fg)%
S

O

,NS

N4

NIH Public Access

Author Manuscript

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

2 Hepst

Published in final edited form as:
Ann Neurol. 2011 May ; 69(5): 743-758. doi:10.1002/ana.224109.

Neuronal Cell Death in Neonatal Hypoxia-Ischemia

Frances J. Northington, MD1, Raul Chavez-Valdez, MD:2, and Lee J. Martin, PhD3:4

1Department of Pediatrics, Division of Neonatology, Johns Hopkins University School of
Medicine, Baltimore, MD

2Texas Tech University-Health Sciences Center, Odessa, TX

3Department of Pathology and Neuropathology, Johns Hopkins University School of Medicine,
Baltimore, MD

“Department of Neuroscience, Johns Hopkins University School of Medicine, Baltimore, MD

Abstract

Perinatal hypoxic-ischemic encephalopathy (HIE) is a significant cause of mortality and morbidity
in infants and young children. Therapeutic opportunities are very limited for neonatal and
pediatric HIE. Specific neural systems and populations of cells are selectively vulnerable in HIE;
however, the mechanisms of degeneration are unresolved. These mechanisms involve oxidative
stress, excitotoxicity, inflammation, and the activation of several different cell death pathways.
Decades ago the structural and mechanistic basis of the cellular degeneration in HIE was thought
to be necrosis. Subsequently, largely due to advances in cell biology and to experimental animal
studies, emphasis has been switched to apoptosis or autophagy mediated by programmed cell
death (PCD) mechanisms as important forms of degeneration in HIE. We have conceptualized
based on morphological and biochemical data that this degeneration is better classified according
to an apoptosis-necrosis cell death continuum and that programmed cell necrosis has prominent
contribution in the neurodegeneration of HIE in animal models. It is likely that neonatal HIE
evolves through many cell death chreodes influenced by the dynamic injury landscape. The
relevant injury mechanisms remain to be determined in human neonatal HIE, though preliminary
work suggests a complexity in the cell death mechanisms greater than that anticipated from
experimental animal models. The accurate identification of the various cell death chreodes and
their mechanisms unfolding within the immature brain matrix could provide fresh insight for
developing meaningful therapies for neonatal and pediatric HIE.

The implementation of effective therapies for human brain damage after perinatal hypoxia-
ischemia (HI) is an unmet need. The problem of HI encephalopathy (HIE) is extremely
difficult to understand deeply, and perhaps to model accurately. The failure to translate from
bench to bedside may be in part because recent pharmacological attempts in experimental
settings have primarily been directed at specific forms of neurodegeneration, particularly
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apoptosis or autophagy. In neuropathological descriptions of HI brain injury in human
newborns! and in neonatal experimental animal models, neuronal necrosis is identified as
the major cellular pathology.2° This work has been largely ignored or forgotten because of
the acute, unexpected onset and assumed uncontrolled unpredictability and the lack of
information about regulated molecular signaling pathways that could be used to occlude
necrotic cell death. Instead, much attention has been devoted to the study of apoptosis and
its signaling cascades following experimental neonatal brain injury because the rediscovered
process represents a “new” avenue for intervention, and biochemical assays and
pharmacologic tools are available for its detection and manipulation. Apoptosis cascades are
activated following neonatal HI in animal models,®-8 but the weight of neuropathologic
evidence in most models supports the conclusion that variants of cellular necrosis acutely
contribute most robustly to Hl-induced neurodegeneration.>9:10 The lack of concordance of
the biochemical signaling data showing activation of apoptosis cascades with observable
primarily necrotic neuropathology is an important clue in understanding experimental HIE,
and possibly human HIE. This discrepancy suggests an alternative explanation to the
standard “either apoptosis or necrosis” interpretation of cell death following neonatal HI.

An important feature of neonatal HI in rodents is that cell death manifests along a continuum
from apoptosis to necrosis with activation of signaling pathways resulting in cell death
phenotypes with hybrid structural and biochemical features.>’ Simultaneously, regulated
cell signaling programs resulting in a primarily necrotic phenotype have been recognized
recently, and small-molecule drugs have been designed that modulate this “programmed
necrosis.”11.12 Despite this progress, it is not yet known which different forms of cell death
and their associated molecular mechanisms seen in experimental settings of neonatal HI
brain injury are relevant to HIE in human newborns because the latter is understudied and
has not been examined with modern ideas and approaches. In this review, we will highlight
findings on basic neuronal cell death mechanisms in the term experimental animal brain that
is still immature (rodent) or relatively mature (piglet) compared to the human term brain.
We include a brief preview of work on the molecular neuropathology of human pediatric
HIE. With this needed information it may be possible to redirect efforts to developing more
effective global or mechanism-based therapies relevant to human neonatal HIE.

Forms of Cell Death

Necrosis

Cell death processes have been generally classified into distinct categories, most commonly,
necrosis, apoptosis, and autophagy. These forms of cellular degeneration were originally
classified as different because they appeared different morphologically under a microscope;
however, these distinctions are now being replaced with a much more nuanced
understanding of the overlap and interaction of common mechanisms shared by various
forms of cell death (Fig 1).

Necrosis is a lytic destruction of individual or groups of cells. Necrosis is the major cell
death phenotype in brain following acute neonatal HI injury in rat pup?° and we have found
this to also be true in the neonatal rat, mouse, and piglet®10:13 (see Fig 1). Classical necrosis
is generally defined by cytoplasmic swelling, nuclear dissolution (karyolysis), and lysis,14
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and is thought to be caused by rapid and severe failure to sustain cellular homeostasis,
notably cell volume control.1® The process of necrosis involves damage to the structural and
functional integrity of the cell plasma membrane and associated enzymes, (eg, Na*,K*
adenosine triphosphatase [ATPase]), abrupt influx and overload of ions (eg, Na* and Ca2*)
and H,0, and rapid mitochondrial damage and energetic collapse.13:16-18 Metabolic
inhibition and oxidative stress from reactive oxygen species (ROS) are major culprits in
triggering necrosis. Recently, it has been shown that cell necrosis might not be as chaotic or
random as envisioned originally but can involve the activation of specific signaling
pathways or programs to eventuate in cell death.19.20

