 1996; Blaschke et al., 1998). The
extra cells are eliminated during either embryogenesis or postnatal life in order to

achieve normal CNS development.
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During late embryogenesis the majority of dying cells in the rat cortex are
located in the proliferative zones. The greatest levels of cell death occur from E12 to
E18. Further, apoptosis peaks on E14 with death occurring in 70% of progenitor cells
(Blaschke et al., 1996; Blaschke et al., 1998). As embryogenesis continues the
percent of dying cells decreases within the ventricular zone (Blaschke et al., 1996;
Thomaidou et al., 1997). Thomaidou et al., (1997) reports that apoptosis affects 1 in
14 progenitor cells within the ventricular zone of E16 rats, while Blaschke et al.,
(1996) measured up to 50% rate of cell death. Additionally, during later
embryogenesis, E16-18, cell death begins to increase in postmitotic cells localized to
the migratory zone, intermediate zone and cortical plate (Blaschke et al., 1996).

Levels of NOCD have also been measured in the postnatal rodent brain with a
peak during the first postnatal week in the rat cortex and hippocampus (Gould et al.,
1991; Ferrer et al., 1994b; Spreafico et al., 1995; Johnson and Berman, 1996;
Thomaidou et al., 1997; Nunez et al., 2001). In the neonatal rat cortex, NOCD peaks
at PND § in the postmitotic cells of the somafosensory cortex relative to the number
of apoptotic cells in PND 1, 8, 14 and adult rats. Further, the transient increase in
NOCD on PND 5 is 3 and 30 fold greater than the amount of cell death detected on
PND 8 and 1, respectively (Spreafico et al., 1995). In the neonatal rat, high levels of
cell death (60%) are also detectable in the subventricular zone progenitor cells
(Thomaidou et al., 1997). Similar to the postnatal rat cortex, a transient peak in
NOCD on PND 6 has been measured in the dentate gyrus region of the rat
hippocampus (Gould et al., 1991). The periods of NOCD in the postnatal brain

suggest that cell death is an essential component to normal development.
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The sex of the animal also influences the amount and duration of NOCD in
the postnatal cortex. Female rats have a prolonged period of NOCD from PND 7-11
in the primary visual cortex. Conversely, male rats have a transient peak of NOCD on
PND 7 that rapidly declines. The prolonged period of NOCD in the ferﬁale results in
an overall increase in cell death within the primary visual cortex (Nunez et al., 2001).

Normal brain development is contingent on the removal of extra progenitor
and differentiated cells. Preventing NOCD by over-expression of the anti-apoptotic

" protein Bcl-2 subsequently causes an enlarged brain and optic nerves relative to wild

type mice (Porciatti et al., 1999). Additionally, mice deficient in the pro-apoptotic
proteins Bax and Bak have increased brain size and develop abnormal behaviors.
Also, eliminating fhese two proteins results in 90% lethality of the animals with this
genotype. Bax and Bak deficient mice that do survive into adulthood are
unrequnsive to auditory stimuli, display circling behavior when exposed to an
external stressor and are susceptible to developing seizures (Lindsten et al., 2000).
Apoptosis involvement in NOCD

Apoptosis has been implicated as the primary mechanism that regulates
NOCD during CNS development. Extensive studies examining the necessity of the
intrinsic and extrinsic pathways for this process have been conducted. The
developmental ontogeny for a select few pro- and anti-apoptotic Bcl-2 family
members has been established in various brain regions. The time-course of expression
appears to indicate that some members act as mediators of NOCD (Castren et al.,
1994; Ferrer et al., 1994a; Hamner et al., 1999; Rickman et al., 1999; Mooney and

Miller, 2000; Groc et al., 2001; Krajewska et al., 2002).
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The ontogenys’ of the Bcl-2 family members have been described for rat
embryogenesis and postnatal development in order to identify putative mediators of
NOCD. Elevated levels of Bcl-2 protein are detectable during late embryogenesis in
the rat cortex, with a peak at E16 (Mooney and Miller, 2000). Bcl-2 protein levels
remain elevated throughout the first postnatal week then subsequently decline until
low adult levels are reached (Ferrer et al., 1994b; Mooney and Miller, 2000). The
postnatal hippocampus has a similar expression pattern with elevated Bcl-2 protein
levels measured during early postnatal life, which decline during the second postnatal
week (Ferrer et al., 1994a). Bcl-XL'expression closely resembles Bcl-2 expression
with high levels detectable during late gestation and early postnatal life. Elevated
levels of Bcl-X; subsequently decline to adult levels by PND 6 in both the cortex and
hippocampus (Hamner et al., 1999). Multiple studies have also investigated the
ontogeny for Bax; however, the data is conflicting. Mooney and Miller, (2000) repbrt
no change in Bax protein levels during late embryonic and postnatal cortical
development when the data is normalized to total protein content. However, when the
data is normalized to DNA content Bax protein levels from PND 0 through adulthood
are quadruple the embryonic levels (Mooney and Miller, 2000). Vekrellis et al.,
(1997) report a different finding with high levels of Bax protein being maintained
throughout the second postnatal week, which then decline to low adult levels.

