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ABSTRACT: In the human brain and spinal cord, neurons de-
generate after acute insults (e.qg., stroke, cardiac arrest, traumal)
and during progressive, adult-onset diseases [e.g., amyotro-
phic lateral sclerosis, Alzheimer's disease]. Glutamate recep-
tor-mediated excitotoxicity has been implicated in all of these
neurological conditions. Nevertheless, effective approaches to
prevent or limit neuronal damage in these disorders remain
elusive, primarily because of an incomplete understanding of
the mechanisms of neurcnal death in in vivo settings. Therefore,
animal models of neurodegeneration are crucial for improving
our understanding of the mechanisms of neuronal death. In this
review, we evaluate experimental data on the general charac-
teristics of cell death and, in particular, neuronal death in the
central nervous system (CNS) following injury. We focus on the
ongoing controversy of the contributions of apoptosis and ne-
crosis in neurodegeneration and summarize new data from this
laboratory on the classification of neuronal death using a vari-
ety of animal models of neurodegeneration in the immature or
adult brain following excitotoxic injury, global cerebral isch-
emia, and axotomy/target deprivation. In these different models
of brain injury, we determined whether the process of neuronal
death has uniformly similar morphological characteristics or
whether the features of neurodegeneration induced by different
insults are distinct. We classified neurodegeneration in each of
these models with respect to whether it resembles apoptosis,
necrosis, or an intermediate form of cell death falling along an
apoptosis-necrosis continuum. We found that N-methyl-p-as-
partate (NMDA) receptor- and non-NMDA receptor-mediated
excitotoxic injury results in neurodegeneration along an apop-
tosis-necrosis continuum, in which neurcnal death (appearing
as apoptotic, necrotic, or intermediate between the two ex-
tremes) is influenced by the degree of brain maturity and the
subtype of glutamate receptor that is stimulated. Global cere-
bral ischemia produces neuronal death that has commonalities
with excitotoxicity and target deprivation. Degeneration of se-

lectively vulnerable populations of neurons after ischemia is
morphologically nonapoptotic and is indistinguishable from
NMDA receptor-mediated excitotoxic death of mature neurons.
However, prominent apoptotic cell death occurs following
global ischemia in neuronal groups that are interconnected with
selectively vulnerable populations of neurons and also in non-
neuronal cells. This apoptotic neuronal death is similar to some
forms of retrograde neuronal apoptosis that occur following
target deprivation. We conclude that cell death in the CNS
following injury can coexist as apoptosis, necrosis, and hybrid
forms along an apoptosis-necrosis continuum, These different
forms of cell death have varying contributions to the neuropa-
thology resulting from excitotoxicity, cerebral ischemia, and
target deprivation/axotomy. Degeneration of different popula-
tions of cells (neurons and nonneuronal cells) may be mediated
by distinct or common causal mechanisms that can temporally
overlap and perhaps differ mechanistically in the rate of pro-
gression of cell death. © 1998 Elsevier Science Inc.

KEY WORDS: Axotomy, Glutamate receptor, Mitochondria, Ox-
idative injury, Programmed cell death.

INTRODUCTION

Cell death is a fundamental biological process that is relevant to
normal histogenesis, to the steady-state kinetics of healthy adult
tissues, and to the pathogenesis of tissue damage and disease
[52,62,75-77,130,163]. The concept of cell death was conceived
carly in the history of pathology, specifically in the context of
disease [188]. Now it is recognized that the death of cells (or the
absence of appropriate cell death) has physiological or patholog-
ical importance. Normal physiological cell death or programmed
cell death (PCD) occurs continuously in populations of cells that
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undergo slow proliferation (e.g., liver, adrenal gland) or rapid
proliferation (e.g., epithelium of intestinal crypts) [18,194], and it
occurs as a normal event in the deletion of certain lymphocyte
clones following an immune response [169]. Also, PCD plays a
major role in the normal growth and differentiation of organ
systems in vertebrates and invertebrates [52,163]. For example, in
the developing nervous system large numbers (~ 50%) of sensory
and spinal motor neurons die during a period of naturally cccurring
cell death [61,62]. This PCD is responsible for matching neuronal
populations to target size, and it is thought to be largely controlled
by a limiting supply of target-derived trophic factors [147], but is
also controlled by afferent stimulation [25,102]. In other organs,
cell death occurs during the atrophy and involution of hormone-
sensitive tissues and specific cell types following hormone with-
drawal, such as that occurring in the prostate [79], adrenal cortex
[194], endometrium [80], and brain [175]. In pathophysiological
settings, inappropriate suppression of cell death can result in
cancer [18,80], and failure to control the extent of cell death can
occur in acquired immunodeficiency syndrome (AIDS) [169] and
in some neurodegenerative diseases of infancy and childhood, such
as spinal muscular atrophy [97,161]. Other forms of pathological
cell death result from hypoxic—ischemic, toxic, and thermal insults
[28,38,78,130,194]. Because of the importance of cell death in
human disease, it has been studied from the perspective of devel-
opmental biology, immunology, endocrinology, pathology, and
neurobiology. Each group may have a somewhat different perspec-
tive on the classification of cell death, its mechanisms, and its
biological importance.

CELL DEATH CLASSIFICATION

Many years ago, it was suggested that physiological cell death
is very different from pathological cell death because they appear
structurally different [52]. Therefore, useful categories have been
invented for the classification of cell death. For the past two
decades, cell death has been classified conventionally as being one
of two distinct types, apoptotic or necrotic, which are believed to
differ morphologically and biochemically [48,76,80,194). Physio-
logical cell death is generally regarded as apoptotic and is consid-
ered to be an organized PCD that is mediated by active, intrinsic
mechanisms; however, exogenous modulation of apoptosis occurs
[48]. In contrast, pathological (or accidental) cell death is regarded
as necrotic, resulting from extrinsic insults to the cell (e.g., os-
motic, thermal, toxic, traumatic) [28,38,75,130]. The process of
cellular necrosis involves disruption of membrane structural and
functional integrity, rapid influx of Ca®>* and water, and subse-
quently, dissolution of the cell. Therefore, cellular necrosis is
induced not by stimuli intrinsic to the cell per se (as in PCD) but
by an abrupt environmental perturbation and a departure from
physiological conditions.

The disadvantage of this binary scheme lies in the difficulty of
classifying cell death that appears as neither purely apoptotic nor
purely necrotic, but rather as a hybrid form of cell death that may
fall between the two extremes. These possible intermediate forms
of cell death may occur with the degeneration of neurons, where
the strict distinctions between apoptosis and necrosis are becoming
less clear [24,112,152,153,178]. Other schemes for classifying cell
death identify the degeneration as nuclear or cytoplasmic, depend-
ing on where the early, morphologically detectable changes occur
[150]. An additional scheme for neuronal death classification is
based on the finding that dying cells can display one of at least
three different morphological phenotypes, designated as apoptotic,
endocytic—autophagic, and nonlysosomal vesiculate [24]. Stll,
another variant of the nomenclature argues that the two main
categories of cell death should be designated as apoptosis and
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oncosis (rather than apoptosis and necrosis), because both path-
ways of destruction ultimately lead to cellular necrosis [113]. More
recently, the concept of an apoptosis—necrosis continuum for cell
death was formulated based on the finding that the morphological
phenotypes of cxcitotoxic neuronal death exist as a gradient be-
tween the two major forms of cell death (i.e., apoptosis and
necrosis), independent of the deoxyribonucleic acid (DNA) frag-
mentation signature [152,153]. This latter scheme attempts to
embrace all of the possible morphological variants of classic
apoptosis and necrosis following various central nervous system
(CNS) insults. Here, we also show that different forms of CNS
injury can produce apoplotic and necrotic neuronal death that
coexist and share some common features.

The goal of this review is to critically examine cell death
structure in the CNS, specifically with regard to neuronal death in
models of excitotoxicity, global cerebral ischemia, and target
deprivation. These animal models of neurodegeneration are im-
portant for identifying mechanisms of neuronal death occurring in
the human brain and spinal cord following acute insults (e.g., focal
ischemia, global ischemia, trauma) and during chronic, progressive
neurodegenerative disorders [e.g., spinal muscular atrophy, amyo-
trophic lateral sclerosis, Alzheimer’s disease (AD)]. For example,
the neostriatum in newborns and the hippocampal CA1 region in
adults are highly sensitive to global cerebral ischemia (which
occurs during cardiac arrest) [69,81,117,120,157]. In amyotrophic
lateral sclerosis (ALS) and spinal muscular atrophy, certain groups
of motor neurons degenerate [71], whereas in AD, neurodegenera-
tion is prominent in the neocortex, hippocampus, amygdala, and
basal forebrain magnocellular complex [155]. There are no effec-
tive therapies for any of these neurodegenerative abnormalities. A
more complete understanding of the characteristics and mecha-
nisms of neuronal death in the in vivo setting is important for the
subsequent development of effective approaches to prevent or
limit the neurodegeneration in acute and chronic neuropathological
conditions.

MORPHOLOGICAL, BIOCHEMICAL, AND
MOLECULAR SIGNATURES OF CELL DEATH

The distinction between apoptotic and necrotic cell death still
relies primarily on morphological criteria, despite recent advances
in the identification of molecular determinants of cell death. Re-
gardless of the classification scheme, ultrastructure is essential for
reliably categorizing cell death, but, to trained eyes, light micros-
copy is equally valuable [77]. A histological analysis of cell death
is particularly important in mode! systems comprised of heteroge-
neous cell types, where apoptosis and necrosis may coexist. The
major challenge with electron microscopic analysis of degenerat-
ing cells (or parts of dying cells) is that it requires rigorous scrutiny
and accurate interpretation of static images. Apoptosis and necro-
sis both evolve as a sequence of structural events, but the primary
mechanisms that cause cither form of cell death are likely to be
engaged or precipitated prior to the detection of structural changes.
At present, structural alterations provide strong evidence for the
type of cell death and, therefore, are more reliable than biochem-
ical markers for classifying cell death in vive (see later). The
corresponding molecular mechanisms for most structural stages of
cell death still need to be identified.

Morphology of Apopiosis

Apoptosis has a distinctive morphological phenotype. In most
classic descriptions of apoptosis, the earliest definitive changes
occur within the nucleus (Fig. 1A-H) [78,80,194]. The chromatin
condenses into sharply delineated, uniformly dense masses, which
appear as crescents abutting the nuclear envelope or as smooth,
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FIG. 1. Ultrastructure of apoptosis in naturally occurring cell death in developing rat brain. (A) Dying cell exhibiting early stages
of apoptosis characterized by chromatin condensation as crescentic caps at the nuclear envelope as well as cytoplasmic condensation,
as indicated by the homogeneously dark cytoplasm. The boxed areas arc magnified in F and G to illustrate the polarity of the
apoptotic process; (B) cell at later stages of apoptosis showing uniformly dense and regularly shaped, round chromatin aggregates
and uniformly condensed cytoplasm. Swollen astroglial processes (asterisk) are adjacent to the dying cell. The boxed area is
magnified in H; (C) apoptotic cell in advanced stages of nuclear condensation and cytoplasmic shrinkage. Swollen astroglial
processes (asterisk) partially surround the dying cell; (D) apoptotic cellular debris (dark round structure) surrounded by astroglial
process; (E) Cellular debris comprised of condensed cytoplasmic fragments and chromatin clumps (asterisk) is engulfed by
phagocyte (Ph); (F) portion of apoptotic cell (from A) showing partially fragmented endoplasmic reticulum (er) and nearly normal
mitochondria (m) within a condensed perikaryon surrounding a portion of the nucleus (Nu) without chromatin clumping; (G) another
portion of an apoptotic cell (from A) showing nucleus (Nu) with chromatin crescent abutting the intact, double-membrane nuclear
envelope (double arrows) and surrounding cytoplasm containing many endoplasmic reticulum-derived vacuoles (er) and swollen
mitochondria (m); (H) part of a cell (from B) showing the architectural changes of late-stages of the apoptotic process. A nuclear
fragment with round chromatin clumps (Nu) is surrounded by a nuclear envelope that is discernable only in some areas (solid double
arrows) but not in other areas (open double arrows). The homogeneously dark, condensed cytoplasm contains swollen mitochondria
(m), fragmented endoplasmic reticulum, and dilated Golgi apparatus (g, star). Electron micrographs are from postnatal day &, rat
striatum (A-C, E-H) and postnatal day 2, rat inferior colliculus (D). Scale bars: A, B, D, E, 5 um; C, 4 pm; F-H, 1 um. Reproduced
from [153] with permission from Wiley-Liss.
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round masses within the nucleus. Nucleolar disintegration also
occurs early during the process of apoptosis. Activation of an
endogenous endonuclease may be partly responsible for the major
morphologic changes in the nucleus of thymocytes [8], but this
may not be the case in other cells [143]. Prominent alterations in
the cytoplasm occur concurrently with these changes in nuclear
structure. The cytoplasm condenses, (as reflected by a darkening of
the cell), and subsequently the cell shrinks in size, while the
plasma membrane remains intact. Condensation of the cytoplasm
is frequently associated with the formation of numerous, translu-
cent cytoplasmic vacuoles [77,194]. The origin of these clear
vacuoles is still uncertain, but they may be derived from the
endoplasmic reticulum [75,152] or the Golgi complex [152,153].
During the course of these events, it is typically believed that the
mitochondria are normal [77,78] and are required for apoptosis
[89,139,198]. Subsequently, the nuclear and plasma membranes
become convoluted and, then the cell undergoes a process called
budding. In this process, the nucleus, containing smooth, uniform
masses of condensed chromatin, undergoes fragmentation in asso-
ciation with the condensed cytoplasm, forming cellular debris
(called apoptotic bodies) composed of pieces of nucleus sur-
rounded by cytoplasm with closely packed and apparently intact
organelles. Some nuclear fragments can be surrounded by a double
membrane, whereas others are not enveloped. Apoptotic bodies are
membrane-bound, and some contain well-preserved rough endo-
plasmic reticulum and mitochondria [77,194]. This cellular debris
is then phagocytosed by nearby resident cells, typically without
generating an acute inflammatory response. Therefore, infiltration
of neutrophils does not occur with apoptosis, unlike that which
occurs in ischemic cellular necrosis [194].