Apoptosis is an orderly and compartmentalized dismantling of single cells or groups of cells
into consumable components for nearby intact cells. Classical apoptosis has a distinctive
structural appearance?1:22 (see Fig 1). It is 1 example of programmed cell death (PCD) that
is ATP-driven and sometimes a gene transcription-requiring and caspase-dependent
process.?3 It is classified as Type 1 PCD.24 Apoptosis is only 1 example of PCD;
importantly, other nonapoptotic and apoptotic, caspase-independent, forms of PCD
exist.20:25-28 \/ariants of classical apoptosis or nonclassical apoptosis occur during nervous
system development?4:29 and frequently in pathophysiological settings of nervous system
injury and disease,30-32 notably following neonatal HI.%:8:%:33 Axonal damage (axotomy)
and target deprivation in the mature nervous system induces apoptosis in neurons that is
similar structurally, but not identical, to developmental PCD.32 Excitotoxins induce readily
and robustly nonclassical forms of apoptosis in neurons.39:31 Types of cell death similar to
those seen with excitotoxicity occur frequently in pathological cell death resulting from
neonatal HI (see Fig 1).7-9:13

Autophagy allows a cell to degrade and recycle its own cytoplasm and organelles.3* The
degradation of organelles and long-lived proteins is carried out by the lysosomal system as a
homeostatic nonlethal stress response mechanism to protect cells from low supplies of
nutrients. Autophagy is classified as Type 11 PCD.24 A hallmark of autophagic cell death is
accumulation of autophagic vacuoles of lysosomal origin. Autophagy is seen in
developmental and pathological conditions3>-37 including degeneration of Purkinje neurons
in the Lucher mutant mouse, thus possibly linking excitotoxic and autophagic cell deaths.38

The molecular controls of autophagy appear common in eukaryotic cells.3%40 Double-
membrane autophagosomes for sequestration of cytoplasmic components are derived from
the endoplasmic reticulum (ER) or the plasma membrane. Target of rapamycin (TOR)
kinase, phosphatidylinositol 3 (P13)-kinase, a family of cysteine proteases called
autophagins, and death-associated proteins function in autophagy.4142

Autophagy may have a significant role in neurodegeneration after neonatal HI that is insult-
severity, time, and region-specific.%:354344 Genetic deletion of the atg7 gene results in a
near complete protection from HI in adult mice** and pharmacologic inhibition of
autophagy with 3-methyladenine up to 4 hours after focal ischemia is neuroprotective in p12
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rats.4> Conversely, induction of autophagy immediately following neonatal global HI in
mice may be an endogenous neuroprotective mechanism.#® Preinsult blockade of autophagy
with methyladenine inhibits expression of autophagocytic proteins and switches cell death
from apoptotic to necrotic; conversely, enhancing early autophagy with preinsult
administration of rapamycin provides neuroprotection in this model. Interestingly, known
neuroprotective preconditioning strategies also increase markers of autophagy*® while
providing neuroprotection.

Excitotoxic Cell Death

Neuronal death can be induced by excitotoxicity. Because of studies showing that glutamate
receptors predispose the neonatal brain to excitotoxic injury, this concept has become
fundamental to the understanding of how cerebral HI injures the newborn brain in
experimental settings.4”-49 Excitotoxic neurodegeneration is mediated by excessive
activation of glutamate-gated ion channel receptors and voltage-dependent ion channels.
Increased cytosolic free Ca2* causes activation of Ca2*-sensitive proteases, protein kinases/
phosphatases, phospholipases, and nitric oxide synthase (NOS) when glutamate receptors
are stimulated. The excessive interaction of ligand with subtypes of glutamate receptors
causes pathophysiological changes in intracellular ion concentrations, pH, protein
phosphorylation, and energy metabolism.50:51

Excitotoxic degeneration in vivo includes somatodendritic swelling, mitochondrial damage,
and chromatin condensation into irregular clumps.30:31:52 features that are thought to be
typical of cellular necrosis; however, excitotoxicity can also trigger cytological features
more like apoptosis.39:31:53 The morphological and molecular regulatory distinctions
between the different forms of cell death became blurred and uncertain due to observations
made on degenerating neurons in vivo and to a concept developed in 1997303 that attempts
to accommodate these observations. This concept posits that cell death exists as a continuum
with necrosis and apoptosis at different ends of a spectrum with hybrid forms of
degeneration manifesting in between (see Fig 1).30-32:54 Specifically, degeneration of
neurons in diseased or damaged human and animal nervous systems is not always strictly
necrosis or apoptosis, according to the usual binary classification of cell death. It also occurs
as intermediate or hybrid forms with coexisting morphological and biochemical
characteristics that lie in a structural continuum with necrosis and apoptosis at the two
extremes.30:31 Thus, neuronal cell death can be probabilistic and syncretic manifesting along
numerous possible cell death chreodes (the pathways taken by a cell in response to injury,
derived from C.H. Waddington). These chreodes can be influenced by cell autonomous and
cell nonautonomous agencies. Moreover the time-space landscape of the injured brain is
likely to exert canalization influences.

Molecular Mechanisms of Cell Death in the Immature Experimental Animal

Brain

The bcl-2 Family of Survival and Death Proteins

The bcl-2 protooncogene family is a large group of apoptosis regulatory genes encoding
about 25 different proteins, defined by at least 1 conserved B-cell lymphoma (Bcl)
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homology domain (BH1-BH4) that functions in protein-protein interactions with other
family members.55:56 Some of the protein products of these genes (eg, Bcl-2, Bcl-x , and
Mcl-1) have all 4 BH1-BH4 domains and are antiapoptotic. Other, proapoptotic gene
products, are multidomain proteins possessing BH1-BH3 sequences (eg, Bax and Bak) or
proteins with only the critical BH3 death domain (eg, Bad, Bid, Bim, Bik, Noxa, and Puma).
Bcl-x,_ and Bax have a-helices resembling the pore-forming subunit of diphtheria toxin’
that function by conformation-induced insertion into the outer mitochondrial membrane to
form channels or pores that regulate release of apoptogenic factors. This mechanism is likely
operative in apoptosis signaling following neonatal HI.%8