The ontogeny of Bcl-2, Bcl-X1, Bax, Bak and Bid proteins has also been
characterized during both peri- and posfnatal mouse CNS development (Krajewska et
al., 2002). In the mouse brain, the highest levels of NOCD are at PND 3 in the

hippocampus (Resnikov, 1982). However, the ontogeny for the pro-apoptotic
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members Bax, Bak and Bid indicate that peak expression is during léte,
embryogenesis from E11 through 15, prior to postnatal NOCD. Similar to the pro-
;poptotic members, Bcl-2 expression is also greatest during embryonic development.
Conversely, Bcl-X expression in cortical and CA3 pyramidal neurons 1s high in the
postnatal and juvenile mouse brain (Krajewska et al., 2002).
Cumulatively, the developmental ontogenys described in the developing
rodent brain implicates Bcl-2, Bcl-X;, and Bax as putative mediators of NOCD. This
’ assumption is based on the observed decrease in Bcl-2 and Bcl-X;, expression and
increase in Bax expression during the first postnatal week which corresponds with the
increase in NOCD. However, these are merely correlative observations. To elucidate
the pfoteins necéssary for NOCD, transgenic mice with selective knockouts of the
Bcl-2 gene family or caspases have been created (Knudson et al., 1995; Motoyama et
al., 1995; Yang et al., 1995; Roth et al., 1996; Shindler et al., 1997; Kuida et al.,
- 1998; Lindsten et al., 2000; Oppenheim et al., 2001; Zaidi et al., 2001; Lindsten et al.,
2003).
Targeted deletion studies of the Bcl-2 gene family indicate that Bcl-X|, is the
- only member that independently has a profound affect on normal CNS development.
The phenotype associated with mice deficient in Bel-Xy (Bcl-X;-/-) is embryonic
lethal with death resulting at E13.5 and accompanied by excessive apoptosis in the
CNS. However, the lethality of the mutation cannot be aﬁﬁbuted to abnormal brain
development alone as extensive apoptosis was also measured in immature
haematopoietic cells. In the developing CNS, apoptosis was measured in regions that

contained differentiated neurons and not proliferating neurons of the ventricular zones
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(Motoyama et al., 1995). Further; telencephalic cultures genérated from Bcl-X; -/-
mice do not appropriately mature or survive and have a 30% increase in apoptosis
compared to cultures generated from wild type mice (Roth et al., 1996). These data
implicate Bcl-Xy. as a mediator of NOCD in differentiated cells but not progenitor
cells.

Knockouts of the pro-apoptotic Bcl-2 family members have also been
generated to determine the effector proteins of NOCD. Observations in mice lacking
in the pro-apoptotic Bax, Bak or Bid family members indicate that these proteins do
not act independently in the global regulation of CNS development. However, Bax-/-
mice do have decreased levels of apoptosis in select cell types during postnatal
development. This is most evident in the CA2 and CA3 regions of the hippocampus
on PND 3, which is also the peak of NOCD in the mouse brain (White et al., 1998).
An increase in cerebellar granule neurons, but not purkinje neurons, has also been

~ observed in Bax -/- mice (Fan et al., 2001). Despite these observations knockout of a
single pro-apoptotic member does not globally alter normal brain development.