The time course for apoptosis varies in in vitro and in vivo
models. Once initiated, it can be completed within 1-5 min in
tumor cells cultured with cytotoxic T lymphocytes or in fibroblasts
exposed to lymphotoxin [126,162]. Transforming growth factor
(TGF) B1-induced apoptosis of cultured hepatocytes occurs over a
1-4 day period [142]. In an in vitro model of trophic factor
deprivation of PC12 cells, the entire process of cell death requires
approximately 1-2 days, while the apoptotic events observed mor-
phologically occur over a 6-h period [151]. /» vive, the time course
for apoptosis seems to depend on tissue type, occurring over a 3-h
period in liver [18] and 12—-18 h in adrenal cortex [194]. In an in
vivo model of excitotoxicity in newborn brain, excitotoxic neuro-
nal apoptosis occurs over about a 24-h period [153], whereas in an
in vivo model of target deprivation/axotomy in adult brain, the
entire process of neuronal death occurs over a 7-day period, but the
apoptotic period detected morphologically occurs over an interval
of 24 h or less [1]. In contrast, in an in vivo model of deafferen-
tation-induced apoptosis in adult brain, rapid neuronal death oc-
curs in less than 24 h [64].

Morphology of Necrosis

Cellular necrosis is usually elicited by a rapid departure from
normal, steady-state physiology, such as that occurring with toxin
exposure, hypoxia—ischemia, and trauma. Cells do not die by
necrosis per se. The term “necrosis” conveys very little about the
causal mechanisms of cell death that appears morphologically
necrotic. During the process of cellular necrosis, the early, causal
events of cell death are likely to occur before the morphological
features of cell injury are detected [38]. In particular, perturbations
in cell volume homeostasis and mitochondrial function are events
that lead to cellular necrosis [28,91,92,130]. Defects in membrane
permeability and ion transport proteins as well as impairments in
oxidative phosphorylation and depletion of high-energy phos-
phates are early, causal mechanisms for cellular necrosis [38].
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In contrast to the controlled, well-organized, cellular disman-
tling that occurs with apoptosis, the morphology of obvious cel-
lular necrosis mirrors the apparent mechanisms for injury, such as
damage/dysfunction of the plasma membrane and other organelles.
This morphology is very distinct from classic apoptosis [77]. Both
the nucleus and cytoplasm show ultrastructural changes, with the
main features being clumping of chromatin, swelling and degen-
eration of organelles, destruction of membrane integrity, and even-
tual dissolution of the cell, with the overall configuration of the
moribund cell being maintained until the very end in vivo. The
nuclear pyknosis with condensation of chromatin into many un-
evenly textured, irregularly shaped clumps in cellular necrosis
[77,184] sharply contrasts with the formation of few, uniformly
dense and regularly shaped chromatin aggregates that occurs in
apoptosis [77,78]. Furthermore, in cellular necrosis, the nuclei of
dying cells do not bud to form discrete, membrane-bound frag-
ments, as in apoptosis. These differences in the condensation of
nuclear chromatin in pure apoptosis and necrosis are very diag-
nostic. However, between these two extremes, many morpholog-
ical variants of chromatin condensation may exist (see later)
[1,152,153].

During the progression of cellular necrosis, cytoplasmic or-
ganelles display structural damage. The mitochondria undergo a
complex sequence of changes that includes contraction or conden-
sation of the inner membrane and dissipation of matrical granules
(C phase), inner membrane swelling and cristacolysis (S phase),
formation of flocculent aggregates, and then disintegration [183].
This evolution of mitochondrial abnormalities has been demon-
strated in various forms of cellular necrosis [91,92]. Ribosomes are
dispersed from the rough endoplasmic reticulum and polyribo-
somes disassociate, resulting in many monomeric ribosomes that
are found “free” in the cytoplasm, causing the cytoplasmic matrix
to appear dense and granular. The cisterns of the endoplasmic
reticulum and Golgi apparatus can dilate, fragment, and vesiculate,
and the plasma membrane can undergo a process called blebbing
[77,21]. The molecular mechanisms for these changes in organelle
structure that oceur during necrotic cell death still have not been
identified. Many of these subcellular changes can be found when
plasma membrane function and adenosine triphosphate (ATP)
synthesis are impaired [91]. In addition, oxidative damage to the
cytoskeleton may have a role, particularly in the process of plasma
membrane blebbing [135,136]. Some of these structural changes in
various organelles arc reversible, if physiological conditions are
restored soon enough [3]. Because cellular necrosis results in the
liberation of antigenically active, denatured intracellular debris, it
is accompanied by an inflimmatory response, which includes
leukocytic infiltration, tissue edema, and ultimately a gross change
in the overall histology of the focus of tissue damage due to the
formation of a “scar.”

The morphologically discernable time course for necrotic cell
death is generally not dramatically different from the timing of
apoptosis, once the onset is detected. fn vitro, necrotic cell death
occurs during a period of 1-2 h in disassociated fibroblast cultures
[162], 1-3 h in glutamate challenged cerebellar granule cell cul-
tures [5], and 24 h in anoxic substrate-deprived liver slices [183].
In vive, excitotoxicity causes necrosis of neurons in less that 24 h
[41,152,153]. Renal ischemia causes tubular epithelial cell necro-
sis in less than 2 days [53]. Global cerebral ischemia causes acute
necrosis of principal striatal neurons in less than 24 h [119,120,
149], and degeneration of CAl neurons 2-4 days later [69,81,
157]. In hippocampus, this neuronal death has been called post-
ischemic “delayed neuronal death” by Kirnno [81], and its
classification is now controversial (see later).

A characteristic of cellular necrosis is that its rate of progres-
sion depends on the initial severity of the environmental insult
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either in vitre or in vive. In cerebral ischemia, this tenet is called
“the maturation phenomenon,” and it holds that the greater the
severity of the ischemic insult, the more rapid is the progression of
neuronal injury [69]. This general principle holds true for toxico-
logical insults to the brain and other organs [121,122]. In contrast
to cellular necrosis, no clear evidence indicates that an analogous
“dose-response” principle governs the rate of progression of ap-
optosis in vive, but rather it appears to be more of an all-or-none
phenomenon.

DNA Fragmentation in Apoptosis and Necrosis

Biochemical markers have been used to classify cell death. The
most extensively used biochemical signature for cell death is based
on the integrity of nuclear DNA [193]. During cell death, Ca**/
Mg**-activated endonucleases digest DNA [8,178,193]. Genomic
DNA degradation indicates an irreversible stage of cell death. In
apoptotic thymocytes, the characteristic morphological alterations
in the nucleus may result from a selective nuclease activation
without concurrent protease activation [8]. It is generally believed
that cleavage of double-strand DNA occurs by endogenous, non-
lysosomal, Ca®*/Mg*"-dependent endonuclease(s), specifically at
regions between nucleosomes (DNA within nucleosomes is pre-
sumably not accessible to endonuclease due to packaging with
histone proteins) [178], producing DNA fragments that are multi-
ples of approximately 180 base pairs [8,193]. However, some
extracellular factors [e.g., tumor necrosis factor (TNF)] can trigger
DNA fragmentation during apoptosis in the absence of increases in
intracellular Ca®* [63]. The proteins with the endonuclease activ-
ity responsible for internulceosomal DNA cleavage have not been
fully characterized. One protein has been identified (DNA frag-
mentation factor-45) that functions downstream of caspase-3 to
cause internucleosomal DNA digestion during apoptosis [109]. In
contrast with cellular necrosis, endonucleases cleave DNA less
selectively (presumably because proteases are co-activated, caus-
ing digestion of histones and increased accessibility of nucleoso-
mal DNA), producing random DNA digestion [26,178]. It is in-
teresting in this regard that in neurons, but not in glial cells or
fibroblasts, stimulated increases in intracellular Ca®* are greater
and occur faster in the nucleus than in the cytosol [156].

By agarose gel electrophoresis, the detection of internucleoso-
mal DNA cleavage (the “ladder” pattern) is widely used as an
indicator of apoptosis, whereas random DNA digestion (the
“smear” pattern) is used as a marker for cellular necrosis [193].
However, biochemical markers of cell death vary from one cell
type to another. In some cell cultures, apoptotic cell death occurs
in the absence of demonstrable internucleosomal DNA fragmen-
tation [26,143,177]. In addition, internucleosomal fragmentation
occurs in ischemic liver necrosis [44] and in NMDA receptor-
mediated excitotoxic neuronal necrosis in brain [152]. When using
DNA fragmentation patterns as a marker to classify the type of cell
death, another important consideration is the model system of cell
death in which DNA integrity is being analyzed. For example, this
type of analysis has definite advantages when using a homoge-
neous population of cells in culture, but the interpretation of
similar analyses is much more difficult when performed on tissues
comprised of heterogeneous cell types, such as CNS tissues with a
variety of different neuronal and glial types, all of which contribute
to the pool of extracted DNA. Therefore, in heterogeneous cell
systems, tissue homogenization precludes the ability to evaluate
cell death on a cell by cell basis. In addition, the development of
inflammation with immigration of leukocytes into a region of
injured tissue, and subsequent apoptosis of these cells, can com-
plicate the interpretation of biochemical analyses of cell death
produced in vivo [194], by adding vyet another source of cellular
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heterogeneity and contamination. This has been recognized in
cerebral ischemia [120]. Therefore, as concluded appropriately in
several studies [26,77,152], ultrastructural morphology is still the
best approach to classify cell death in vivo, providing that the
electron micrographs are interpreted correctly.

The development of a technique to detect DNA fragmentation
in situ, at the cellular level, provided a new approach to assay for
cell death. This strategy is based on end-labeling single-strand or
double-strand DNA breaks using DNA polymerase [54,192] or
terminal deoxynucleotidyl transferase [47], respectively, to cata-
lyze the transfer of deoxyuridine triphosphate (conjugated with a
reporter molecule). The former method is called the in sifr nick
translation technique and the latter approach is called the terminal
transferase-mediated dUTP nick-end labeling (TUNEL) method.
Although both techniques are highly reliable for identifying cells
with fragmented DNA, several questions remain unanswered. For
example, does all labeling with these techniques signify ongoing or
end stage cell death or perhaps DNA repair? Furthermore, a
common misconception is that these methods, notably the TUNEL
assay, arc specific for detecting apoptotic cell death. However,
these methods do not discriminate among apoptotic and necrotic
cell death [54,56,152], and therefore, fail to provide insight into
the mechanisms for cell death.