In neonatal rats, HI enhances the already proapoptosis balance of Bcl-2 family proteins.
Marked increases in mitochondrial Bax occur within 24 hours of HI in neonatal rats, during
which time there is no change in the relative amount of Bcl-x, 33 and changes in the
subcellular distribution of Bax occurs rapidly, prior to the activation of downstream
apoptosis-effector mechanisms® following excitotoxic neonatal brain injury. In agreement
with these data, pretreatment with Bax-inhibitory peptide has been shown to be selectively
neuroprotective for neonatal but not adult H1.59 Genetic modulation of these proteins,
overexpression of Bcl-x; , and knockout of Bax, Bad, and Bim render neonatal mice
resistant to HI, but Bid deficient mice are not protected from neonatal H1.61-63

Caspases: Cell Demolition Proteases

Caspases (cysteinyl aspartate-specific proteinases) are cysteine proteases; 14 members have
been identified®4 and their basic biology and mechanisms of activation have been
reviewed.54-68 So far 3 caspase-related signaling pathways have been identified that can
lead to apoptosis®”:69-71: 2 and possibly all 3 are likely involved in neurodegeneration
following neonatal HI.78:33.72=74 The intrinsic mitochondria-mediated pathway is controlled
by Bcl-2 family proteins. It is regulated by cytochrome c release from mitochondria,
promoting the activation of caspase-9 through Apaf-1 and then caspase-3 activation. The
extrinsic death receptor pathway involves the activation of cell-surface death receptors,
including Fas and tumor necrosis factor receptor, leading to the formation of the death-
inducible signaling complex (DISC) and caspase-8 activation that in turn cleaves and
activates downstream caspases such as caspase-3, caspase-6, and caspase-7. Caspase-8 can
also cleave Bid, leading to the translocation, oligomerization, and insertion of Bax or Bak
into the mitochondrial membrane. Another pathway involves the activation of caspase-2 by
DNA damage or ER stress as a premitochondrial signal.”® In a related model of neonatal
brain injury, erythropoietin is neuroprotective against hyperoxia-induced cell death and was
found to inhibit caspase 2, 3, and 8 activity following exposure to 24 hours of FiO, = 0.80.76

Caspases are undoubtedly involved in the evolution of experimental neonatal brain injury
caused by HI, although their importance varies between animal models. Caspase-3 cleavage
and activation occur in brain after HI in neonatal rodents33:7277-79 and after hypoxia in
neonatal piglet.80 The extent of caspase-3 cleavage and activation following brain injury is
greater in developing rodents compared to adults.’281 This principle is replicated in
immature and mature neuronal culture systems.82 Cerebroventricular injection of a pan-
caspase inhibitor or intraperitoneal injection of a serine protease inhibitor 3 hours after
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neonatal HI in rat has neuroprotective effects.83.79 Subsequent studies find a 30% to 50%
decrease in HI-induced tissue loss in neonatal rat brain 15 days after the insult and treatment
with nonselective inhibitors of caspase-8 and caspase-9.848% However, the lack of enzyme-
specificity of caspase inhibitor drugs prevents unambiguous identification of caspases in
mediating brain injury in most studies. The class of irreversible tetrapeptide caspase
inhibitors covalently coupled to chloromethylketone, fluoromethylketone, or aldehydes are
nonspecific and efficiently inhibit other classes of cysteine proteases including calpains.8®
Calpains, Ca2*-activated, neutral, cytosolic cysteine proteases, are activated highly
following neonatal HI in rats,””87 and MDL28170, a drug that inhibits calpains and
caspase-3, exerts neuroprotective actions in the neonatal rat brain by decreasing necrosis and
apoptosis.88 Drugs similar to MDL28170 may be valuable tools for the treatment of neonatal
HI. Cathepsins, cysteine proteases concentrated in the lysosomal compartment, are also
activated following neonatal HI in piglets.13 More potent, selective, and reversible
nonpeptide caspase-3 inhibitors have been developed® and have been used to protect
against brain injury following neonatal HI in rat.%% The protective effects of these
nonpeptide caspase-3 inhibitors is modest compared to that reported with nonselective pan-
caspase inhibition”® and the drug had to be given prior to the insult for neuroprotection.%°
Genetic deletion of caspase-3 worsens neonatal HI brain injury by upregulation of non-
caspase-dependent cell death pathways.%! These findings have important implications for
design of caspase-active therapeutics.

Not all forms of apoptotic cell death are caspase-dependent®293 and not all caspase
functions are death related. Caspases are also critical regulators of nondeath functions in
cells, notably some maturation processes. These nonapoptotic functions include modulation
of synaptic plasticity via involvement in long-term potentiation®4 and cleavage of alpha-
amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptor subunits,® and
normal differentiation and migration of neurons to the olfactory bulb.9® Because of the
potential importance of the nonapoptotic functions of caspase-3, it may be more appropriate
to block the formation of “stress-induced” cleaved caspase-3 following injury with selective
caspase-8 and 9 inhibitors, which would not interfere with basal levels of caspase-3 activity.
The nonapoptotic functions of caspase-8 and 9 are unknown and the effects of acute
caspase-8 and 9 inhibition on the developing brain other than for neuroprotection are
similarly unknown.

Cell Surface Death Receptors

Cell death can be initiated at the cell membrane by surface death receptors of the tumor
necrosis factor (TNF) receptor superfamily. The signal for cell death is initiated at the cell
surface by aggregation (trimerization) of the death domain containing members of this
receptor family by their specific ligand. Clustering of the ligand on the target cell recruits
Fas-associated death domain (FADD), a cytoplasmic adapter molecule that functions in the
activation of the caspase 8-Bid pathway, thus forming the DISC? (Fig 2). Signaling for
apoptosis then proceeds via the extrinsic or intrinsic pathway. A much more complex and
nuanced understanding of death receptor signaling in apoptotic and necrotic cell death has
emerged from work in vitro%” and is discussed below.
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Evidence for the importance of death receptor signaling pathways in experimental neonatal
brain injury is growing. Activation of multiple components of the Fas death receptor
signaling pathway have been found in neonatal rat and mouse models of HI and hyperoxic
brain injury33:98:99 and is associated with apoptosis.33.78 This thalamic neuron apoptosis
may be in part the result of target deprivation via a Fas-dependent pathway. Blocking Fas
death receptor signaling by either pharmacologic or genetic means affords protection in
these models.85.98.99

p53 Tumor Suppressor

Cell death by apoptosis can be triggered by DNA damage and p53 is involved.100 p53
functions in apoptosis or growth arrest and repair. Activated p53 binds the promoters of
several genes encoding proteins associated with growth control and cell cycle checkpoints
and apoptosis (eg, Bax, Bcl-2, Bel-x; , and Fas).101-104 n53 deficiency protects against
neuronal apoptosis induced by axotomy and target deprivation in vivol92:106 and thus may
be important in remote, delayed neurodegeneration following neonatal HI. The role of p53
in acute neurodegeneration following neonatal HI has been studied. p53 levels increase after
HI.107 Acute inhibition of nuclear factor kappa B (NF-jB) following neonatal HI prevents
both nuclear and mitochondrial accumulation of p53 while providing significant sustained
neuroprotection.108

