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5. INTRODUCTION 

Neuronal degeneration causes many neurological disorders that effect humans. Chronic 

neurodegeneration occurs in Alzheimer's disease, amyotrophic lateral sclerosis, Huntington's 

disease, and Parkinson's disease. Trauma, hypoxia-ischemia (stroke and cardiac arrest), 

neurotoxins, radiation, and seizures cause acute neurodegeneration in the brain and spinal cord. 

Apoptosis, an organized form of cell death that is mediated by active, intrinsic mechanisms, is 

believed to participate in the pathogenesis of abnormal neuronal death in chronic and acute 

neurodegenerative disorders (Martin et al., 1998a,b; Martin et al., 2000a; Martin, 2000; 

Appendix). The purpose of the research supported by the USAMRMC is to understand the 

molecular regulation of neuronal apoptosis, because it is relevant not only to neurodegeneration 

in pathological conditions, but also to the pathobiology of cell death in general. By using animal 

models of experimental neuropathology and techniques in molecular and cell biology we are 

identifying the mechanisms of neuronal apoptosis within the mammalian central nervous system 

(CNS). 

6. BODY 

Hypothesis 1: Neuronal apoptosis in the mammalian CNS has molecular 
characteristics of programmed cell death (PCD). 

Apoptosis is thought to be executed by PCD mechanisms involving the expression or 

activation of p53, Bax, and caspases (Martin et al., 1998a,b; Martin et al., 2000a; Appendix). The 

tumor-suppressor protein p53 commits to death cells that have sustained DNA damage from 

reactive oxygen species (ROS) and other genotoxic agents. Bax is a member of the bcl-2 

protooncogene family (Merry and Korsmeyer, 1997) that functions by forming channels in 

mitochondrial membranes (Antonsson et al., 1997). When active, these channels may allow the 

release of cytochrome c from mitochondria to the cytosol, thereby initiating a cascade that leads 

to caspase activation and cell death. Caspases are cysteine-containing, aspartate-specific proteases 

that exist as dormant proenzymes in healthy cells and are activated through regulated proteolysis. 



Lee J. Martin 
DAMD17-99-1-9553 

These proteins function in the execution phase of apoptosis, with "initiator" caspases activating 

"effector" caspases which subsequently cleave a variety of proteins, thereby causing the 

molecular and structural changes of apoptosis. 

We have developed and characterized an injury model of unequivocal neuronal apoptosis 

within the rodent brain. In this model, occipital cortex ablation reliably causes neuronal apoptosis 

in the dorsal lateral geniculate nucleus (LGN) of thalamus (Al-Abdulla et al., 1998; Al-Abdulla 

and Martin, 1998). Originally, this model was developed in rat, over the past year, we have 

adapted this lesion to the mouse brain. We used this model in rat and mice to test the hypothesis 

that cortical injury-induced apoptosis of neurons in the adult brain is controlled by p53 and Bax 

(Martin et al., submitted; Appendix). This work is summarized below. 

Unilateral ablation of the occipital cortex in rat and mouse results in unequivocal 

neuronal apoptosis in the dorsal LGN at 6-7 days postlesion (Al-Abdulla et al., 1998; Al-Abdulla 

and Martin, 1998; Martin et al., submitted; Appendix). We tested the hypothesis that p53 and Bax 

regulate this retrograde neuronal apoptosis. We found using immunocytochemistry that p53 

accumulates in the nucleus of neurons destined to undergo apoptosis. By immunoblotting, p53 

levels increase (-150% of control) in the LGN by 5 days after occipital cortex ablation. In 

nuclear-enriched subcellular fractions, p53 is activated (~3-fold) in the ipsilateral LGN at 5 days 

postlesion, as shown by DNA binding assay. The levels of procaspase-3 increase at 4 days 

postlesion, and caspase-3 is activated prominently at 5 days postlesion. To identify if neuronal 

apoptosis in the adult brain is dependent on p53 and Bax, cortical ablations were done on 

genetically engineered mice, \np53~1' mice, the severity of neuronal apoptosis is significantly 

attenuated (-34%) compared to wildtype mice, and in bax'1' mice neuronal apoptosis in the dorsal 