Molecular Mechanisms of Apoptosis

Several apoptosis-regulating genes were originally identified in
the invertebrate C. elegans, and growing families of homologous
genes that regulate apoptosis have been more recently identified in
vertebrates [131,165]. One family is the group of cysteine pro-
teases, called caspases (10 members have been identified to date),
which are constitutively expressed proenzymes that undergo pro-
teolytic cleavage and rearrangement of subunits to produce active
enzymes with substrates such as nuclear proteins (e.g., polyADP-
ribose polymerase, DNA-dependent protein kinases, heteronuclear
ribonucleoproteins, or lamins), cytoskeletal proteins (e.g., actin,
fodrin), or inflammatory mediators (e.g., prointerleukin-18) [165].
Another group of apoptosis regulatory genes is the bel-2 protoon-
cogene family [131]. Membership into the family of Bel-2-related
proteins is defined by homology domains (BH-1, BH-2, and BH-
3), which function in the interactions between members. Of these
genes, bel-2, bel-x;, and mcl-1 are antiapoptotic, whereas bax,
bel-xg, bad, bak, and bik are proapoptotic. The complex, steady-
state permutations in protein dimerization among members have a
major influence on whether a cell lives or dies. For example, Bcel-2
exerts its antiapoptotic function by forming heterodimers with Bax
[131].

Considerable data have accrued indicating that mitochondria
participate in the critical effector stage of apoptosis. Based on early
electron microscopy studies of nonneuronal cells, it has been
generally believed that the ultrastructure of mitochondria remains
largely intact during apoptosis [77,78]. The localization of Bel-2 to
cytoplasmic membranes that face the cytosol, including the outer
mitochondrial membrane [106], further supports a role for mito-
chondria in apoptosis. Subsequently, it was shown that in vitro
apoptosis in Xemopus egg extracts requires a dense organelle
fraction enriched in mitochondria [139] and that a change in
mitochondrial permeability transition constitutes an early event for
nuclear apoptosis in cell-free systems [198]. A decrease in mito-
chondrial transmembrane potential, followed by mitochondrial
uncoupling and generation of reactive oxygen species (ROS),
precedes the formation of the apoptotic nuclear morphology in
vitro [89].

Cytochrome c is a necessary component of the apoplotic pro-
gram, suggesting that mitochondria participate in apoptosis by
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releasing cytochrome c into the cytosol [99,108]. The liberation of
cytochrome ¢ from mitochondria may occur prior to permeability
transition pore opening [86,196]. In a recently proposed model of
apoptosis based on in vitro experiments, cytochrome c, identified
as apoptotic protease activating factor-2 (Apaf-2), is a potent
activator of caspases in cytosolic extracts [99]. Cytosolic ATP or
deoxyadenosine triphosphate {dATP) are required cofactors for
cytochrome c-induced caspase activation [99,108]. Cytochrome ¢
and dATP bind and activate caspase-9 (Apaf-3), which in turn
cleaves and activates caspasc-3 [99]. Apaf-1, a yet to be fully
characterized 130 kilodalton protein, serves as a docking protein
for caspase-9 and cytochrome ¢ [99]. Activated caspases cleave a
protein with DNase activity (DNA fragmentation factor-45), and
this cleavage activates a pathway leading to the internucleosomal
fragmentation of genomic DNA [109]. In response to several
apoptosis-inducing agents, cytochrome ¢ is released from mito-
chondria to the cytosol [99,108] through a mechanism that may
involve the formation of membrane channels comprised of Bax
[6]. The antiapoptotic proteins Bel-2 and Bcel-x;, block the release
of cytochrome ¢ from mitochondria [86,196] and therefore, the
activation of caspase-3 [99,108]. The blockade of cytochrome ¢
release from mitochondria by Bcl-2 and Bel-x, is possibly due to
the inhibition of Bax channel-forming, proapoptotic activity in the
outer mitochondrial membrane [6], or to the regulation of mito-
chondrial membrane potential and volume homeostasis [185].

NEURONAL DEATH IN EXCITOTOXICITY

In the CNS, neuronal death can be induced by excitotoxicity, a
concept formulated by Olney that has fundamental importance to
a variety of neurological disorders [110,145,146]. This pathologic
neurodegeneration is mediated by excessive activation of gluta-
mate-gated ion channel receptors and probably voltage-dependent
ion channels as well. The precise mechanisms of excitotoxic cell
death are unclear, and both in vitre and in vive data are discordant
with regard to whether excitotoxic neuronal death is apoptotic or
necrotic. The excessive interaction of ligand with subtypes of
glutamate receptors alters intracellular ion concentrations, pH,
protein phosphorylation, and energy metabolism [22,105,190]. An
increase in cytosolic free Ca®* causes and activation in Ca®*-
sensitive proteases, protein kinases/phosphatases, and phospho-
lipases when glutamate receptors are stimulated. Likewise, exci-
totoxicity results in an activation of endonucleases and subsequent
internucleosomal DNA fragmentation in cultures of cortical neu-
rons [59,90] and cerebellar granule cells [5,174], although others
have not found internucleosomal DNA fragmentation in cerebellar
granule cell cultures [33]. This excitotoxin-induced cell death in
vitro has been shown to be prevented [90] or unaffected [33,59,
174] by inhibitors of ribonucleic acid (RNA) or protein synthesis
and is either sensitive [90,174] or insensitive [33] to the endonu-
clease inhibitor aurintricarboxylic acid. An internucleosomal pat-
tern of genomic DNA fragmentation has also been observed in
vivo 12—48 h after intracerebral injections of excitotoxins [41,152,
153,186], and this pattern can persist to 5 days postlesion [186].

The in vivo morphological characteristics of excitotoxicity in
many neurons include somatodendritic swelling, chromatin conden-
sation into irregular clumps, and organelle damage [145,146,152,153,
186], features that are thought to be typical of cellular necrosis
[77,78,194]. However, in other neurons, excitotoxicity causes cyto-
logical features more reminiscent of apoptosis [153,186]. Excitotoxic
neurodegeneration fx vivo has been shown to be either sensitive [164]
or insensitive [98] to protein synthesis inhibition; therefore, a role for
de nove protein synthesis in the expression of a PCD cascade in
excitotoxicity is uncertain.
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Excitotoxic Neuronal Death is Influenced by Brain Maturity
and Glutamate Receptor Subtype Stimulation:
The Apoptosis—Necrosis Morphological Continuum

We tested the hypothesis that glutamate receptor-mediated ex-
citotoxicity i vivo induces neuronal death with phenotypes that
vary depending on the maturity of the brain at the time of the insult
and on the glutamate receptor subtype that is activated. As a
logical prelude to these experiments, we characterized normal
developmental cell death in the newborn brain with respect to
DNA fragmentation patterns and ultrastructure to establish a stan-
dard for apoptosis in the CNS [153], against which we could
compare induced neuronal death. In developing rat brain, normal
physiological neuronal death is associated with internucleosomal
fragmentation of DNA [153], and its ultrastructure (Fig. 1A-H) is
similar to neuronal apoptosis described in developing chick ciliary
ganglion [150] and spinal cord [23,141] and in nonneuronal sys-
tems [76,80,167]. Although it is difficult to construct a temporal
sequence of developmental neuronal death, this neurodegeneration
is characterized by chromatin condensation into crescentic caps
abutting the nuclear envelope or into few uniform round clumps
and by an increased nuclear and cytoplasmic matrix density, as
reflected by a darkening of the cell (Fig. 1A-H). The increased
cytoplasmic matrix density appears to be related to a disaggrega-
tion of polyribosomes into monosomes, a breakdown of the rough
endoplasmic reticulum into smaller tubular and round fragments,
and a disappearance of Golgi stacks. At later stages of develop-
mental neuronal apoptosis, the nuclear envelope becomes less
distinet and the mitochondria swell and disintegrate. Ultimately,
the dying neuron undergoes fragmentation, and cellular debris,
often appearing secondarily necrotic, is engulfed by nonneuronal
cells (Fig. 1A-H).

In the newbormn rat brain, excitotoxic activation of NMDA and
non-NMDA glutamate receptors causes neuronal death with phe-
notypes ranging from apoptosis to necrosis [153]. At first glance,
three structurally different forms of dying cells can be identified
(Fig. 2A-C): a classic apoptotic form; a vacuolated form, similar
to the endocytic-autophagic type described by Clarke and cowork-
ers [24,68]; and a classic necrotic form. When we evaluated the
progression of excitotoxin-induced, neuronal apoptotic death in the
newborn brain, we found that the vacuolated form is a precursor
stage of apoptosis, which has many similarities to PCD occurring
in the developing brain (Fig. 3A-L) [153].

In contrast, in the adult rat brain, excitotoxic neuronal death
caused by NMDA receptor activation is morphologically necrotic
(Fig. 4A-T) [152]. However, neuronal death produced by non-
NMDA receptor activation is distinct from that caused by NMDA
receptor stimulation (Figs. 4A—I and 5A-1). Non-NMDA receptor-
mediated neuronal death in adult brain has some cytoplasmic and
nuclear features reminiscent of neuronal apoptosis in the excito-
toxically injured newborn brain (Figs. 3A-L and 5A-T), although
non-NMDA receptor excitotoxic neurodegeneration in adult brain
and naturally occurring apoptosis in developing brain are very
different structurally (Figs. 1A-H and 35A-T).

Excitotoxically injured neurons die with morphologic changes
that are characterized by a highly ordered sequence of organelle
abnormalities (Fig. 6A-F). The sequential subcellular changes that
occur during excitotoxic neuronal death are rough endoplasmic
reticulum dilatation, polyribosomal disaggregation, Golgi vesicu-
lation, and then mitochondrial swelling as well as chromatin con-
densation (Fig. 6A-F). However, excitotoxicity in adult brain
caused by both NMDA and non-NMDA receplors is associated
with internucleosomal DNA fragmentation [152], despite the def-
inite absence of a classic apoptotic morphological phenotype in
dying neurons.
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FIG. 2. Kainic acid-induced excitotoxicity in newborn rat (postnatal day 5)
cerebral cortex (20 h postinjection) causes cell death ranging from classic
apoptosis to classic necrosis. (A) Electron micrograph of dying cell in layer
V1 undergoing classic apoptosis (arrow). The nucleus contains large, dark,
round clumps of chromatin (asterisks) and is surrounded by an intact
nuclear envelope. The cytoplasm is homogeneously dark and condensed
(see Fig. 1B,C); (B) electron micrograph of a dying cell in layer V with a
vacuolated phenotype. The dark, pyknotic nucleus contains many, iregu-
larly-shaped clumps of chromatin (asterisks). The dark cytoplasm contains
many vacuoles. Both the nuclear envelope and plasma membrane are
intact; (C) electron micrograph of a dying cell {located in a superficial
layer) with a classic necrotic phenotype. The overall configuration of the
cell is maintained, but the nucleus contains several, imegularly-shaped
aggregates of chromatin (asterisks), rather than discrete round clumps, and
the cytoplasm shows severe dissolution and loss of membrane integrity.
Scale bar: A, 4 pm (same for B and C).
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Excitotoxic Neurodegeneration: Conclusions

Our experiments comparing naturally occurring neuronal death
and excitotoxic neuronal death in the developing and adult CNS
led to the concept of an apoptosis—necrosis continuum for neuronal
death in vivo. We conclude that excitotoxic neurodegeneration
does not have to be strictly apoptotic or necrotic, according to a
traditional binary classification of cell death, but can exist as
intermediate or hybrid forms of cell death that lic along a structural
continuum with apoptosis and necrosis at the extremes. This con-
tinuum is influenced by the subtype of glutamate receptor that is
activated; therefore, excitotoxic neuronal death is not identical in
every neuron [152,153], possibly because of the high diversity in
the expression, localization, and function of glutamate receptor
subtypes and second messenger systems [42,72,114-116]. We
also conclude that the structure of neuronal death is influenced by
CNS maturity, because death of injured adult neurons only rarely
occurs with bona fide apoptotic morphological features [1,64,175]
that closely resemble those seen during naturally occurring cell
death in the developing nervous system [23,24,141,150,153,167].

NEURONAL DEATH IN CEREBRAL ISCHEMIA

The mechanisms by which transient cerebral ischemia produces
irreversible neuronal death are still not fully understood and are
now even more obscured by attempts to explore the contribution of
PCD to ischemic neurodegeneration. The finding that degeneration
of CA1 pyramidal neurons is delayed following transient forebrain
ischemia [69,81,157] is appealing in the context of a possible role
of PCD in this neurodegeneration. The underlying assumption is
that some active cell death mechanism is engaged during the
temporal delay between the initial insult and the ultimate degen-
eration of CA1 neurons. It is important to recognize, however, that
the ““delay” in the postischemic degeneration of CA1 pyramidal
neurons is relative and can be truncated depending on the principle
of the maturation phenomenon [69]; therefore, CAl neurodegen-
eration can evelve more rapidly, depending on the severity of the
insult.