Emerging Concepts in Cell Death Following Neonatal Brain Injury

The Cell Death Continuum

In mammalian animal models of neurodegeneration cell death exists as a continuum of
necrosis and apoptosis at opposite ends of a degenerative spectrum with intermediate hybrid
form manifesting in between (see Fig 1).39-32 The age or maturity of the brain, and the
subtype of excitatory glutamate receptor that is activated influence the mode and speed of
neuronal cell death.30:31.109.110 Thjs structural and temporal diversity of neuronal cell death
is seen with a variety of brain injuries including excitotoxicity, HI, target deprivation, and
axonal trauma. Biochemical evidence for the existence of an intermediate “continuum” form
of cell death has been verified by the coexpression of markers for both apoptosis and
necrosis in neurons in the injured forebrain at 3 hours following HI in neonatal rat. Diversity
of cell death is 1 of the fundamental differences in injury-associated neuronal death in
immature and mature central nervous system (CNS), manifesting much more often in the
injured immature brain.” Additionally, cell death is clearly pleiomorphic in neurons within
the same brain.87111 To help explain these data we formulated the concept of the cell death
continuum (see Fig 1).

Different cell populations seem to follow different cell death chreodes after injury. In the
brain, this predilection is age-dependent. Forebrain cortical and striatal neurons in immature
rat and mouse elegantly exhibit the full spectrum of the cell death continuum after
excitotoxic and HI insults. In cortex of postnatal day 4 (p4) rat, layer-specific cell death
chreodes, including apoptotic, necrotic, and hybrid, are witnessed in pyramidal and
nonpyramidal neurons.3! Injury-induced death chreodes in forebrain tend to narrow to
necrotic and hybrid forms with increased maturity.30 This developmental maturity-related
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aspect of the cell death continuum is a likely reason for the more necrotic-like cell death
chreodes followed in newborn piglet forebrain neurons after HI.13 The neonatal piglet is at a
distinctly different stage of brain development (more mature) when compared to neonatal
rats and mice, and more similar to term human newborns.112 In contrast to the varied cell
death fates of forebrain neurons, thalamic neurons seem to have limited death chreodes and
usually die apoptotically, independent of brain maturation, but the time course is collapsed
in the immature brain compared to the mature brain.33:105.109 Nonneuronal cells in forebrain
also appear to exhibit restricted cell death chreodes as compared to forebrain neurons.113 N-
methyl-D-aspartate (NMDA) receptor excitotoxicityl14 induces apoptosis in 04
oligodendrocyte precursors in neonatal rodent, while HI in newborn piglet!1® and
excitotoxicity in neonatal rat3! induces necrosis in astrocytes.

Recent data suggests that under certain conditions and perhaps in specific brain regions,
autophagy is also part of the complex continuum of neurodegeneration following neonatal
HI in mice.*3 Pharmacologic inhibition of autophagy, prior to neonatal HI worsens injury
and shifts the cell death continuum from apoptosis to necrosis in P7 rats.® One possible
explanation for these results is that autophagy may play an important role in maintaining
cellular energy stores at adequate levels early on following a severe HI insult and thus
allowing for successful completion of apoptosis. Otherwise, without the energy savings
provided by induction of autophagic mechanisms, ATP levels may fall below the critical
threshold required for completion of apoptosis and forms of necrosis ensue by default.
Conversely, inhibition of autophagy is neuroprotective at later time points and in less severe
insults.*® In these settings, maintenance of cellular energy may not be as critical and
autophagic mechanisms may be activated in stressed but possibly still viable neurons.
Crosstalk between autophagic and apoptotic pathways may result in the cells ultimately
being eliminated by apoptotic mechanisms.116 It remains to be seen whether inhibiting
delayed autophagy provides functional benefits. Once again, it is clearly evident that timing
and energy state are critical variables in any attempt to modulate autophagy or any other
form of cell death following neonatal HI.117

Crosstalk Between Cell Death Pathways

Syncretic engagement of different cell death signaling mechanisms responsible for the
morphological cell death continuum anticipates certain molecular crosstalk among apoptotic
and necrotic networks. Ca2* deregulation and activation of Ca2*-dependent enzymes is a
dominant theme for both necrosis and apoptosis.118 Indeed, calpains are activated in
ischemic necrosis, 119 and m-calpain can activate caspase-3 in vitro,”” and after neonatal rat
HI, m-calpain may trigger reduced Bcl-2 levels.58 Evidence for crosstalk between calpain
and caspase pathways as a fundamental mechanism contributing to “continuum” cell death
is found.”” The significance of this finding is evident from the finding that highly specific
caspase-3 inhibition following HI provides complete blockade of caspase activation but
either only partial, %% or no neuroprotection2? and genetic knockdown of caspase 3 actually
worsens injury following neonatal H1.%1 In the pharmacologic studies, specific caspase
inhibitors failed to prevent the necrotic mode of cell death induced by HI as revealed by the
presence of necrosis markers.%0
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m-Calpain can also activate ER-resident caspase-12 in vitro and in cultured rodent cells, 121
although the relevance of this finding to human HIE is nebulous due to mutations of the
caspase-12 gene acquired in human evolution that inactivate the functional protease.122
However, as first delineated by the Korsemeyer laboratory,123 the ER, which regulates
intracellular Ca2* levels, participates in a loop with mitochondria involving Ca?* transfer to
modulate mitochondrial permeability transition and cytochrome c release through the
actions of Bcl-2 protein family members. This ER-mitochondria connection now seems to
be critical crosstalk mechanism for regulated and deliberate programmed necrosis involving
the BH3-only-like protein Nix/BNip3L.124 Nix/BNip3L has dual, but distinct, actions at the
mitochondria and ER. At mitochondria, Nix/BNip3L induces canonical Bax/Bak-dependent
outer mitochondrial membrane (OMM) permeabilization, cytochrome c release, caspase
activation and apoptosis, while, at the ER, Nix/BNip3L induces acute release of luminal
Ca?" that triggers cyclophilin D-dependent opening of the mitochondrial permeability
transition pore and cellular necrosis.1?4