LGN is completely blocked. From these experiments we conclude that: 1) neuronal apoptosis in 

the adult thalamus after cortical injury is PCD; 2) neuronal apoptosis in the adult CNS requires 

Bax, and 3) p53 modulates neuronal apoptosis in the adult brain, but apoptosis can occur 

independent of p53-mediated mechanisms (Martin et al., submitted; Appendix). 
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We extended this work to examine whether LGN neurons in adult and immature brain die 

similarly after cortical injury (Natale and Martin, in press, Neurosci Abstr; Appendix). We 

hypothesized that the process of neuronal apoptosis is accelerated in the immature brain 

compared to the adult brain. Occipital cortex lesions were made in C57BL6 mice at 10 days of 

age and 6-8 weeks of age. In 10-day-old mice, nuclear p53 accumulation and internucleosomal 

fragmentation of DNA coincided at 24 hours postlesion, and maximal neuronal apoptosis 

occurred at 36 hours postlesion. These findings contrast sharply with the progression of neuronal 

apoptosis in the adult brain. We conclude that neuronal PCD is induced more rapidly in the 

immature brain compared to adult brain (which occurs over 6-7 days), although p53-dependent 

mechanisms may participate in both the adult and newborn brain. 

Apoptosis of thalamic neurons can occur in different CNS injury paradigms (Martin et 

al., 1998a). We determined if the mechanisms of neuronal apoptosis are similar in different types 

of CNS insults. We found that thalamic neuron apoptosis in the neonatal rat brain after hypoxia- 

ischemia is structurally identical to the apoptosis of thalamic neurons after occipital ablation 

(Northington et al., 2000; Appendix). Hypoxia-ischemia in the neonatal rat causes a large loss of 

cerebral cortex, and we speculated that this thalamic neuron apoptosis is caused by target 

deprivation, as in our occipital cortex lesion model (Northington et al., 2000). However, we found 

that the mechanisms of thalamic neuron apoptosis in our different models have some components 

that are different and some components that are common, although both are PCD. The apoptosis 

in thalamic neurons after hypoxia-ischemia in neonatal rat is associated with a rapid increase in 

the levels of the Fas death receptor and caspase-8 activation (Northington et al., submitted; 

Appendix). Concurrently, the levels of Bax in mitochondrial-enriched cell fractions increase. 

Increased levels of Fas death receptor and Bax and activation of caspase-8 in the thalamus 

precede the marked activation of caspase-3 and the occurrence of neuronal apoptosis. Thus, as in 

nonneural tissues, the mechanisms for neuronal apoptosis in different in vivo settings can differ in 
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upstream signals, but they converge on common downstream mechanisms (i.e., the participation 

of Bax and caspase-3). 

We believe that our models of neuronal death in the thalamus provide a structural, 

biochemical, and molecular "gold standard" for induced neuronal apoptosis in vivo that occurs by 

PCD mechanisms. These models allow us to define the structural, molecular, and genetic criteria 

for neuronal apoptosis in vivo. Therefore, our experience with these models places our laboratory 

in a unique position to address reliably and accurately the contribution of neuronal apoptosis to 

neurodegeneration in other models of CNS injury. We studied cerebral hypoxia-ischemia because 

we believe that the role of neuronal apoptosis after cerebral ischemia is not understood and is 

highly controversial (Martin et al., 1998a,b) and needs to be clarified soon as possible in animals 

models, before antiapoptotic therapies are introduced into human clinical trials (Schulz et al., 

1999). 

The goal of these experiments was to identify the contribution of apoptosis to 

neurodegeneration after cerebral ischemia and the possible molecular mechanisms. In models of 

complete global ischemia in cat (Martin et al., 1998a,b) and incomplete global ischemia in dog 

(Martin et al., 2000b; Appendix) the degeneration of neocortical pyramidal neurons, hippocampal 

CA1 neurons, and cerebellar Purkinje neurons in adult brain is not consistent with apoptosis. In 

piglets the degeneration of striatal neurons is categorically necrosis (Martin et al., 2000c; 

Appendix). Our data demonstrate that the degeneration of selectively vulnerable neurons 

following global ischemia is cellular necrosis rather than apoptosis or a hybrid of apoptosis and 

necrosis (Martin et al., 2000b; Martin et al., 2000c; Appendix). This conclusion is consistent with 

that of other groups (Deshpande et al., 1992; Colbourne et al., 1999). 