The initial suggestion that postischemic delayed neuronal death
in hippocampus had some possible relationship to PCD was based
on the finding that systemic treatment with protein synthesis in-
hibitors (cycloheximide or anisomycin) protected against CAl
neuron loss in rat [55] and gerbil [170]. 1t is still uncertain whether
this protection reflects a persistent suppression of neuronal death
or an extended delay of neurodegeneration. However, a subsequent
study showed that neither protein synthesis inhibitors (anisomycin
and cycloheximide) nor an RNA synthesis inhibitor (actinomycin
D) protected against postischemic delayed neuronal death in rat
CA1 [32]. This latter study also showed by electron microscopy
that delayed death of selectively vulnerable neurons does not have
the characteristics of apoptosis [32]. Our data also demonstrate that
the degeneration of selectively wvulnerable neurons following
global ischemia is not apoptotic (Figs. 7TA-F, 8A-H, 9A-J, 10A-1],
11A-I). This conclusion is based on the absence of an apoptotic
morphological phenotype in these neurons and is consistent with
the observation that organelles that function in protein synthesis
and posttranslational modification become structurally abnormal
early in the course of ischemic neurodegeneration and are persis-
tently abnormal during the process of neuronal death [82]. These
morphological changes are consistent with the finding that total
protein synthesis is severely reduced by 6 h following transient
global forebrain ischemia and that this robust reduction occurs
persistently in CA1 neurons, with the vast majority of pyramidal
neurons never regaining their normal biosynthetic activity [7,45,
73,176]. However, this finding does not completely rule out the
possibility that some proteins could be translated postischemia.
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FIG. 3. Ultrastructural progression of non-NMDA receptor-mediated excitotoxic neuronal death in postnatal day 5 rat cerebral cortex caused by kainic
acid. This neurodegeneration appears as a hybrid of apoptosis and necrosis, but more closely resembles apoptosis. A normal neuron (A) is shown for
comparison with neurons at 15 min (B); 2 h (C); 6 h (D-F); 20 h (G-1); and 24 h (J-L) after excitotoxin injection. The temporal progression shown
here has some leeway with respect to the timing of the different stages of degeneration; for example, cells shown here with a morphology at 20 h can
be found at 6 h and vice versa. Vacuolation of the cytoplasm is present within 15 min (B) and increases progressively in severity over the next 6 h
(C-F). At about 6 h, the chromatin begins to condense within the nucleus (E); and subsequently over the next 14 h the chromatin is condensed into
large, round clumps (F-I). During this phase, the dying cell undergoes progressive cytoplasmic condensation and assumes a round morphology and
then shrinks (E-T). The condensed, shrunken cell then looses plasma membrane integrity, and cytoplasmic fragments with round chromatin clumps
are dispersed into the neuropil (J,K); phagocytic cells then engulf the cellular debris (L). Scale bar: L, 5 um (same for A—K). Reproduced from [153]
with permission from Wiley-Liss.
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FIG. 4. Ultrastructural progression of NMDA receptor-mediated excitotoxic neuronal death in the adult rat striatum caused
by quinolinic acid. This neurodegeneration is morphologically necrotic. A normal principal striatal neuron (A) is shown for
comparison with neurons at 15 min and 2, 6, 12, and 24 h after excitotoxin (B-I) arranged in a temporal sequence to show
the predominant structural changes associated with NMDA receptor-mediated excitotoxic neuronal necrosis. This neuronal
death is not precisely synchronized because at any time point postlesion dying neurons are found at different stages of
degeneration. Accumulation of cytoplasmic vacuoles occurs by 15 min after injury (B), increasing progressively during the
subsequent 6 h (C-E). During this early 6-h interval (B—E), the arrays of rough endoplasmic reticulum become fragmented
and many mitochondria become swollen and vacuolated, as the cytoplasmic matrix becomes progressively dark and
homogeneously granular while cell becomes shrunken and the contour becomes angular. Concurrently, the nucleus shows
condensation of chromatin into numerous, irregular clumps as the nuclear matrix progressively becomes uniformly dark
(B-F), although the nucleolus still remains prominent until ultimate cellular disintegration. From 12-24 h, injured cells
undergo dissolution as the dark, severely, vacuolated cytoplasm becomes disrupted, containing few discernible, but very
swollen mitochondria, while the nucleus progressively becomes more pyknotic and undergoes karyolysis (G-1). Scale bar:
A, 4 um (same for B-1). Reproduced from [152] with permission from Wiley-Liss.
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FIG. 3. Ultrastructural progression of non-NMDA receptor-mediated excitotoxic neuronal death in the adult rat striatum
caused by kainie acid. This neurodegeneration has a morphological pattern that falls between classic apoptosis (see Figs. 1 and
3) and classic necrosis (see Fig. 4). Principal striatal neurons at 15 min and 2, 6, 12, and 24 h after excitotoxin (A-I) are
arranged in a temporal sequence to show the predominant structural changes associated with non-NMDA receptor-mediated
excitotoxicity. This neuronal death was also not precisely synchronized because at any time point postlesion there are dying
neurons at different stages of degeneration. The pattern of cytoplasmic changes induced by non-NMDA receptor toxicity at
15 min (A,B) to 6 h (C-F) generally paralleled those caused by NMDA receptor toxicity (see Fig. 4), notably the severe
vacuolation. Prominent differences in the progression of nuclear changes are discernible when non-NMDA receptor toxicity
is compared to NMDA receptor toxicity. Over 6—12 h postlesion (D-F), kainic acid-injured neurons undergo progressive
compaction of chromatin into few, discrete, large clumps, contrasting with the formation of numerous, smaller, irregular
chromatin clumps observed in quinolinic acid toxicity (see Fig. 4). However, the ultimate progression of cellular dissolution
(G-I) is similar with the two different excitotoxins. Scale bar: A, 4 pm (same for B-I). Reproduced from [152] with
permission from Wiley-Liss.
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FIG. 6. NMDA and non-NMDA receptor-mediated excitotoxic death of neurons in adult rat striatum is associated with sequential and progressive
subecellular abnormalities within cytoplasmic organelles. Abbreviations: G, Golgi apparatus; m, mitochondria; Nu, nucleus; rer, rough endoplasmic
reticulum. The nuclear envelope is identified by the double arrowheads. (A) Normal, principal, striatal neuron with abundant polyribosomes, intact arrays
of rough endoplasmic reticulum and Golgi, and normal mitochondria; (B) by 15 min after excitotoxin exposure, the Golgi swells and undergoes vesiculation
to form clear vacuoles (star) and the inner mitochondrial membrane swells. The rough endoplasmic reticulum appears normal, but some free ribosomes are
dispersed in the cytoplasm causing the matrix to become darker and granular; (C) by 2 h after excitotoxin exposure, many Golgi-derived vacuoles
accurnulate in the cytoplasm (star); (D) by 12 h after excitotoxin exposure, the cytoplasmic matrix becomes homogeneously dark and polyribosomes are
no longer discernible. Numerous, Golgi-derived vacuoles of various sizes (star) are formed within the cytoplasm. The rough endoplasmic reticulum is
disorganized and partially fragmented. Some mitochondria are normal but others are damaged. The nuclear chromatin undergoes condensation into clumps
of various sizes (asterisk), while the nuclear envelope remains intact; (E) By 24 h after excitotoxin exposure, the cytoplasmic matrix is very dark,
disorganized, and condensed. The rough endoplasmie reticulum is not discernible, and mitochondria are at various stages of degeneration. The nucleus,
which contains chromatin clumps (asterisk), is no longer surrounded by an intact nuclear membrane; (F) dissolution of the neuron is associated with
dispersal of dark, denatured, eytoplasmic debris and nuelear debris with chromatin clumps (asterisk). Scale bar: F, 1 pm (same for A-E). Reproduced from

[152] with permission from Wiley-Liss.

Cytoskeletal damage also occurs early postischemia, particularly
in dendrites, before the degeneration of neuronal cell bodies [85,
195]; this early disassembly and proteolysis of the cytoskeleton
following ischemia [85] and excitotoxicity [173] contrasts with the
organized appearance of the cytoskeleton in neuronal apoptosis
[1].

Despite this evidence, recent studies have now attempted to
reassert that delayed neuronal death of CAl pyramidal neurons
after ischemia is apoptosis [140], but convincing ultrastructural
data to support this conclusion have not been forthcoming. Other
groups have reported that neuronal apoptosis also occurs in new-
born piglet neocortex following global hypoxia—ischemia [128]
and in adult rat striatum following focal ischemia [100]. Yet, there
is a paucity of ultrastructural data to support these conclusions.
These recent reports are hard to reconcile with many earlier and
very thorough ultrastructural studies that document that ischemic
neurodegeneration in selectively vulnerable regions does not have
a morphological phenotype consistent with apoptosis (although not
necessarily stated explicitly in some studies, the micrographs il-
lustrate the point) [16,32,81-83,149]. Instead, these reports dem-
onstrate that ischemic neurodegeneration has the typical features
of cellular necrosis, consistent with the acute parenchymal cell
death found in other organs following ischemia [194].

Degeneration of Selectively Vulnerable Neurons Afier Global
Ischemia Is Not Morphologically Apapiosis

Here, we have classified postischemic neurodegeneration using
models of complete global ischemia in adult cat [84], incomplete
global ischemia in adult dog [171,172], and global hypoxia-isch-
emia in newborn piglet [117-120]. The degeneration of pyramidal
neurons in neocortex and CAl (Fig. 7A-F) and of cerebellar
Purkinje cells (Fig. 8A—H) in adult brain following global ischemia
is not morphologically apoptosis. In our model of asphyxic cardiac
arrest in piglets, the vast majority of striatal neuronal death is
nonapoptotic as well (Figs. 9A-I, 10A-1, 1 1A-I). Like the death of
CA1 pyramidal neurons after ischemia (Fig. 7A-F), the degener-
ation of Purkinje cells (Fig. 8A—H) and principal striatal neurons
(Figs. 10A-T and 11A-T) evolves in association with damage to
organelles that function in protein synthesis, posttranslational
modification, and secretion. Disaggregation of polyribosomes and
fragmentation or vesiculation of the endoplasmic reticulum and
Golgi complex are prominent examples of this subcellular pathol-
ogy that would likely alter protein synthesis/processing capabili-
ties. The ischemic neuronal death of neocortical pyramidal neu-
rons, CAl pyramidal neurons, principal striatal neurons, and
Purkinje cells is similar morphologically, regardless of the severity
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FIG. 7. Degeneration of CAl neurons is not morphologically apoptotic following transient global ischemia.
Adult cats were subjected to 10 min of ischemia, induced by temporary ligation of the left subclavian and
brachiocephalic arteries plus hemorrhagic hypotension, followed by 3 days recovery. (A and B) Dorsal
hippocampus of control cat showing CA1, CA3, and dentate gyrus (DG) at low magnification (A) and CAl
neurons (arrowheads) at higher magnification (B). Abbreviations: O, stratum oriens; P, stratum pyramidale; R,
stratum radiatum. (C) Dorsal hippocampus of ischemic cat showing the selective vulnerability of CAL; (D)
prominent degeneration of CAl neurons (arrowheads) after ischemia. Note the severe inflammatory response
typical of ischemic necrosis, as indicated by accumulation of cells with small, dark nuclei; (E) electron
micrograph of a degenerated CAl pyramidal neuron showing an ultrastructure that is not consistent with
apoptosis (compare with Figs. 1, 2A, 3). The cytoplasm of the neuron contains degenerating mitochondria, and
the pyknotic nucleus (Nu) contains peripherally located, imegular condensation of chromatin (asterisks); (F)
Electron micrograph showing end-stage necrotic degeneration of a CAl pyramidal neuron induced by
ischemia. This neuron is undergoing dissolution of both the cytoplasm and nucleus (Nu). The nucleus contains
many small aggregates of chromatin (asterisks) and is not surrounded by an intact nuclear envelope. The
plasma membrane has lost integrity (arrowheads) and cellular contents are being liberated into the surrounding
neuropil, consistent with the presence of an inflammatory response (see D). The ultrastructure of this delayed
neuronal degeneration following ischemia is identical to that caused by NMDA-receptor mediated excitotox-
icity (compare with Fig. 4). Scale bars: A, 180 um (same for C); B, 40 um (same for D); E, 1.2 pm; F, 0.8
jam.