Receptor interacting protein kinase-1 (RIP1) is also an important crosstalk molecule for
apoptotic-necrotic pathways. During apoptosis induced by TNF receptor and Fas, activated
caspase-8 negatively regulates necrotic signaling by cleaving RIP1.125 TNF-induced and
FasL-induced cell death is converted from apoptosis to necrosis in the presence of broad-
spectrum caspase inhibitors and depends on the presence of RIP1,26:126 RIP1 also
translocates to mitochondria and suppresses adenosine diphosphate (ADP)/ATP
exchange.12” This mitochondrial RIP1 relocation may influence the mitochondrial
permeability transition pore because the adenine nucleotide translocator appears to be a
component of this complex.128

Autophagic and apoptotic cell death pathways also crosstalk. The product of the tumor
suppressor gene beclinl interacts with the prosurvival regulator Bcl-2.129 Autophagy can
block apoptosis by sequestration of mitochondria. If the capacity for autophagy is reduced,
stressed cells die by apoptosis, whereas inhibition or blockade of caspases can convert the
cell death process into autophagy.139-131 This transition to autophagy is dependent on RIP1
and c-Jun N-terminal kinase (JNK).132 In summary, crosstalk among multiple signaling
pathways supports the concept of a cell death continuum.31:133 A combination of
computational analysis along with experimental biology is now being utilized to model and
understand the complex pathways leading to programs of cell death.134 This systems
biology approach provides for quantitative analysis of the interconnectivity among various
cell death programs and seems ideally suited for the study of HI neurodegeneration in the
newborn.

Possible Mechanisms Driving the Cell Death Continuum

A fundamental cornerstone of the continuum is thought to be gradations in the responses of
cells to stress. Some general cellular mechanisms thought to be driving the continuum are
the developmental expression of different subtypes of glutamate receptors, mitochondrial
energetics, the propinquity of developing neurons to the cell cycle, neurotrophin
requirements, DNA damage vulnerability, and the degree of axonal collateralization.110:135
Although the molecular mechanisms that drive this cell death continuum in the brain are
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currently uncertain, cell culture data hint that ATP levels, 17 intracellular Ca2* levels,1* level
of caspase activity,125 mitochondrial permeability transition,136 and gender!37 could be
involved (see Fig 2). The mechanisms discussed for “crosstalk” between autophagy,
apoptosis, and necrosis are highly relevant to those driving the “continuum.” In the newborn
brain, with its proclivity to apoptotic cell death, the concept that energy failure interrupts
and prevents successful completion of apoptosis with a resultant increase in necrotic cell
death forms is an appealing explanation for the abundant expression of biochemical markers
of apoptosis and paucity of evidence for complete execution of apoptosis.>’

Identifying the specific mechanisms driving the cell death continuum in vivo is important to
rational therapeutic design. Two studies of motor neurons demonstrate that the levels of
oxidative stress191 and activation of the mitochondrial permeability transition pore38 drive
the cell death continuum. First, peripheral nerve injury by avulsion induces motor neurons to
undergo unequivocal and uniform apoptosis!3® that is triggered in part by oxidative stress
and is Bax-dependent and p53-dependent.106 However, in the presence of human mutant
SOD1 in motor neurons, which greatly enhances the level of oxidative stress in spinal
cord,138 avulsion-induced apoptosis is converted to a rapid necrotic-like process.191 The
second study,138 also using human mutant SOD1 transgenic mice, involved genetic ablation
of cyclophilin D, a pepidyl-prolyl cis-trans isomerase located in the mitochondrial matrix,
which regulates the mitochondrial permeability transition pore and cellular necrosis.140
These mutant mice develop severe age-related motor neuron degeneration over a period of
12-18 weeks that uniformly resembles a slow necrotic process with marked
inflammation.241 However, in mutant SOD1 mice without cyclophilin D, the necrotic
process in motor neurons is occluded and converted to an autophagic-like process resulting
in a remarkable extension of lifespan.138 In a recent study of neonatal mouse HIE,
necrostatin treatment decreased the cellular neurosis and increased the apoptotic cell death,
demonstrating a possible role for RIP1 in emergence of cell death phenotype.19 Although
many other possible mechanisms regulating cell death can be derived from studies on
cultured cells, including intracellular Ca*, ATP, and glutathione levels42 and the severities
and types of DNA damage accumulation,143.144 our in vivo work validates the reality of the
cell death continuum and provides the first insights into the mechanisms driving the cell
death continuum.

Programmed Cell Necrosis

Forms of neurodegeneration in the developing brain similar to “continuum” cell death have
been previously described and termed “pathological apoptosis”® and excitotoxic
neurodegeneration.14® The important contribution, of these regulated but morphologically
hybrid forms of cell death, to adult neurodegeneration have been reviewed?0:39.146.147 ¢
their importance in neonatal brain injury is just now emerging.5.” These regulated forms of
cell death are good examples of molecular switching between apoptotic and necrotic modes
of cell death.148 An additional regulated form of cell death, programmed necrosis, is
increasingly recognized as a key form of neurodegeneration and also lies along the apoptosis
necrosis continuum19:148 (see Fig 1). The death domain containing kinase, RIP1, is a key
signaling intermediate in programmed necrosis and is inhibited by a small-molecule drug
called necrostatin.11:126 Necrostatin has shown promise as a neuroprotectant in adult animal
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models of myocardial ischemia and traumatic and ischemic brain injury12:149.150 and we
show that it provides robust sustained neuroprotection following neonatal HI in mice.10
Necrostatin has also been utilized in vitro to demonstrate distinct signaling pathways to
morphologic necrosis.2®1 In vitro, it appears that varying forms of necrosis proceed with
different kinetics, are not all RIP1 kinase dependent, and require different therapeutic
approaches.®1 This is relevant to neonatal HI because following HI on P7 and immediate
posttreatment with necrostatin, no demonstrable neuroprotection is seen on P8, but robust
and lasting neuroprotection can be demonstrated at 4 days and 3 weeks after HI,10 also
suggesting that not all forms of HI induced necrosis are RIP1 kinase-dependent.