In models of global ischemia, the degeneration of granule neurons in hippocampus and 

cerebellum sharply contrasts with the degeneration of CA1 neurons and Purkinje neurons. 

Granule neuron death after ischemia closely resembles apoptosis and is associated with an 

upregulation of Bax (Martin et al., 2000b). Thus, granule neuron death provides an internal 
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Standard for classical apoptosis to which CA1 pyramidal neuron and cerebellar Purkinje cell 

degeneration can be compared after ischemia to demonstrate that the death of these latter neurons 

is not apoptosis. This apoptosis of granule neurons may possibly explain the contradictory 

evidence for apoptosis in hippocampal pyramidal neurons found in homogenate-based 

biochemical experiments. Granule neuron death may be a direct consequence of the ischemia, or 

it may be secondary to necrotic degeneration of hippocampal pyramidal neurons and cerebellar 

Purkinje cells and thus is a form of target deprivation-induced apoptosis, similar to thalamic 

neuron death after cortical lesions (Martin et al., 1998a,b; Al-Abdulla et al., 1998; Martin et al., 

submitted). The targets of dentate granule neurons include hippocampal pyramidal neurons and 

the targets of cerebellar granule neurons are Purkinje cells. We conclude that neuronal death after 

global ischemia exists as at least two distinct, temporally overlapping forms in hippocampus and 

cerebellum: necrosis of pyramidal neurons and Purkinje cells and apoptosis of granule neurons 

(Martin et al., 2000b; Appendix). 

Hypothesis 2: Mitochondria accumulate and release cytochrome c within neurons 
during apoptosis. 

Mitochondria are thought to have important roles in apoptosis (Zamzami et al., 1996). 

Changes in mitochondrial morphology and membrane potential precede caspase-3 activation in in 

vitro model systems. Mitochondria also serve as generators of ROS that cause DNA damage and 

can trigger apoptosis through p53-dependent mechanisms. Furthermore, mitochondria serve as 

reservoirs for apoptotic protease activating factors such as cytochrome c. We have hypothesized 

that mitochondria accumulate in the cell bodies of neurons at an early stage during the 

progression of neuronal apoptosis. 

We have shown that mitochondrial accumulation occurs early during the progression of 

thalamic neuron apoptosis (Northington et al., submitted; Appendix) and motor neuron apoptosis 

(Martin et al., 1999; Appendix). These mitochondria accumulate in a perinuclear location. We 

conclude that mitochondria redistribute in neurons early during apoptosis. Some groups claim 
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that in nonneuronal cell systems in vitro this redistribution is an active part of cell signaling 

mechanisms for apoptosis (Li et al., 1998). Although we have made similar observations in 

neurons, it is not yet clear whether this redistribution is part of the signaling mechanisms or a 

consequence of early events during neuronal apoptosis. One extension of Hypothesis 2 is that 

changes in mitochondrial trafficking are part of the signaling mechanisms for neuronal apoptosis 

(Al-Abdulla and Martin, 1998). A sustained accumulation of active mitochondria in the vicinity 

of the nucleus may provide a source of ROS or apoptotic protease activating factors. In future 

experiments we will evaluate the role of cytoskeletal motor proteins in neuronal apoptosis. 

We have made major technical advances during the first year of this project. We have 

developed a quantitative method to measure cytochrome c release from mitochondria using 

immunogold electron microscopy. First, we identified by western blotting reliable antibody 

reagents for the detection of cytochrome c in brain (Martin et al., 2000c; Appendix). We then 

developed an immunostaining method for the detection of cytochrome c using 1-nm colloidal 

gold particles (Martin and Barksdale, unpublished observations; Appendix). With this method we 

can quantify simultaneously in neurons the number of mitochondria and the relative amount of 

cytochrome c at mitochondrial and cytoplasmic sites. We will use this technique determine 

whether cytochrome c is released from mitochondria during apoptosis of thalamic neurons. 

Hypothesis 3: Neuronal apoptosis in vivo evolves in association with oxidative stress. 