MARTIN ET AL.
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FIG. 8. Purkinje cell degeneration in cerebellum is not morphologically apoptotic following transient global ischemia.
Adult cats were subjected to 10 min of ischemia, induced by temporary ligation of the left subelavian and brachiocephalic
arteries plus hemorrhagic hypotension, followed by 3 days recovery. Because different cerebellar folia show varying
vulnerabilities to ischemia and Purkinje cell death is not synchronous, a four-stage temporal morphological progression
of Purkinje cell degeneration can be constructed at one time point postischemia to illustrate the nonapoptotic features of
this cell death. (A) Nommal Purkinje cells (arrows) in control cat; (B) during stage 1, the Purkinje cell body severely
shrinks (arrows) and the nucleus becomes datk and shrunken. The Nissl substance is redistributed to the periphery of the
soma (as contrasted with the perinuclear distribution of Nissl substance within the perikaryon in normal Purkinje cells,
see A). The Purkinje cell dendrites become more prominent, signifying dendritic retraction and swelling of peridendritic
astrocytic processes; (C) during stage 2, the cytoplasm of Purkinje cells (arrows) becomes homogenous as the Nissl
staining is lost (the corresponding ultrastructural observation is fragmentation and loss of the rough endoplasmic
reticulum, see Figs. 10, 11); (D) during stage 3, the Purkinje cell perikaryon (arrow) shows complete homogenizing cell
change as the cytoplasm becomes uniform (i.e., eosinophilic or pink in hematoxylin and eosin preparations}. At this stage,
attack of inflammatory cells occurs. (E) At stage 4, Purkinje cells undergo severe cytoplasmic vacuolation and then
dissolution; (F-H) postischemic degeneration of Purkinje cells (arrows) at stage 1 (F), stage 3 (G), and stage 4 (H). Note
that the nucleolus 1s present until end-stage degeneration, unlike the rapid disintegration of the nucleolus in apoptosis.
Scale bars: A, 11.7 wm (same for B-E); F, 6 um (same for G and H).
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of insult and whether its occurrence is acute (=24 h) or delayed
(3—7 days). Therefore, we conclude that acute and delayed isch-
emic neuronal death is structurally, and perhaps mechanistically,
identical. This conclusion is consistent with the principle of the
maturation phenomenon [69]. In all of our models of global

cerebral ischemia, neurodegeneration in selectively vulnerable re-
gions is morphologically indistinguishable from the neuronal death
caused by excitotoxicity, and, specifically, it closely resembles the
neuronal death caused by NMDAreceptor activation in adult brain
(Figs. 4A-1, 6A—F, TA—F, 10A-1, and | 1A-T). The morphology of



FIG. 9. Striatal degeneration in hypoxic-ischemic piglets. (A) Hematoxylin and eosin-stained section of control piglet striatum showing
numerous round, medium-sized (10-20 pm) neurons (solid, black arrows) and less frequent large (20—40 pm) neurons (black arrowhead).
Astrocytes with sparse cytoplasm can also be discerned (open arrows); (B) occasional apoptotic cells undergoing physiological cell death are
encountered (thin black on white arrow) among normal medium-sized striatal neurons (black arrow) in control piglets; (C) many principal
striatal neurons (black arrows) and subsets of large neurons (black arrowhead) show severe ischemic cell injury at 24 h recovery, as evidenced
by the eosinophilic (pink) cytoplasm, nuclear pyknosis, and shrinkage of the cell body. By light microscopy, the vast majority of striatal
neuron degeneration is not apoptotic. Astrocytes are swollen (open arrows), causing severe vacuolation of the neuropil and formation of
perineuronal spaces; (D) at 24 h postischemia, a small subset of ischemic neurons (arrows) exhibit condensation of the nucleus into large,
round clumps (compare with apoptotic cell in panel B); (E) in TUNEL/cresyl violet (CV) preparations of control putamen, principal ncurons
(black arrows) and magnocellular neurons (arrowhead) are not TUNEL-positive. Only rare, small TUNEL-positive cells are encountered in
controls (not shown); (F) TUNEL/CV sections of piglet striatum at 24 h after hypoxia—ischemia show numerous medium-sized neurons (black
arrows) and large neurens (arrowhead) are that TUNEL-positive. Capillary endothelial cells are also TUNEL-positive (curved arrow); (G)
TUNEL/CYV sections of hypoxic-ischemic piglet striatum at 24 h recovery show that TUNEL-positive medium-sized neurons (black arrows)
are angular and shrunken, typical of ischemic neurons (faint labeling of the cytoplasm probably indicates leakage of fragmented DNA into
the perikaryon, because the nuclear envelope is not intact, see Fig. 11). In contrast, TUNEL-positive astrocytes {open arrow) have a
round/ellipsoidal nucleus without visible cytoplasm due to the swelling (compare with astrocytes in panels C and D). Nearby astrocytes
(blue-stained cells in upper right) are not TUNEL-positive; (H) in the hypoxic-ischemic piglet striatum at 24 h, an unidentified TUNEL-
positive cell (thin black on white arrow) with spherical clumps in the nucleus reminiscent of apoptosis (compare with panels B and D) can
be distinguished from a TUNEL-positive neuron (black arrow) with less chromatin clumping and a prominent nucleolus; (I) by 48 h after
hypoxia-ischemia, many small cells that have infiltrated into perivascular locations in the striatum are TUNEL-positive and undergo
unequivocal apoptosis (thin black on white arrows). Their size and location indicate that they are dying leukocytes: (1) by 96 h after
hypoxia—ischemia, the putamen shows elimination of neurons (compare with panel A) and gliomesodermal scarring. TUNEL-positive small,
round cells with spherical nuclei are present (broad arrows), typically in the vicinity of microvessels (double arrowheads), and most likely
represent apoptosis of macrophages. TUNEL-negative cells with characteristic apoptotic nuclei (thin black on white arrow) are sometimes
encountered. Mitotic figures are also present (open broad arrows). Scale bars: A, 20 um (same for C-F and I); B, 10 um; G, 10 pm; 1, 10
pm. Reproduced from [120] with permission from the American Neurological Association.
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ischemic neuronal death and excitotoxic neuronal death induced
by non-NMDA receptor activation is similar with respect to the
cytoplasmic abnormalities but not the nuclear changes.

The progression of ischemic neuronal death is shown in prin-
cipal striatal neurons of hypoxic—ischemic piglets (Figs. 10A-I and
11A-I). In this model, degeneration of principal striatal neurons
occurs by 24 h [119,120]. This degeneration evolves in association
with acute oxidative stress in the form of peroxynitrite-mediated
nitration of proteins at 3—12 h after ischemia, possibly resulting
from transient bursts in mitochondrial function [119]. Ultrastruc-
tural changes in the cytoplasm are detected before changes in the
nucleus are demonstrable. By 3 h, neurons form many, clear, round
membrane-bound vacuoles, the origin of which is still uncertain,
but Golgi vesiculation is one possible source. In addition, the
rough endoplasmic reticulum dilates, releases its ribosomes, and
then becomes fragmented. Polyribosomes also disaggregate to
form monosomes. Most mitochondria remain intact until approx-
imately 612 h after ischemia, and then they swell and vacuolate
and undergo cristaeolysis. From 612 h, the neurons darken and
assumne an angular shape, and the nucleus becomes pyknotic and
forms irregularly-shaped clumps of chromatin that are distributed
throughout the nucleus with a darkened matrix. During this pro-
cess, the nucleolus remains obvious, unlike the early disintegration
of the nucleolus in apoptosis. These degenerating neuronal profiles
are usually surrounded by large, swollen astrocytic processes.
Eventually, both cytoplasm and nucleus are digested and disinte-
grate within 12-24 h. This neuronal death following ischemia is
very different from neuronal apoptosis (Figs. 1A-H, 2A, 3A-L,
10A-1, and 11A-T). It is important to emphasize that this temporal
pattern of structural changes in neurons following cercbral isch-
emia is very similar to the subcellular evolution of cell death when
plasma membrane function and ATP synthesis are impaired and is
consistent with abnormalities in cell volume homeostasis [91,92,
130].

Location of Apoptosis After Global Ischemia

We detected apoptotic cell death in some neuronal groups that
are not typically regarded as selectively vulnerable to ischemia
(Fig. 12A-D). For example, subsets of granule cells in the dentate
gyrus, subsets of granule cells in the cerebellar cortex, and certain
neurons in thalamic nuclear groups appear apoptotic. In addition,
prominent apoptotic death of white matter oligodendrocytes oc-
curs, notably in hypoxic—ischemic newborn brain (Fig. 12A-D).
The presence of apoptotic death in these groups of cells after
global ischemia is possibly related secondarily to target depriva-
tion or to axonal degeneration in response to ischemic degenera-
tion of selectively vulnerable populations of neurons (see later).

In all of our models, perivascular and parenchymal nonneuro-
nal cells undergo apoptosis (Fig. 9H-J). These nonneuronal cells
are most likely hematogenously derived inflammatory cells, such
as leukocytes and macrophages, which infiltrate into areas of
neuronal damage. This inflammatory response, which occurs in-
variably in ischemia—reperfusion tissue injury [51,125], is a com-
plicating variable in the interpretation of data obtained using
nonhistological approaches, because of the inability to assign the
contribution of specific cell types to the observation. Moreover,
observations showing postischemic neuroprotection with protein
synthesis inhibition may be influenced by alterations in the im-
mune/inflammatory response process rather than a specific molec-
ular interruption of a PCD mechanism within vulnerable neurons.
For example, protein synthesis inhibitors influence T cell survival
[9]. Tt is even possible to envision that changes in the normal
immune system and inflammatory response modifies the evolution
of ischemia-reperfusion injury in transgenic mouse models that
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overexpress (or do not express) genes for regulatory proteins that
control cell death,

DNA Fragmentation Following Cerebral Ischemia

Brain damage following ischemia has also been analyzed with
respect to breakdown of genomic DNA. By in situ DNA end
labeling methods, many studies have shown that selectively vul-
nerable populations of neurons undergo nuclear DNA fragmenta-
tion following cerebral ischemia [12,65,66,112,128,140]. The ex-
pectation that neurons die following cercbral ischemia has been
fulfilled by these reports. Nonneuronal cells (e.g., astrocytes, oli-
godendrocytes, inflammatory cells, vascular cells) also die follow-
ing ischemia-reperfusion, and some of these nonneuronal cells
appear apoptotic (Fig. 9F-J) [120]. By gel electrophoresis, DNA
fragmentation patterns are regionally and temporally dependent
following cerebral ischemia. In DNA extracted from brain regions
of adult rat or gerbil, internucleosomal fragmentation has been
found following transient global forebrain ischemia [14,65,112,
140,144] and focal ischemia [104,178]. The DNA digestion 1s
thought to occur as a relatively late event in the course of ischemic
cell death [178], and it has been suspected that cells undergoing
internucleosomal DNA fragmentation coexist with cells undergo-
ing random DNA digestion following ischemia [178]. Internucleo-
somal DNA cleavage has also been detected in hypoxic—ischemic
immature rat brain regions [12,66]. However, in hypoxic—ischemic
newborn piglet striatum, we detect a random pattern of DNA
digestion with a temporal progression that is very consistent with
acute oxidative damage and the morphological pattern of neuronal
necrosis [119]. Despite these many reports of internucleosomal
DNA breakdown in cercbral ischemia, solid morphological evi-
dence for prominent apoptotic death of selectively vulnerable
populations of neurons is still missing. The uncertainty about the
contribution of apoptosis in ischemic neurodegeneration is ex-
posed further when considering data showing that the morpholog-
ical changes and the internucleosomal DNA fragmentation of
apoptosis are inhibited by Zn?* [35,189], yet neurons that die
acutely or in a delayed fashion following global ischemia accu-
mulate Zn*" prior to degeneration [37].