Necrostatin’s primary mechanism of action is allosteric inhibition of RIP1 kinase!! with
possible downstream anti-inflammatory effects14 and perhaps other mechanisms.
Depending on the experimental conditions, RIP1 functions as the crucial adaptor kinase at
the crossroads of a death receptor stimulated cell’s decision to live or die, and also at a
critical juncture determining whether programmed cell apoptosis or necrosis is predominant
after death receptor activation (see Fig 2).125.126 R|P1-mediated activation of the regulated
necrosis signaling pathway preferentially occurs in the presence of caspase inhibition,126:152
Inhibition of endogenous caspase-8 mediated-cleavage of RIP1 is essential for maximal
execution of death receptor-mediated programmed necrosis. Caspase inhibition can also
occur in the setting of significant energy failure,17:153-155 gych as that which occurs
following neonatal HI (see Fig 2). Others and we have hypothesized that this energy failure
interrupts the neonatal brain’s proclivity to apoptosis,®7:154.155 resulting in the hybrid,
continuum cell, or programmed necrosis death morphology, possibly via activation of RIP1-
mediated necrosis.1°

In the setting of energy sufficiency, RIP1 kinase primarily responds to stimulation by a TNF
receptor with NF-xB activation and cell survival (see Fig 2).128 In settings of partially
limited cellular energy, RIP1 kinase cleaves and activates caspase 8, initiating the apoptotic
cascade.126.156 |f energy levels are further compromised or caspases are inhibited, RIP1
(with RIP3) signaling proceeds to necrosis.157-159 This multifunctional signaling capacity
makes RIP kinases ideal candidates to sense the cell’s energy sufficiency and to modulate
the cell death continuum (see Fig 2).

Necrostatin is not an antioxidant and it does not prevent cell death in vitro caused by
hydrogen peroxide, 151 nevertheless, necrostatin clearly modulates redox mechanisms in
experimental systems.159 Necrostatin also blocks nitric oxide (NO)-mediated mitochondrial
dysfunction caused by lipopolysaccharide (LPS) stimulation of macrophages.1®8 Necrostatin
inhibition of glutamate excitotoxicity occurs with an increase in glutathione levels and a
decrease in ROS production.15° It remains controversial whether necrostatin delays opening
of mitochondrial permeability transition pore,150:160 plocks the reduction in mitochondrial
membrane potential caused by excitotoxic stimuli,161 and blocks NO-mediated nitration of
the NDUFB8 complex 1 subunit, preventing complex 1 dysfunction and mitochondrial
depolarization.1%® Furthermore, RIP1 is an essential component of the TNF receptor-
associated death domain (TRADD)-RIP1-Racl complex formed upon death receptor
activation.162 This complex activates membrane bound NOX1 nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase to produce O, (see Fig 2).163 Superoxide radical
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formation is critical to TNF and Fas induced necrotic cell death in L929 (fibrosarcoma cells)
and is potentiated in the presence of pan-caspase inhibition, the exact setting in which
necrostatin has maximal effect to block cell death.152.164

Neurodegeneration in Newborn Human HIE

Assessment of the cellular and molecular pathology seen in newborn human HIE is needed
to identify the standard against which experimental observations in animal models should be
compared; however, few detailed neuropathological and molecular mechanism-based studies
of cell death have been done on pediatric human HIE autopsy brains.16% Magnetic resonance
spectroscopy studies of infants at 24 hours of life after perinatal asphyxia reveals
abnormalities of neuronal integrity in basal ganglia.186 Most available postmortem studies of
human HIE have focused on “pontosubicular necrosis.”167 In asphyxic term humans on day
1, neuronal necrosis in striatum is suggested.168 We have now begun to evaluate (Fig 3)
brain samples from full-term human infants (n = 6) that suffered from complications during
delivery resulting in HIE and death ranging from 3 days to months after the insult. Cerebral
cortex, striatum, and cerebellum were evaluated for cytopathology (cell death phenotypes)
and molecular markers for cell death pathways (p53 and cleaved caspase-3). Degeneration
occurs in selective populations of neurons throughout forebrain and cerebellar cortex with
no evidence of infarct or major gliomesodermal changes. The neurodegeneration was
divisible on a single-cell basis and occurs as 2 dominant forms: lytic, necrotic-like, or
condensed, traditional ischemic-like (see Fig 3). The necrotic-like neurons were swollen or
erupted with residual cytoplasm around the nucleus. The ischemic-like neurons displayed
homogenization and vacuolation of the cytoplasm, cell shrinkage (but no apparent frank
lysis), and nuclear collapse (pyknosis) or chromatin clumping into irregular clumps (see Fig
3C) rather than nuclear condensation into round or crescentic masses. The nuclear
degeneration seen is consistent with a cell death process that is not strictly apoptosis. There
were no classically apoptotic or closely apoptotic-like neurons seen. Nevertheless, subsets of
degenerating cortical neurons in human HIE were positive for cleaved caspase-3 (see Fig 3),
but many degenerating neurons were not positive for cleaved caspase-3. Some caspase-3—
positive apparent pyramidal cortical neurons showed large irregular clumping of chromatin
consistent with continuum cell death (see Fig 3C). One recent study found cells (of unknown
identity) positive for cleaved caspase-3 in the cerebral cortex of a human neonate with
HIE.169 Many degenerating cortical neurons, surprisingly some cells with a necrotic-like
morphology, were also positive for active (phosphorylated) p53 (see Fig 3D). This type of
neurodegeneration is a form we have not seen before in animal models of HI. In white
matter, there was no morphological evidence for oligodendrocyte apoptosis, although
appreciable white matter damage was present, as evidenced by the rarefaction and
vacuolation. Notwithstanding the limitations inherent in study of human postmortem tissue,
these findings show that classic apoptosis has little contribution to the evolving
neuropathology in the newborn human brain with HIE. They also suggest that caspase-3-
regulated and p53-regulated cell death mechanisms could be operative in driving a syncretic
cell death continuum variant phenotype in addition to cellular necrosis.
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Modeling Newborn Human HIE in Animals