Oxidative stress is a potent signal for cell death. We are investigating the role of 

oxidative stress in the induction of neuronal cell death using several models of 

neurodegeneration. We found that oxidative stress occurs in injured neurons before the 

emergence of the apoptotic structure (Martin et al., 1999, Appendix). 

A marker for oxidative damage is protein nitration. Protein nitration can be detected by 

the formation of nitrotyrosine. Nitrotyrosine is a maker of peroxynitrite-mediated oxidative 

damage to proteins. Peroxynitrite is formed by the combination of nitric oxide and Superoxide. 

10 



Lee J. Martin 
DAMD17-99-1-9553 

Prominent nitrotyrosine formation is detected in motor neurons during the progression of 

apoptosis. This nitrotyrosine immunolabeling of neuronal cell bodies and axons of motor neurons 

is transient, occurring primarily at 4 to 7 days postlesion, before the onset of apoptosis (Martin et 

al., 1999; Appendix). 

In axotomy paradigms, hydroxyl radical damage to DNA was detected 

immunocytochemically with two different antibodies to hydroxyl-deoxyguanosine (OhdG). 

Intense nuclear labeling occurs only in neurons undergoing apoptosis. The most prominent OHdG 

immunolabeling between lesioned and unlesioned sides of spinal cord (based on the intensity of 

immunoreactivity) occurs at 4 to 7 days after avulsion (Martin et al., 1999; Appendix). 

Our work implicates the formation ROS and oxidative damage to nucleic acids and 

proteins during neuronal apoptosis in the adult CNS. Our experiments demonstrate, for the first 

time, the formation of hydroxyl radical-modified DNA and RNA as well as nitrotyrosine- 

modified proteins during the progression of neuronal apoptosis in an in vivo setting. 

DNA damage can initiate apoptosis. ROS can directly damage genomic DNA and are 

involved in the pathogenesis of neuronal apoptosis in animal models and in patients with 

Alzheimer's disease, amyotrophic lateral sclerosis, Parkinson's disease, and Huntingtons 

disease. DNA single-strand breaks (SSB) are a major form of early DNA damage caused by 

oxidative stress. We tested the hypothesis that DNA-SSB occur in adult motor neurons subjected 

to oxidative stress in vitro and axotomy in vivo. We used single-cell gel electrophoresis (comet 

assay) that detects mainly DNA-SSB under alkaline elution conditions. We developed and 

characterized a motor neuron enriched cell suspension from adult rat spinal cord ventral horns. 

This cell suspension is -84% neurons (determined by immunophenotyping with the neuronal 

nuclear protein NeuN), -86% of these neurons are motor neurons (determined by choline 

acetyltransferase immunoreactivity), and -72% of these motor neurons are a-motor neurons with 

axons in the sciatic nerve (determined by retrograde tracing). The viability of adult motor neurons 

in suspension was -61% after 12 hours incubation. Exposure of these cells to nitric oxide (NO) 

11 
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donor sodium nitroprusside (SNP), H202, or SNP plus H202 induced very rapid DNA damage 

that was dose- and time-related, as represented by comet formation and cell loss. H202 at a 

nontoxic concentration potentates the toxicity of SNP. Different forms of ROS left different 

DNA damage fingerprints, indicating different target domains of chromatin and different 

severities of DNA damage. By applying the comet assay to an in vivo model of motor neuron 

apoptosis (unilateral sciatic nerve avulsion), we found that DNA-SSB accumulate very slowly in 

injured motor neurons in vivo and that the comet fingerprint is similar to that caused by NO 

toxicity (Liu and Martin, submitted; Appendix). 

Oxidative stress can also destroy neurons through pathways causing neuronal necrosis. 

Therefore we evaluated the possible mechanisms of neuronal necrosis in vivo to compare with the 

mechanisms of neuronal apoptosis in vivo. This comparison provides valuable information on the 

mechanisms dictating neuronal cell death pathways. We believe this comparison will also aid in 

the validation and understanding of the concept of the neuronal cell death continuum that we have 

proposed (Portera-Cailliau et al., 1997a,b). 