Molecular Regulation of Programmed Cell Death Following
Cerebral Ischemia

The identification of a variety of gene products that regulate
programmed death of mammalian cells has provided another op-
portunity to explore the contribution of apoptosis to ischemic
neurodegeneration. The bel-2 protooncogene and the caspase cys-
teine protease families are the best characterized to date. Bel-2 and
Bel-x; gene products can block apoptosis and promote cell sur-
vival, whereas bc/-2-related gene products, Bax and Bcl-xg, are
inhibitors of Bel-2 function and promote cell death [131]. In mice
that overexpress Bcl-2, infarct volumes caused by middle cerebral
artery occlusion are ~40% smaller than those in wild-type litter-
mate controls (in some coronal brain levels through the infarct
territory) [123], but it is important to note that bcl-2 transgenic
mice have ~30% more neurons than nontransgenic mice in some
brain regions [40]. However, overexpression of Bel-2 in brain by
infection with Herpes simplex virus vector containing the bcl-2
gene does not affect infarct volume [96,103]. Following global
ischemia in rat, Northern blot analysis shows increased expression
of Bel-2 and Bel-x; messenger RNA (mRNA) in neocortex and
hippocampus at 24 h postischemia, and, by in sifu hybridization
analysis, expression of Bel-2 and Bel-x; mRNA increases in CA1
and CA3 pyramidal layers and in the dentate gyrus granule cell
layer at approximately 4—48 h postischemia [20]. However, at
72 h postischemia, Bel-2 and Bel-x;, mRNA levels in CAl are
reduced, corresponding to the degeneration of pyramidal neurons
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FIG. 10. Ultrastructural progression of principal neuron death in hypoxic-ischemic piglet striatum. A normal principal striatal
neuron from a control piglet (A) is shown for comparison with neurons from piglets at 3, 6, 12, and 24 h after hypoxia-ischemia
(B-I} arranged in a temporal sequence to show the predominant structural changes in ischemic neuronal necrosis. This neuronal
death is not precisely synchronized because at any time point postischemia dying neurons can be found at different stages of
degeneration. By 3 h after ischemia (B), many, clear vacuoles are formed within the cytoplasm, increasing progressively during the
subsequent 3—6 h (C—E). During the 6-h period after ischemia (B-E), the arrays of rough endoplasmic reticulum become fragmented
and the mitochondria become dark and condensed, as the cytoplasmic matrix becomes progressively dark and homogeneously
granular. The overall contour of the cell changes from a round shape (A and B) to a fusiform and angular shape (C-E); as the neurons
become shrunken (F). Concurrently, the nuclear matrix progressively becomes uniformly dark (C-E) and the nucleus becomes
shrunken as numerous small, irregular clumps of chromatin are formed throughout the condensing nucleus (F). The nucleolus still
remains prominent throughout this process (B—D, F), even until ultimate neuronal disintegration (G-I). From 12-24 h, injured cells
disintegrate as the dark, severely, vacuolated cytoplasm, containing few discernible but very swollen mitochondria, undergoes
dissolution, while the nucleus progressively forms more chromatin clumps and undergoes karyolysis (G-I). The cytoplasmic and
nuclear debris is liberated into the surrounding neuropil (I). This neurodegeneration is morphologically necrotic, and is indistin-
guishable from ischemic degeneration of CA 1 neurons and NMDA receptor-mediated excitotoxic death of striatal neurons (see Figs.
4, 7). Scale bar: A, 1.3 um (same for B-I).



FIG. 11. The degeneration of striatal neurons in piglets following hypoxia-ischemia is associated with sequential and progressive subcellular abnormalities within
the cytoplasm and then the nucleus that are consistent with cellular necrosis. Abbreviations: g, Golgi apparatus; m, mitochondria; Nu, nucleus; rer, rough
endoplasmic reticulum. {(A) In control piglets, normal, principal, striatal neurons have abundant polyribesomes distributed throughout the cytoplasmic matrix, intact
arrays of rough endoplasmic reticulum and Golgi stacks, and uniformly shaped mitochondria with intact cristae; (B) by 3 h after ischemia, the Golgi complex swells
and undergoes vesiculation to form clear vacuoles (asterisks). The mitochondria become condensed and distorted. The rough endoplasmic reticulum appears
relatively normal, but some ribosomes are unbound from the rough endoplasmic reticulum and polyribosomes disaggregate with dispersal of free ribosomes in the
cytoplasm causing the matrix to become granular; (C-E) by 6 h after ischemia, many Golgi-derived vacuoles accumulate (asterisks) as the surrounding cytoplasmic
matrix becomes progressively granular and dark. The rough endoplasmic reticulum becomes disorganized and fragmented. Some mitochondria appear condensed
but others are very swollen and exhibit cristaeolysis. The nucleoplasmic matrix progressively becomes darker and the chromatin undergoes condensation into small
clumps of various sizes (asterisks, D, E), while the nuclear envelope becomes less discemnible; (F) by 12 h after ischemia, the cytoplasmic matrix becomes
homogenecusly dark and most organelles are no longer discemible, except for swollen and degenerating mitochondria. Numerous, vacuoles containing
membranous debris are formed in the cytoplasm as more mitochondria degenerate and undergo cristaeolysis. The nuclear chromatin becomes prominently
aggregated into ill-defined clumps of various shapes and sizes, as the surrounding nucleoplasmic matrix becomes uniformly dark and the nuclear envelope looses
integrity; (G-H) By 12-24 h after ischemia, the dark and condensed cytoplasm, containing degenerated mitochondnia, undergoes frapmentation as the plasma
membrane ruptures. The nucleus, containing chromatin clumps (asterisk), is no longer surounded by an intact nuclear membrane and undergoes karyolysis; (I)
at end-stage neuronal dissolution caused by ischemia, cytoplasmic debris and nuclear debris with chromatin clumps (astenisk) are dispersed into the surounding
neuropil. Scale bar: A, 0.5 pm (same for B-I).
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FIG. 12. Light microscopic evidence for apoptosis following transient cerebral ischemia. (A) Apo-
ptosis of granule cells (arrows) in the hippocampal dentate gyrus at 7 days following incomplete
global ischemia in dog; (B) apoptosis of cerebellar granule cells (arrow) in cat at 3 days following
global ischemia, In the same microscopic field, necrotic Purkinje cell degeneration is at early stage |
(solid black arrowhead) or stage 4 (open arrowhead); (C) apoptosis of cells (arrows) in reticular
thalamic nucleus in piglet at 2 days recovery following hypoxia-ischemia; (D) apoptosis of oligo-
dendrocytes in subcortical white matter (arrows) in piglets at 2 days following hypoxia-ischemia.

Scale bar: A, 6 pm (same for B-D).

[20]. Bax mRNA is also increased after ischemia in both vulner-
able and less vulnerable regions [21]. These analyses of mRNA
following cerebral ischemia are difficult to interpret when consid-
ering the dramatic subcellular changes in organelles that function
in protein synthesis and posttranslational processing (Figs. 10A-T
and 11A-I), thereby potentially rendering the translation and for-
mation of mature products inefficient. By immunoblotting, Bel-2
and Bel-x, protein levels appear to be increased in hippocampus as
well, but immunocytochemistry shows that nonneuronal cells may
account for this apparent increase [20]. Changes in Bax protein
levels, as determined by immunoblotting, are conflicting in rat
hippocampus following global ischemia. For example, one study
demonstrated a transient increase at 6 h postischemia and then
subsequently no change relative to control [88], whereas another
study demonstrated a sustained increase in Bax protein levels [21].
Interestingly, although mRNA and protein levels for the proapop-

totic cysteine protease ICE (interleukin-1B-converting enzyme/
caspase-1) are increased in hippocampus following global isch-
emia in gerbils, this change is associated with inflammatory cells
rather than selectively vulnerable CA1 pyramidal neurons [14].

Ischemic Neurodegeneration: Conclusions and Future
Directions

The discrepancies between the morphological features of ne-
crosis and the DNA fragmentation signature of apoptosis during
ischemic neurodegeneration may have several explanations. Inter-
nucleosomal DNA fragmentation can occur in in vitro models of
Ca®"-induced cell death with ultrastructural features of necrosis
[26] and in neuronal necrosis induced by NMDA receptor-medi-
ated excitotoxicity [59,152]. These observations are not surprising
in light of the role of Ca™ in the activation of some endonucleases
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responsible for DNA cleavage [8]. In this regard, it is noteworthy
that Ca**-treated hepatocyte nuclei show internucleosomal DNA
fragmentation while exhibiting a nuclear morphology consistent
with cellular necrosis [143]. Furthermore, the ultrastructure of
Ca®*-treated hepatocyte nuclei is very similar to the nuclear mor-
phology in necrotic neurons following ischemia and NMDA re-
ceptor excitotoxicity [152]. These findings raise questions regard-
ing the usefulness of using internucleosomal DNA fragmentation
as the sole criterion for identifying apoptosis [26]. Indeed, changes
in genomic DNA integrity and cell morphology during death may
vary independently of one another [26,59,152]. In apoptosis, in-
ternucleosomal DNA fragmentation in thymocytes takes place
early in the process of cell death and may be a direct cause of cell
death [8], although this conclusion has been disputed by others
using hepatocyte cultures [143]. In ischemic neuronal death, mor-
phological evidence for cell injury appears to precede internucleo-
somal DNA fragmentation [119,178]. Perhaps in ischemic and
excitotoxic neuronal death, internucleosomal DNA fragmentation
should be viewed as a transient, temporal stage of ongoing DNA
digestion during cellular necrosis (that depends on different de-
grees of protease coactivation), but not as a marker for apoptotic
cell death. However, the detection of internucleosomal DNA frag-
mentation in vive may in fact reflect bona fide apoptosis, but of
cells other than the selectively vulnerable neurons that are directly
destroyed by a mechanism associated with cellular necrosis. Al-
ternatively, neuronal death caused in ischemia, excitotoxicity, and
PCD may share some overlapping biochemical and molecular
mechanisms that result in neuronal degeneration that is a hybrid of
classic apoptosis and classic necrosis. Therefore, the conventional
way of classifying cell death into only two categories may not be
appropriate for induced neuronal death, particularly when multiple
morphological phenotypes for neuronal death have been identified
[24,150-153].

An important, unresolved question regarding the pathobiology
of ischemic neurodegeneration is whether the absence of the
classic apoptotic morphological phenotype in selectively vulnera-
ble populations of neurons is sufficient evidence to exclude the
possibility that PCD may be operative. In answering this question,
it is important to recognize that all forms of PCD may not occur
via apoplosis [166]. For example, the death of T cells during
negative selection in mouse thymus and the death of intersegmen-
tal muscles during metamorphosis in the moth Manduca sexta both
occur by PCD; however, these cell populations die with distinct
morphological and biochemical phenotypes [166]. Therefore,
some cells can use a PCD mechanism that is not associated with
the structure of apoptosis. Clearly, much more work is needed to
answer this complex question as it may relate to ischemic neuro-
degeneration.

Despite the use of various techniques (e.g., electron micros-
copy, DNA fragmentation analysis, Northern analysis, reverse
transcriptase polymerase chain reaction, in situ hybridization, im-
munoblotting, immunocytochemistry), studies still fail to provide
irrefutable evidence that directly supports the hypothesis that post-
ischemic degencration of seclectively vulnerable populations of
neurons is apoptosis occurring by a PCD mechanism, rather than
a process resulting in neuronal necrosis. Recent data on postisch-
emic changes in cell death proteins of the Bcl-2 family are less
meaningful out of the context of possible alterations in the inter-
actions among these proteins, by which they function [131]. Future
experiments using transgenic and gene-ablated mice may provide
more data on whether apoptosis has a major, direct contribution in
delayed neurodegeneration following ischemia. However, this ex-
pectation is contingent upon the development of mouse models of
global cerebral ischemia with reproducible neuropathology.
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NEURONAL DEATH IN TARGET DEPRIVATION
AND AXOTOMY

Naturally-Occurring Cell Dearh During CNS Development

The occurrence of normal neuronal death in the developing
nervous system is well established (Fig. 1A-H) [23,52,61,62,141,
150] and is thought to function in regulating the size of neuronal
groups in relation to target size and synaptic inputs [25,102,147].
This developmental neuronal death (particularly of spinal and
sympathetic ganglion neurons and motor neurons) is thought to be
partially controlled by the supply of neurotrophic factors from the
target [61,147]. However, an active role for some neurotrophins in
the survival of developing motor neurons is uncertain [58], be-
cause gene ablations of brain-derived neurotrophic factor [37,74],
ciliary neurotrophic factor (CNTF) [124], neurotrophin-3 [39], and
neurotrophin-4 [107] have no effect on motor neuron survival
during the PCD period (although sensory ganglionic neuron sur-
vival is usually influenced). Yet, CNTF-ablated mice show a
progressive, age-related degeneration of motor neurons [124], an
observation that encouraged the use of this molecule in clinical
trials for the treatment of motor neuron degeneration in ALS [10].