Animal models are critical for identifying relevant injury-related mechanisms of HIE and for
testing preclinical efficacy of therapeutics. However, the relevance of the animal model
must be appreciated in the context of human pathobiology by understanding the relative
brain-maturity of the model compared to that of the human term newborn and by
recognizing that the pathobiology observed in the model should be similar to that seen in
human neonatal HIE. Fundamental physiological, neurobiological, and pathobiological
issues are very important when considering the relevance of experimental animals as models
for brain injury in human newborns. The brain of a human newborn is nearly 2,000-fold
larger than the brain of a newborn mouse (L.J.M., personal observations). In contrast to the
newborn rat/mouse, the percentage of adult brain weight at birth in piglets is much closer to
human.112 Additionally, the body size of the piglet and chest and cranial geometries,
anatomy and physiology of the cardiovascular and pulmonary systems,170 as well as the
cortical and basal ganglia topology! are much more similar to human infants. The pig and
human brain have similarities in material properties, growth patterns, and the extent of peak
growth at the time of birth.112.172.173 The superficial and deep brain anatomy of piglet also
more closely resembles the human brain. Important similarities between the pig and human
brain have been found in hippocampus, basal ganglia, and brainstem.1”3 Gray and white
matter patterns and distributions are similar in human and piglet brains and the maturation of
the postnatal pig brain is comparable to human with respect to myelination and electrical
activity. Thus, we anticipated that piglets would be useful for modeling brain injury in
human newborns.

We used a 4-7-day-old piglet model of HI that simulates the brain damage and some of the
clinical deficits found in human newborns that are victims of asphyxia.1’1-174-176 This
injury model is most relevant to asphyxia in the full-term neonate.1’” Importantly, the basal
ganglia and somatosensory systems, including primary somatosensory cortex and
ventrobasal thalamus, are selectively vulnerable in this model.1” The putamen is the most
vulnerable. The death of striatal neurons after HI in piglets appears uniformly necrotic-
like,123 contrasting with findings in neonatal rat striatum after HI.”-9 Nevertheless, despite
the necrotic-like phenotype, this neurodegeneration in piglets evolves temporally with a
specific pattern of subcellular organelle damage and biochemical defects within the basal
ganglia.13 Glutathione is depleted by 3 hours after the insult. Peroxynitrite-mediated
oxidative damage to membrane proteins occurs at 3—-12 hours after HI, and the Golgi
apparatus and cytoskeleton are early targets for extensive tyrosine nitration. Striatal neurons
sustain hydroxyl radical damage to DNA and RNA within 6 hours after HI. The early
emergence of this biochemical injury coincides with elevated NMDA receptor
phosphorylation, a biochemical surrogate marker for activation.175178 Ultrastructural
damage to the Golgi apparatus and rough ER occurs at 3—12 hours, while most mitochondria
appear intact until 12 hours. Mitochondria undergo an early suppression of metabolic
activity, then a transient burst of activity at 6 hours after the insult, followed by
mitochondrial failure. Cytochrome c is depleted at 6 hours after HI, does not accumulate in
the cytosol compartment, and is not restored thereafter. Lysosomal destabilization occurs
within 3-6 hours after HI, consistent with the lack of evidence for autophagy. Damage in
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newborn piglet striatum after cerebral HI induced by asphyxic cardiac arrest thus evolves
rapidly over 24 hours, at which time ~80% of the neurons in the putamen are dead, and
closely resembles excitotoxic neuronal damage caused by NMDA receptor
activation.13:3L.175.176 Although this injury needs to be evaluated in the context of
programmed necrosis molecular mechanisms, it is noteworthy that the morphology of the
degeneration seen in the piglet forebrain mirrors more faithfully the pattern seen in human
newborns (Fig 3) than the patterns of neurodegeneration seen in rodents,’ and is skewed
more to the cell necrosis part of the cell death continuum.

Conclusion

When studying mechanisms of cell death in human brain injury and in animal/cell models of
brain injury, it is helpful to embrace the idea that apoptosis, necrosis, autophagy, or non-
apoptotic PCD are not distinctly independent cell death chreodes but are instead entities of a
cell death continuum. For the nervous system, one must overlay this complexity with cell
death mechanisms that are influenced by brain maturity, capacities for protein/RNA
synthesis and DNA repair, antioxidant status, neurotrophin requirements, location in brain
and location relative to the primary sites of injury, timing of therapeutic interventions, as
well as intensity of the insult. These factors that influence nervous system damage can make
the pathobiology of perinatal HIE seem to abandon strict certainty and causality, and yield a
neuropathology that is probabilistic and highly uncertain. The cell death continuum predicts
that apoptosis inhibitor drugs administered at acute time points in the face of energy failure
or perhaps delayed time points in the setting of significant cytokine production may push
cell degeneration from apoptosis to apoptosis-variant or necrotic cell death, or exacerbate Hl
injury. This is seen in vitro with caspase inhibitors applied following chemical hypoxial?®
and in vivo in the setting of genetic knockdown of caspase-3.91 Single therapies targeted at
inhibition of apoptosis alone early after neonatal HI are unlikely to ameliorate most of the
early necrotic neurodegeneration following neonatal HI,%13 and are ineffective as
posttreatments for neonatal HI in some studies.120 When given as a pretreatment, inhibitors
of autophagy may also push neurodegeneration along the cell death continuum in a
deleterious manner.*8 Conversely, inhibitors of programmed necrosis may push
neurodegeneration from necrosis to apoptosis.1C In settings where post-injury inflammation
contributes significantly to delayed neurodegeneration, this may be particularly beneficial.
Necrostatin may be a useful tool to direct therapy at “programmed necrosis” and other
hybrid forms of neurodegeneration and may allow improved understanding of some of the
complex interactions and ordering of key components of death receptor—-mediated injury
mechanisms that result from hypoxic-ischemic injury to the immature brain. Importantly,
necrostatin-like drugs may additionally clarify the contribution of hybrid or continuum
forms of neurodegeneration to HI neonatal brain injury. This task is likely to be simplified
by the recent identification of the genes most important to the cellular signaling network that
regulates programmed necrosis and the molecular bifurcation that controls the chreode of
apoptotic vs hybrid and necrotic forms of cell death.180