We found that neuronal necrosis induced by hypoxia-asphyxia in piglets evolves with 

oxidative stress and selective organelle damage (Martin et al., 2000c; Appendix). Necrosis of 

striatal neurons progresses over 3-24 hours, with -80% of putaminal neurons dead by 24 hours 

after the insult. By agarose gel electrophoresis striatal DNA is digested randomly at 6-12 hours. 

By electron microscopy, damage to the Golgi apparatus and rough endoplasmic reticulum occurs 

at 3-12 hours, while most mitochondria appear intact until 12 hours. Mitochondria undergo an 

early suppression of activity, then a transient burst of activity at 6 hours after the insult, followed 

by mitochondrial failure (determined by cytochrome c oxidase assay). Cytochrome c is depleted 

at 6 hours after hypoxia-ischemia and thereafter. Damage to lysosomes occurs within 3-6 hours. 

By 3 hours recovery, glutathione levels are reduced, and peroxynitrite-mediated oxidative 

damage to membrane proteins, determined by immunoblots for nitrotyrosine, occurs at 3-12 

hours. The Golgi apparatus and cytoskeleton are early targets for extensive tyrosine nitration. 

12 
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Striatal neurons also sustained hydroxyl radical damage to DNA and RNA within 6 hours after 

hypoxia-ischemia. This work suggests that neuronal necrosis in the striatum after hypoxia- 

ischemia is caused by early glutathione depletion and oxidative stress between 3-6 hours 

recovery that promote damage to membrane and cytoskeletal proteins, DNA and RNA, as well as 

damage to most organelles. 

The range in neuronal death phenotypes is likely to be influenced by many factors. For 

example, the mechanistic rate of evolving injury may influence the cell death cascade. Oxidative 

stress evolves slowly in target deprivation/axotomy, and the neurodegeneration is apoptosis 

caused by PCD mechanisms. In contrast, oxidative stress evolves acutely with hypoxia-ischemia 

injury, and the majority of neurodegeneration in selectively vulnerable regions is necrosis. 

Neuronal death may be mediated by common upstream mechanisms that differ mechanistically in 

the rate (days versus hours) and severity of cellular stress. 

Hypothesis 4: Antioxidant and caspase inhibitor treatments prevent neuronal 

apoptosis in vivo. 

We hypothesize that oxidative damage to DNA is an upstream signal for neuronal 

apoptosis in vivo. This hypothesis is supported by our earlier work and the experiments 

conducted during the first year of this project. For example, thalamic neurons (Al-Abdulla and 

Martin, 1998) and motor neurons (Martin et al., 1999, Appendix) sustain hydroxyl radical 

damage to DNA during apoptosis. Furthermore, using single-cell gel electrophoresis, we have 

identified recently that DNA single-strand breaks occur very early in the progression of neuronal 

apoptosis (Liu and Martin, in press, Neurosci Abstr; Liu and Martin, submitted, Appendix). This 

DNA damage found in vivo has the same fingerprint as the DNA damage caused by prooxidants 

(Liu and Martin, in press, Neurosci Abstr; Liu and Martin, submitted, Appendix). We therefore 

13 
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believe that oxidative damage to DNA is an upstream signal in the mechanisms for neuronal 

apoptosis in vivo. 

We performed experiments to evaluate whether Trolox attenuates neuronal apoptosis in 

ratthalamus after cortical injury. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic 

acid) is a cell-permeable, water-soluble derivative of vitamin E with potent antioxidant properties. 

Trolox blocks oxidative stress-induced apoptosis in rat thymocytes (Forrest et al., 1994). Adult 

male rats received occipital cortex ablations and were treated daily with either Trolox (50 mg/kg, 

ip, n=10) or vehicle (ethanol/bicarbonate, ip, n=10) from the day of cortical injury to the day of 

sacrifice at 7 days postlesion. This dosage of Trolox was chosen because we have found that it is 

tolerated and provides modest protection against motor neuron apoptosis in vivo (Martin et al, 

unpublished observations). Trolox did not protect against thalamic neuron apoptosis (Appendix). 