Developmental neuronal death is regulated by cell death pro-
teins, because mice that overexpress the becl-2 gene [40,123] or
have bax gene-ablations [30] have increased numbers of neurons
in some nervous system regions, whereas bcl-2-deficient mice
show progressive neuronal degencration after the PCD period
[132]. Other data support a role for caspases in the survival of
sensory and motor neurons. Inhibition of caspase-1 (ICE) and
caspase-2 blocks the apoptosis of dorsal root and sympathetic
ganglion neurons when deprived of nerve growth factor (NGF)
[31,46]; furthermore, inhibition of caspase-1 arrests the PCD of
motor neurons in vitro resulting from trophic factor deprivation
and in vivo during the period of naturally occurring cell death
[134].

PCD and Human Neurodegeneration

The concept of PCD and recent findings regarding the molec-
ular regulation of PCD have kindled the idea that mutations or
other abnormalities in cell death proteins, trophic factors, or their
receptors, as well as target deprivation and retrograde neuronal
injury may participate in the evolution of abnormal ncuronal death
in progressive neurodegenerative diseases [15,124,131,155]. This
possibility is supported by the finding that the genes for neuronal
apoptosis inhibitory protein and survival motor neuron protein are
either deleted partially or are mutant in some children with spinal
muscular atrophy [97,161] and by the finding that abnormalities in
the balance of Bcl-2 and Bax may occur in spinal motor neurons
in ALS [137]. In addition, subsets of neurons undergo nuclear
DNA fragmentation in ALS [182,197] and in AD [4,111], although
this DNA digestion is partly related to postmortem autolysis
[4,111]. However, evidence for in situ DNA fragmentation in ALS
and AD has not been found by others [133]. It is still uncertain
whether the neurodegeneration in ALS and AD is related causally
to target deprivation and abnormalities in trophic factors or cell
death proteins and whether neuronal apoptosis contributes to this
degeneration. Dying neurons with apoptotic morphologies have
not been detected in these diseases [111,197,133]. In disorders like
ALS and AD, rational and effective treatment is difficult to ad-
minister without a better understanding of the pathogenesis of
neuronal death in the adult CNS.

Animal Models of Axotomy and Target Deprivation

To gain insight into the mechanisms of progressive neuronal
injury and degeneration, animal models of axotomy and target
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deprivation in different systems have been studied for many years
[1,23,29.49,95,101,127,141,181]. Several factors influence the
progression of axotomy-induced neuronal injury and the likelihood
of subsequent neuronal death or survival, including whether the
cell body of an axotomized neuron resides within the peripheral
nervous system or CNS, the age of the animal at the time of injury,
the location of axonal trauma in relation to the cell body, and the
species [43,101,179]. In the immature nervous system, axotomized
neurons often die rapidly, whereas, in the adult nervous system,
axotomized neurons are more likely to recover or persist in some
altered form [95,101,150,154,179]. For example, transection of the
VIIth cranial nerve or sciatic nerve in newborn rodents causes loss
of motor neurons in the facial nucleus or in the lumbar cord,
respectively. In contrast, a similar lesion in adults produces no
discernible loss of motor neurons [29,154]. In other models of
axotomy and target deprivation, excitotoxic ablation of hippocam-
pus in immature rat appears to cause death of septal cholinergic
neurons [27], but in adult rat following fimbria-fornix transection
(a complex model of target deprivation/axotomy and retrograde
degeneration of medial septal neurons as well as partial glutama-
tergic deafferentation of lateral septal neurons [49]), axotomized
septohippocampal projection neurons appear to atrophy and sur-
vive rather than die [49,60,138,148]. Interestingly, excitotoxicity
appears to contribute to the injury and subsequent atrophy of
populations of septal neurons in adult brain following fimbria-
fornix transection [49,50].

Axotomy-induced degeneration of motor neurons in the imma-
ture CNS appears to be apoptosis, based on morphological evi-
dence in mouse [160] and chick [23,141] and on the finding that
bel-2 overexpression ameliorates the motor neuron death in new-
born mice in response to facial nerve transection [34] or sciatic
nerve transection [40]. However, bcl-2 transgenic mice have more
motor neurons than wild-type mice [40]. Although degeneration of
axotomized motor neurons can be delayed by a variety of neuro-
trophic factors, these neurotrophins fail to prevent the ultimate
death of target-deprived motor neurons over long term [36,187].
Glutamate receptors and excitotoxic mechanisms also participate
in the death of axotomized motor neurons in newborns, because
the susceptibility of spinal motor neurons to NMDA receptor
toxicity is enhanced after nerve transection [57] and blockade of
NMDA receptors [129] or non-NMDA glutamate receptors [70]
rescues neonatal motor neurons that are destined to die after
axotomy. A link between glutamate receptor activation and the
induction of apoptosis in developing neurons has been revealed in
studies demonstrating that excitotoxic lesions in the neonatal rat
brain cause neuronal apoptosis (Fig. 3A-L) [152,153,186]. Other
experiments demonstrate that NMDA receptor blockade prevents
the normal death of mistargeted retinal ganglion cells [17]. Over-
all, these observations demonstrate that motor neuron survival in
the immature CNS after injury is dictated by highly complex
interactions between the target, neuronal excitability, and cell
death programs, the details of which have yet to be clarified.

Axotomy and Target Deprivation of Geniculocortical Projection
Neurons Causes Apoptosis in Adult Brain

Neurodegenerative diseases such as ALS and AD are adult-
onset disorders. Therefore, the need arises for the use of animal
models of target deprivation and axotomy to study the degenera-
tion and death of neurons in the adult CNS. However, only a few
models exist for studying axotomy-induced death of central neu-
rons in adult animals. In one model, ablation of the occipital cortex
in the adult mammalian brain reproducibly causes retrograde de-
generation and apparent elimination of subsets of neurons in the
lateral geniculate nucleus [11,93,94,127]. Because geniculocorti-
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FIG. 13. Target deprivation causes apoptotic death of corticopetal neurons
in the dorsal lateral geniculate nucleus (dLGN) following cortical ablation.
(A) A TUNEL-positive, dLGN neuron (arrow) at 7 days following target
deprivation; (B) immunostaining for neurofilament and cresyl violet coun-
terstaining show that shrunken, degenerating cells with apoptotic chroma-
tin clumps are neurons (arrow). Neurofilament immunoreactivity high-
lights the periphery of an apparently normal neuron (arrowhead); (C)
retrograde prelabeling with Fluorogold (FG) shows that these dying neu-
rons are geniculocortical projection neurons. By fluorescence microscopy,
faint yellow cytoplasmic FG labeling is detected within degenerating
neurons (arrow) and simultaneous staining with the nuclear dye DAPI
(light-blue) reveals the chromatin clumps consistent with apoptosis; (D)
immunocytochemical detection of FG labeling and Nissl counterstaining
also shows that dying cells are geniculocortical projection neurons within the
dLGN. The FG immunoreactivity (brown) is detected in apparently healthy
corticopetal neurons (arrow 1) and in apoptotic corticopetal projection neurons
(arrow 2) with a shrunket, irrepular eell body and a dark, condensed nucleus,
much like the preclumping nuclear condensation stage of apoptosis seen by
electron microscopy (see Figs. 14 and 15). Note the brown granular FG
immunoreactivity in the cytoplasm of both ncurons. At a later stage of
apoptotic neurodegeneration {arrow 3), the FG labeling is more difficult to
appreciate, presumably because the cytoplasmic contents have been dispersed
into the neuropil (see Figs. 14, 15); (E) high levels of mitochondrial cyto-
chrome ¢ oxidase activity (black reaction product) are detected in large cells
(arrows) in the LGN following target deprivation; (F) oxidative damage to
nuclear DNA occurs concurrently with apoptosis of retrogradely degenerating
neurons (arrows) in the LGN following target deprivation. Immunocytochem-
ical detection of hydroxydeoxyguanosine (a marker for oxidative damage to
DNA) is found in the nucleus of neurons undergoing apoptotic chromatin
condensation (arrows) but not in normal cells (arrowhead). Scale bars: A,
5pum; B, 15 pm; C, 6 pm; D, 15 pm; E, 5 pm; F, 15 pm.
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FIG. 14. Degeneration of target-deprived dLGN neurons ultrastructurally resembles apoptosis. Abbreviations: C, cytoplasm; N, nucleus; rER, rough
endoplasmic reticulum. (A) At 1 day postlesion, neurons in the ipsilateral dLGN appear healthy, with normal perinuclear distribution of rough endoplasmic
reticulum; (B) by 5 days, the rough endoplasmic reticulum fragments into truncated, randomly-oriented, curved arrays, while free ribosomes are dispersed.
Golgi cisterns are swollen. Mitochondria, which remain intact, appear more numerous. The nucleus still appears essentially normal (but with a slightly
darker and granular matrix); (C) by 6 days, the cytoplasm becomes darker and homogenous and is organized into compact laminations. While the rough
endoplasmic reticulum and Golgi apparatus are indistinct, mitochondria are recognizable but some are swollen and degenerating, forming large vacuoles.
At this time the nucleus becomes prominently darker and begins to show chromatin aggregation (asterisk); (D-F) At 7 days postlesion, dying neurons are
at degenerative stages ranging from mid-apoptosis (D} to late apoptosis (F); (D) at midapoptotic stages, neurons become dark and shrunken. The condensed
cytoplasm (C) contains numerous small and large vacuoles, with the larger vacuoles derived from degenerating mitochondria. The nucleus (N) begins to
form round, compact chromatin clumps embedded within a homogeneously condensed nuclear matrix; (E) dying neurons then undergo extensive shrinkage
and distortion of their perikaryon. The condensed cytoplasm (¢) becomes perforated and vacuolated. The nucleus (N) forms large, round chromatin clumps
(asterisk), representing the inner compact nuclear compartment, within a homogeneously dense nucleoplasm, representing the peripheral dense matrix, that
is still surrounded by a nuclear membrane. The cell plasma membrane then disintegrates and the aggregated cytoplasmic contents are liberated into the
surrounding neuropil with nearby oligodendrocytes. The peripherally condensed nuclear matrix (N), surrounded by a partially intact nuclear membrane, then
becomes reticulated, while the large, round chromatin clumps (asterisk) appear stable; (F) when dispersal of cytoplasmic debris (¢} is advanced, the nuclear
envelope subsequently ruptures and the peripheral dense nuclear matrix (N), surrounding the compact chromatin clumps (asterisks), is then liberated into
the neuropil. Scale bars: A, 2 pm; B, D, 1.75 pm; C, E, F, 1.5 um.

cal projection neurons target highly focal regions of visual cortex adults, similar to the responses described for adult retinal ganglion
with minimal collateralization [93,94], we hypothesized that target cells after axotomy [13,158].
deprivation in this system would cause rapid and synchronized We found that occipital cortex ablation in the adult rat causes

death of neurons in the dorsal lateral geniculate nucleus (dLGN) in death of thalamocortical projection neurons in the dLGN (Fig.
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FIG. 15. Subcellular changes in degenerating adult dLGN neurons following tarpet deprivation are consistent with apoptosis. (A) At 1 day postlesion, dLGN
neurons appear healthy with normal rough endoplasmic reticulum (rER), Golgi apparatus, and mitochondria (m). The nucleus (N) and nuclear envelope
(arrowheads) also appear normal; (B) by 5 days postlesion, the rER is conspicuously fragmented and free ribosomes, appearing as granules, are dispersed
throughout the cytoplasm. Intact mitochondria (m) accumulate in the perikaryon. The nucleus (N) and nuclear envelope (arrowheads) appear normal; (C)
by 6 days postlesion, dying neurons enter a stage of cendensation. The cytoplasm becomes homogeneously granular and dark with a few small vacuoles.
While rER and Golgi apparatus are indiscernible, most mitochondria (m) appear intact but are embedded in a dense cytoplasmic matrix. The nucleus (N)
shows incipient chromatin condensation, becoming dark and aggregated, while the double-membrane nuclear envelope remains intact (arrowheads); (D-F)
at 7 days postlesion, degenerating neurons progressively undergo a rapid sequence of eytoplasmic and nuclear changes leading to advanced condensation
and then cellular dissolution (illustrated sequentially as D, E, and F). (D) The cytoplasm (C) of dying neurons becomes fused and electron opaque,
containing many small vacuoles. Most mitochondria (m) are degenerating and appear as larger vacuoles containing remnants of the inner membrane. The
nucleus (N}, surrounded by a less conspicuous nuclear envelope (arrowheads), appears condensed and dark and begins to form small, compact chromatin
clumps (asterisk); (E) the condensed cytoplasm (C) then forms larger vacuoles, some of which are degenerated mitochondria (m), while the cell plasma
membrane becomes ruffled (arrows). The nucleus then undergoes a process of binary chromatin condensation into large, dark, round clumps (asterisk),
representing the inner compact compartment, surrounded by a less-compact, homogeneously condensed nucleoplasm representing the peripheral dense
nuclear matrix (N). At this time, the nuclear envelope appears undulated (arrowheads); (F) in the final stage, the plasma membrane disintegrates and the
fused cytoplasmic contents are dispersed into the surrounding neuropil. Soon thereafter, the nuclear envelope ruptures (arrowheads), and fragments from
the peripheral dense nuclear matrix (N) bud into the disintegrating cytoplasm and surrounding neuropil, while the inner compact nuclear compartment
(asterisk) becomes progressively more exposed to the summounding neuropil. Scale bars: A, 0.6 pm; B, 0.5 um; C-F, 0.4 um.