Analysis of brain development in dual knockout mice indicates that
redundancy exist in the pro-apoptotic effector proteins of NOCD. A profound affect
on CNS development occurs in mice deficient in both Bax and Bak (Bax-/-Bak-/-).
The Bax-/-Bak-/- dual knockout is predominantly lethal; however, mice that survive
to adulthood are unresponsive to auditory stimuli, display circling behavior when
exposed to an external stressor and are susceptible to developing seizures (Lindsten et
-al., 2000). Additionally, the brain_s of Bax-/-Bak-/- mice were larger than wild type,

Bax-/-, and Bak-/- brains. Histological analysis of Bax-/-Bak-/- brain tissue also
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identified excess neural progenitor cells and differentiated neurons and glia in the
periventricular zone compared to wild type, Bax-/- and Bak-/- brains (Lindsten et al.,
2000; Lindsten et al., 2003). These data indicate that there is a redundancy in the pro-
apoptotic actions of the multi-domain members Bax and Bak during normal brain
development.
Since studies reveal that Bax and Bak activity is dependent on the actions of a

BH3-only member (Wei et al., 2001; Letai et al., 2002), the possibility exists that

" during development Bax and Bak respond to different BH3-only members in order to
differentially regulate NOCD in select brain regions at select ages. However,
disruption of the BH3-only pro-apoptotic members has been limited to Bid, which
does not alter CNS development (Yin et al., 1999). Additional studies investigating
the putative contribution of other BH3-only members in CNS development are
necessary.
Regulation of NOCD by growth factor withdrawal.

The elegant studies of Levi-Montacelli identified diffusible growth factors as
mediators for synapse outgrowth and neuron survival. Since then extensive studies
have begun to elucidate growth factor regulation of cell death (Levi-Montalcini and
Cohen, 1956; Levi-Montalcini and Booker, 1960; Johnson et al., 1978; Sanes et al.,
2000). Growth factors can regulate both the activation and transcription of the Bcl-2
gene family through the second messenger phosphatidylinositol-3-OH kinase (PI3K)-
Akt (protein kinase A) pathway. Thg PI3K-Akt pathway is initiated by growth factor
recruitment of PI3K to the plasma membrane. PI3K is cleaved into phosphoinositide

phosphate (PIP)2 and PIP3, which in turn activates Akt via phosphorylation
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(Vanhaesébroeck and Alessi, 2000). PI3K-Akt pathway activation leads to the
subsequent phosphorylation of the transcription factors: forkhead box transcription
factor, class O (FOXO), p53 and nuclear factor-xB (NF-xB) (Brunet et al., 1999;
Ozes et al., 1999; Romashkova and Makarov, 1999; Yamaguchi et al., 2001). FOXO
and p53 phosphorylation sequesters the transcription factors to the cytoplasm and
prevents their ability to express the pro-death proteins Bim and Bax (Brunet et al., -
1999; Dijkers et al., 2000). Conversely, activation of NF-kB leads to gene
transcription of the pro-survival factor Bel-X, (Bui et al., 2001).

The contributions of the individual pro- and anti-apoptotic Bcl-2 genes during
growth factor mediated cell death been investigated. A majority of the studies have
been conducted in sympaihetic ganglion neurons, either over-ex’pressing or deficient
in a Bcl-2 family member, and subjected to nerve growth factor (NGF) withdrawal
(Garcia et al., 1992; Greenlund et al., 1995; Deckwerth et al., 1996; Miller et al.?
1997; Putcha et al., 2001; Putcha et al., 2002). Over-expression of the anti-apoptotic
members Bel-2 and Bel-X, protect sympathetic neurons following NGF removal
(Garcia et al., 1992; Frankowski et al., 1995). Additionally, sympathetic ganglion
neurons deficient in the multi-domain pro-apoptotic member Bax are resistant to NGF
withdraw;al (Deckwerth et al., 1996). Conversely, sympathetic neurons generated
from mice deficient in the multi-domain pro-apoptotic member Bak are susceptible to
growth factor withdrawal (Putcha et al., 2002). Studies ha\./e also been performed to
examine which BH3-only members are integral to growth factor withdrawal induced
cell death. Cells generated from Bad and Bid deficient mice did not confer protection;