It is especially important to prepare for the possibility that pharmacological interventions
directed against a single mechanism of injury might only delay, convert, or worsen the
evolving brain damage associated with HIE in newborns. For this reason, hypothermia
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appears to be an ideal strategy because it protects against necrosis and apoptosis®! and may
be working along both the cell death continuum and along the space/time matrix that
strongly influences cell death in the neonatal brain.
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FIGURE 1.
Cell death phenotypes in experimental neonatal HI brain injury. After its initial description by Portera-Cailliau and colleagues,3!

the continuum concept, in its original form organized cell death as a linear spectrum with apoptosis and necrosis at the extremes
and different syncretic hybrid forms in between. Subsequently, we have found that this concept is fully realized in the neonatal
rodent brain following HI, with classically apoptotic and classically necrotic cells found intermixed with various hybrid forms.
Cells at the extremes have the well-described structures of necrosis (swelling and vacuolation of organelles, loss of cell
membrane integrity, maintenance of nuclear membrane integrity, and random digestion of chromatin) and apoptosis
(condensation and darkening of cytoplasm within intact cell membrane, intact organelles until late phases of apoptosis,
compaction of chromatin into few uniformly dense and rounded aggregates, and loss of nuclear membrane). Cells with irregular
chromatin condensation organized in a “clockface” pattern around an intact nuclear membrane may or may not have
preservation of the cytoplasmic membrane and their cytoplasmic organelles are disrupted. This structure has commonly been
reported in models of excitotoxicity. Increasing organization of chromatin into regular crescentic or rounded aggregates, partial
dissolution of the nuclear membrane and preservation or the cytoplasmic membrane with or without swelling of cytoplasmic
organelles within a condensed cytoplasm is the rule, as cell death forms more closely mimic apoptosis and is most commonly
referred to as the continuum cell death phenotype. A more recently described cell death phenotype with structural similarity to
classical necrosis is referred to as “programmed necrosis” and occurs with random chromatin dissolution, swelling and
vacuolation of cytoplasmic organelles including the endoplasmic reticulum and mitochondria as in this example from the
neonatal murine model of HI. Various relationships between the classical and hybrid forms of cell death are suggested by their
appearance on electron microscopy as represented by the arrows in the figure. Autophagocytic-appearing neurons with large
numbers of cytoplasmic vacuoles, partially condensed nuclear chromatin, and preservation of cellular integrity are also found
after neonatal HI. Autophagocytic cell death and apoptosis and possibly necrosis also exist on a continuum. Drugs known to
inhibit or promote autophagy clearly modulate cell death along the apoptosis-necrosis continuum. HI = hypoxia-ischemia.
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FIGURE 2.

Death receptor signaling and programmed necrosis. This diagram summarizes the possible pleiotropic outcomes following death
receptor activation and the signaling pathways leading to these outcomes. Ligand binding to and trimerization of death domain
containing members of the TNF receptor superfamily, recruits FADD, a death effector domain containing adaptor protein and

procaspase 8, forming the DISC. Signaling for apoptosis then proceeds via the extrinsic or intrinsic pathway. In the extrinsic
pathway, active caspase-8 directly cleaves caspase-3. Activation of the mitochondrial or intrinsic pathway proceeds via
caspase-8 mediated cleavage of cytosolic Bid. The truncated form of Bid then translocates to mitochondria, thereby functioning
as a BH3-only transducer of the death receptor signal at the cell plasma membrane to mitochondria. Simultaneously, cleaved
caspase-8 may inactivate death receptor signaling via RIP1 kinase, by cleaving and inactivating both RIP1 and RIP3.
Conversely, RIP1 may act to stimulate TNF apoptosis signaling by promoting activation of caspase-8. In the setting of caspase
inhibition or severe energy failure, death receptor signaling may preferentially proceed via RIP1 kinase, a death domain
containing protein, that binds the death receptor signaling complex containing the adaptor proteins TRADD and TRAF2 at the
cell membrane and then TRADD and FADD and RIP3 as cytosolic complex Il. Along with RIP3, RIP 1 kinase, death receptor—
mediated cell death occurs with ROS production and a cell death morphology resembling necrosis. Both mitochondrial and
NADPH oxidase may be the source of enhanced free radical production in this signaling paradigm. When ubiquitinated and
bound to the membrane cytosolic complex I, RIP1 kinase activates downstream kinase pathways, which may also contribute to
ROS production (possibly via JNK) and also cleave the IKK subunit from the NF-jB complex, initiating NF-xB
proinflammatory/prosurvival signaling. Gender likely also has a determinant effect on cell death phenotype following HI. DISC
= “death-induced signaling complex”; FADD = Fas-associated death domain; HI = hypoxia-ischemia; IKK = lkappaB kinase
complex; JNK = c-Jun N-terminal kinase; NADPH = nicotinamide adenine dinucleotide phosphate; NF-xB = nuclear factor
kappa B; RIP1 = receptor interacting protein 1; RIP3 = receptor interacting protein 3; ROS = reactive oxygen species; TNF =
tumor necrosis factor; TRADD = TNF receptor-associated death domain; TRAF2 = TNF receptor-associated factor 2.
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FIGURE 3.
Neuronal cell death in human newborn HIE. (A,B) Hematoxylin staining of neocortex from an infant that survived 3 days after

HI due to delivery complications reveals selective degeneration of neurons (hatched arrows) in the form of typical ischemic
neuronal death with eosinophilic cytoplasm, shrunken cell body, and condensed nucleus. Other damaged neurons are swollen
with a vacuolated cytoplasm (hatched arrow in B). This pattern of neurodegeneration is much less phenotypically heterogeneous
than that seen in neonatal rodent models of HI but similar to that seen in newborn piglet HI. (A) Bars = 33um; (B) Bars = 7um.
(C) Subsets of neocortical neurons (hatched arrows) in human infants with HIE display cleaved caspase-3 throughout the cell.
Other cells in the microscopic field visualized by the cresyl violet counterstaining have no labeling for cleaved caspase-3 (open
arrow). Bar = 15um. (D) Subsets of neocortical neurons (hatched arrows) in human infants with HIE display active p53 within
the nucleus. Other cells (open arrow) in the field have no labeling for active p53. Bar = 15um. HI = hypoxia-ischemia; HIE =
hypoxic-ischemic encephalopathy.
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