13A-F) and that this retrograde neurodegeneration has a pheno-
type that closely resembles apoptosis (Figs. 14A-F and 15A-F)
[1]. This retrograde neurodegeneration of dLGN neurons evolves
morphologically, over 7 days, from classical chromatolysis to
apoptosis (Figs. 14A-F and 15A-F). Using ultrastructural criteria,
we developed a novel staging scheme for classifying the progres-
sion of apoptotic, retrograde neurodegeneration [1]. These sequen-
tial stages are prechromatolytic (days 1-2), chromatolytic (days
3-5), early apoptotic (day 6), and late apoptotic (day 7). Chroma-
tolysis in these neurons is followed by fragmentation of the rough
endoplasmic reticulum, as well as dilatation and vesiculation of the
Golgi complex, and accumulation of active mitochondria [1,2].
The chromatolytic response, including redistribution and disper-
sion of the rough endoplasmic reticulum with an increase in free
ribosomes, occurs at approximately 3—5 days postlesion. Chroma-
tolysis has been thoroughly characterized following axotomy and
is associated with increased protein synthesis [101]. Chromatolysis
following axotomy can be blocked or delayed when RNA synthe-
sis is inhibited with actinomycin D [180], thereby implicating
activation of gene transcription and protein synthesis as participa-
tory in this neuronal response to injury. This finding is noteworthy

in the context that PCD, a mechanism for apoptosis, can be
prevented by inhibitors of RNA and protein synthesis [48,78,168].

Neurodegeneration in Axotomy/Target Deprivation: Conclusions
and Future Directions

We conclude that if neurons, which have undergone axotomy
and deprivation, fail to reestablish connections with their major
sustaining targets, these chromatolytic neurons enter into a cell
dcath pathway and then progress rapidly through end-stage apo-
ptosis (Figs. 14A-F and 15A—F) [1]. The transition between chro-
matolysis and early apoptosis coincides with accumulation of
structurally intact and functionally active mitochondria within the
perikaryon at about 5 days postlesion [2]. This accumulation of
mitochondria in axotomized dLGN neurons has been suggested by
others as well [11,127,191]. The accumulation of mitochondria
within the perikaryon may result from abnormal trafficking of
mitochondria into axons and dendrites, because of damage to these
compartments or because of neurocytoskeletal abnormalities [1].
This new in vivo finding [2] is important because mitochondria are
thought to participate in the effector stage of apoptosis [89,198] by
providing a rich source of ROS or by changes in Bel-2 (located in
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FIG. 16, Schematic diagram illustrating the potential relationships among naturally occurring cell death (N) and induced cell death in
response to target deprivation (T), excitotoxicity (E), and ischemia (I} in the CNS as well as their relative positions along the
apoptosis—necrosis continuum, Each ellipse represents a different setting of cell death. Naturally occurring cell deaths and target
deprivation-induced cell deaths closely resemble apoptosis. Excitotoxic neuronal death in the developing brain can resemble apoptosis
and necrosis, but in adult brain it resembles necrosis (NMDA receptor toxicity) and a hybrid of apoptosis-necrosis (non-NMDA
receptor toxicity). Ischemia-induced cell death in selectively vulnerable neurons resembles necrosis and is structurally identical to
NMDA receptor toxicity. Each setting for cell death has mechanistic components that may be distinet from the other settings (as
indicated by the lack of overlap); however, some of the underlying mechanisms (most of which are not precisely identified) in each
of these settings of naturally occurring and induced cell deaths may be shared to varying degrees (as indicated by the overlapping areas)
and differ by rate of injury (e.g., evolution of oxidative stress). For example, oxidative stress in target deprivation/axotomy evolves
slowly and the neuronal death has an apoptotic phenotype, but oxidative stress evolves acutely in ischemia and the neuronal death is
necrotic, Target deprivation and glutamate receptors may have participatory roles in naturally occurring cell death as well as shared
interactions among each other (see text for examples). In ischemia, where cell death is mostly necrotic, excitotoxicity has a prominent
representation, but target deprivation-induced cell death may accur as well (in response to loss of selectively vulnerable neurons) and

this may be a form of naturally occurring cell death which is apoptotic.

the outer mitochondrial membrane [106]), which has antiapoptotic
functions that act through antioxidant pathways [67], or by block-
ing release of cytochrome c [86,196], which activates the caspase
cascade [99,108,109]. We have also found that apoplotic dLGN
neurons exhibit oxidative damage to nuclear DNA (Fig. 13F) [2].
The finding that oxidative stress induces neuronal apoptosis in
vitro [89,159] supports our idea that mitochondria and oxidative
damage participate in the transition of axotomized dLGN neurons
from the chromatolytic stage to the early apoptotic stage. Most
mitochondria in injured dLGN neurons at transitional and early
apoptotic stages arc normal ultrastructurally and appear to retain
cytochrome ¢ oxidase activity (Fig. 13E) [2]. If normal trafficking
of these organelles into axonal and dendritic compartments is not
reestablished, a sustained accumulation of mitochondria in the
vicinity of the nucleus may provide a source of ROS that damage
DNA. Once dying dLGN neurons reach the early apoptotic degen-

erative stage at approximately 6 days postlesion, the evolution
through mid-apoptotic and late-apoptotic stages is rapid (requir-
ing ~ 24 h or less for cellular elimination). This quick passage
through the later stages of the apoptotic cell death process in
dLGN neurons following cortical ablation is consistent with the
rate of progression of apoptosis in chick embryo optic tectum [19]
and in cell culture following neurotrophin deprivation [151].
Critical evaluation of the morphology of dying dLGN neurons
reveals that this neurodegeneration is not completely identical to
naturally occurring neuronal death during development (Fig.
1A-H) [153], to apoptotsis of nonneuronal cells in the dLGN
following occipital cortex ablation [1], and to retinal ganglion cell
death following optic nerve transection [13,158]. The death of
adult dLGN neurons that we have described 1s unlike classic
apoptosis because of diffcrences in the progression and appearance
of the nuclear changes, and the lack of detection of traditionally
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TABLE 1
CONTRIBUTIONS OF APOPTOSIS AND NECROSIS TO VARIOUS FORMS OF NEURODEGENERATION

Model of Neurodegeneration

Cell Death Classification

Naturally occurring developmental cell death
Axotomy/target deprivation

Excitotoxicity

Global ischemia

Apoptotic, but some forms can fall along the apoptosis-necrosis continuum [24,153]
Apoptosis in the adult CNS (when neuronal death occurs) [1,2]

Apoptotic, necrotic, and hybrid forms; falls along the apoptosis-necrosis continnum [152,153]
Necrosis of selectively vulnerable neurons (CA1 and neocortical pyramidal neurons, Purkinje

cells, and principal striatal neurons); apoptosis of inflammatory cells and oligodendrocytes;
possible apoptosis of target-deprived neurons due to loss of selectively vulnerable neurons

described apoptotic bodies. Our conclusion that the death of
geniculocortical neurons in the adult CNS closely approximates
apoptosis is based on the general morphology and subcellular
progression of this neuronal death that is induced by target depri-
vation. However, it possibly does not fully achieve classic apo-
plosis because of the principle that neuronal maturity may influ-
ence cell death morphology [150,152,153], such that immature
neurons are more likely than mature neurons to die with a definite
apoptotic morphology following injury. Alternatively, death of
these adult dLGN neurons may be merely a variant of apoptosis,
because many forms may exist in the CNS [24].

GENERAL CONCLUSIONS ON THE CONTRIBUTIONS
OF APOPTOSIS AND NECROSIS TO
NEURODEGENERATION

Neuronal degeneration in the CNS exists as a continuum between
apoptosis and necrosis (Fig. 16). This morphological continuum is
defined as the occurrence of classic apoptosis and necrosis at opposite
ends of the spectrum of cell death, with many possible variant forms
of cell death residing between the classic endpoints. Naturally occur-
ring neuronal death in the developing CNS is phenotypically apopto-
sis (Fig. 1A-H, Table 1). Excitoloxin-induced neuronal death can
appear as apoptosis, necrosis, and as hybrids of apoptosis and necrosis
(Figs. 2A-C, 3A-L, 4A-1, 5A-1, and 6A-F, Table 1). Ischemia-
induced degeneration of selectively vulnerable neurons is phenotyp-
ically necrotic (Figs. 7TA-F, 8A-H, 9A-J, 10A-1, and 11A-I, Table
1), but apoptosis occurs in some neurons and in nonneuronal cells
(Fig. 12A-D), possibly in response to degeneration of selectively
vulnerable neurons. Target-deprivation induces neuronal death that
closely resembles apoptosis (Figs. 13A-F, 14A—F, and 15A-F, Table
1) but is not identical to naturally occurring neuronal death in devel-
opment. Therefore, the occurrence of neuronal apoptosis and necrosis
in the injured CNS may not be obligatory, mutually exclusive forms
of cell death. Some forms of induced neurodegeneration (notably
those that occur with excitotoxicity) may be hybrids with coexisting
mechanisms that dictate a wide range of apoptotic and necrotic
phenotypes expressed by dying neurons. This range in neuronal death
phenotype is likely to be influenced by many factors. For example, the
mechanistic rate of evolving injury may influence the cell death
cascade. Oxidative siress evolves acutely in ischemia-reperfusion
injury, and the major morphology of neurodegeneration in selectively
vulnerable regions is necrosis. In contrast, oxidative stress evolves
slowly in axotomy/target deprivation, and the neurodegeneration re-
sembles apoptosis. We have also identified that neuronal maturity and
glutamate receptor subtypes can influence where a dying neuron falls
along the cell death continuum. Neuronal apoptosis in the classic form
may be more readily induced in the immature CNS after injury
because activation of a PCD mechanism may be more accessible in
immature neurons as compared to mature neurons. Conversely, some
injured neurons in the adult CNS (as in geniculocortical neurons after

target deprivation) may be less capable than immature neurons of
showing a classic apoptotic morphology, and, therefore, their pheno-
type closely approximates but does not fully achieve the phenotype of
classic apoptosis found during naturally occurring neuronal death in
development.

Apoptotic and necrotic forms of cell death also coexist sepa-
rately in different populations of cells following CNS injury,
although they are probably not independent of each other. For
example, global cerebral ischemia results in the primary degener-
ation of selectively vulnerable neurons (e.g., cerebellar Purkinje
cells), which appears morphologically necrotic, and also results in
the secondary degeneration target-deprived neurons (e.g., granule
cells) and subsets of glial cells (e.g., oligodendrocytes), which is
apoptotic. Therefore, a single insult to the CNS can cause death or
injury to different populations of cells resulting from multiple,
distinct causal processes that temporally overlap. The neuropatho-
logical outcome of CNS insults in animal models of excitoxicity,
cerebral ischemia, target deprivation/axotomy, and in human neu-
rological disorders is not likely to result from only a single process
or causal mechanism (Fig. 16). The further exploration of these
concepts may have fundamental importance with respect to how
neurodegeneration is viewed in adult and pediatric neurological
disorders.
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