while Bim deficient cells were protected from NGF withdrawal (Putcha et al., 2001;
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Putcha et al., 2002). Thus, these studies indicate that select membefs of the Bcl-2
gene family are mediators of growth factor withdrawal induced cell death. Therefore,
future studies investigating apoptosis following growth factor withdrawal in the CNS
should investigate multiple Bcl-2 family members. |
Investigation into growth factor régulation of apoptosis has been conducted in-
the CNS (Gage et al., 1988; Chrysis et al., 2001). In transgenic mice over-expressing
insulin-like growth factor-1 (IGF-1) there is an increase in cortical and hippocampal
" neurons (Popken et al., 2004). A decrease in apoptosis was also measured on PND 7
in the cerebellum of mice that over-express IGF-1. Further, elevated levels of Bcl-2
and Bcl-Xy exist in the cerebellum of mice that over-express IGF-1. Conversely,
these animals have no detectablé change in either Bax or Bad expression (Chrysis et
al., 2001). Regardless of these measured changes in Bc1-2 family expression these
studies have not definitively addressed the effector proteins of IGF-1 survival in the
CNS.
Autophagy and NOCD
A majority of research investigating growth factor withdrawél induced cell
death have focused on apoptosis. However, there is also evidence that autophagy may
mediate this process (Fombonne et al., 2004; Lum et al., 2005). Xue et al., (1999)
characterized sympathetic neuron death following NGF withdrawal as autophagic.
This assessment is based on the presence of numerous cytoplasmic vacuoles and
autophagosomes. Additionally, concomitant administration of the autophagy
inhibiting factor 3-methyladenine during NGF wit_hdrawal delays cell death (Xue et

al., 1999). Additionally, immortalized bone marrow cells derived from Bax-/-Bak-/-
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mice succumb to autophagic cell death following growth factor withdrawal (Lum et
al., 2005).
3. Hypoxia and the CNS

Oxygen is an essential component of mammalian life as it serves as the final
electron acceptor in the electron transport chain. A cellular environment void of
oxygen prevents oxidative phosphorylation and the subsequent synthesis of 38moles
of ATP per 1mole of D-gluéose. The inability to produce ATP generated during |
aerobic respiration metabolically endangers a cell (Devlin, 1997). However, during an
acute hypoxic insult a cell can accommodate low oxygen levels by generating ATP
through anaerobic glycolysis (Vannucci et al., 2005). During an acute hypoxic insult
the expression levels of glycolytic enzymes and glucose transporters are also
upregulated to restoré oxygen homeostasis (Xia et al., 1995; Royer et al., 2000;
Greijer et al., '2005; Vannucci et al., 2005; Mense et al., 2006; Vega et al., 2006). .
However, if hypoxia is prolonged and the metabolic insult is too great for the cell;
death will occur. The cellular response to chronic hypoxia is predominantly mediated
by hypoxia inducible factor 1(HIF1) (Greijer et al., 2005). Neurons are especially
susceptible to injury associated with hypoxic insults as large amounts of ATP are
necessary to sustain cell function and viability. As a result an extensive body of
research investigating hypoxia-induced cell death in the adult and developing CNS
has been conducted.
HIFI mediates the cellular response to hypoxia

A hypoxic insult initiates a series of events that either restores oxygen

homeostasis or induces cell death (Greijer et al., 2005). A major mediator for the
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cellular response to hypoxia is the HIF1 protein, a transcription factor in the basic
helix-loop-helix (bHLH)-containing Per/ARNT/Sim (PAS) domain family (Wang et
al., 1995). HIF1 is a heterodimeric protein that is composed of the two subunits HIF-
lo and HIF-1B (Wang and Semenza, 1995). HIF-1, also known as aryll. hydrocarbon
receptor nuclear translocator (ARNT), can also bind aryl hydrocarbon receptor
(AHR) (Reyes et al., 1992). HIF-1a is a novel pfotein, but is similar in function and
structure to the drosophila transcription factor single-minded (Sim) and AHR (Wang
” et al., 1995).

Expression levels of HIF-1a are oxygen dependent; while ARNT is
constitutively expressed and non-responsive to changes in okygen levels (Fig. 3).
Typically HIF-1a expression levels are fegulated at the protein level; however,

| increases in HIF-1oo mRNA have also been reported (Wang et al., 1995).Under .
normal air conditions, or normoxia, the HIF-1a protein is ubiquitinated in an oxygen
dependent manner and is targeted for rapid proteasome degradation (Kamura et al.,
2000; Ohh et al., 2000; Bruick and McKnight, 2001; Ivan and Kaelin, 2001; Jaakkola
etal, 2001; Yu et al., 2001). Conversely, during hypoxia, HIF-1a protein is
stabilized and translocated to the nucleus where it heterodimerizes with ARNT to
form HIF1 (Wang and Semenza, 1995). HIF1 subsgquently regulates transcription of
hypoxic responsive genes through a hypoxic response element (HRE), which is an 8
basepair consensus sequence of 5’-TACGTGCT-3’ (Semenza and Wang, 1992; Wang
and Semenza, 1993a, 1993b). HIF1 transcriptional activity can also be modulated by
trénsactivation with the transcription factors cAMP response element b