We also performed experiments to evaluate whether vitamin C (ascorbate) attenuates 

neuronal apoptosis in rat thalamus after cortical injury. Adult male rats were treated daily with 

either vitamin C (50 mg/kg, ip, n=10) or vehicle (saline, ip, n=10) seven days prior to occipital 

cortex damage, after which injections continued from the day of injury to the day of sacrifice at 7 

days postlesion. Ascorbate did not provide significant protection from apoptosis in thalamus after 

cortical lesions (Appendix). 

7. KEY RESEARCH ACCOMPLISHMENTS 

• Neuronal apoptosis in the adult brain occurs by PCD mechanisms 

• Neuronal apoptosis in the adult brain requires Bax 

• Neuronal apoptosis in the adult brain occurs through both p53-dependent and p53- 

independent cell death pathways 

• The progression of neuronal apoptosis in the immature brain is accelerated compared to the 

adult brain 

14 
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• The mechanisms for neuronal apoptosis in different in vivo CNS injury paradigms can differ 

in upstream signals, but they can converge on common downstream mechanisms 

• The degeneration of neurons that are selectively vulnerable to global cerebral hypoxia- 

ischemia is not classical apoptosis 

• Neuronal death after cerebral ischemia exists as at least two distinct, temporally overlapping 

forms in distinct populations of neurons 

• Mitochondria accumulate at perinuclear sites early during the progression of neuronal 

apoptosis 

• It is technically feasible to measure cytochrome c release in neurons in vivo 

• Oxidative stress occurs in injured neurons before the emergence of apoptosis 

• We have employed a new technique (single-cell gel electrophoresis or comet assay) to detect 

very early DNA damage in neurons 

• The formation of DNA single-strand breaks is an early upstream signal for neuronal apoptosis 

• Neuronal death pathways (apoptosis versus necrosis) may be mediated by common upstream 

mechanisms that differ mechanistically in the rate (days versus hours) and severity of cellular 

stress 

8. REPORTABLE OUTCOMES 
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degeneration in amyotrophic lateral sclerosis and in models of motor neuron death. Int J Mol Med 
5:3-13. 

Martin LJ, Sieber FE and Traystman RJ (2000b) Apoptosis and necrosis occur in separate 
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alterations in metabotropic glutamate receptor signaling pathways. J Cereb Blood Flow Metab 20: 
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oxidative stress. Neurobiol Disease 7:169-191. 

Northington FJ, Ferriero DM, Graham EM, Traystman RJ and Martin LJ (2000) Early 
neurodegeneration after hypoxia-ischemia in neonatal rat is necrosis while delayed neuronal 
death is apoptosis, Neurobiol Disease, in press. 

Liu Z-P and Martin LJ (2000) DNA single-strand breaks occur rapidly in motor neurons in vitro 
and in vivo after oxidative stress and axotomy. Neurosci Abstr, in press. 

Lesuisse C and Martin LJ (2000) Neuronal maturity influences the progression of neuronal 
apoptosis induced by DNA damage. Neurosci Abstr, in press. 

Al-Abdulla NA and Martin LJ (2000) Target-deprived lateral geniculate projection neurons in the 
adult rat undergo DNA damage and apoptosis while interneurons transiently atrophy. Neurosci 
Abstr, in press. 

Natale JE and Martin LJ (2000) Ablation of occipital cortex in immature mouse brain induces 
p53 and neuronal apoptosis in the lateral geniculate nucleus. Neurosci Abstr, in press 

Martin LJ, Kaiser A, Yu JW, Natale JE and Al-Abdulla NA: Injury-induced apoptosis of neurons 
in adult brain is mediated by p53-dependent and p53-independent pathways and requires Bax. 
Submitted for publication. 

Liu Z and Martin LJ: DNA single-strand breaks occur rapidly in motor neurons after in vitro 
oxidative stress and in vivo axotomy as demonstrated by the comet assay. Submitted for 
publication. 

Martin LJ (2000) Neurodegenerative disorders of the human brain and spinal cord. In: 
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Northington FJ, Ferriero DM, Flock DL and Martin LJ: Delayed neurodegeneration in neonatal 
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9. CONCLUSIONS 

We have made progress in each of the four original hypotheses outlined in our proposal 

funded by the USAMRMC. During the first year of funding our major emphasis was on 

Hypothesis 1, addressing the questions of when neuronal apoptosis occurs after CNS injury and 

whether it has molecular characteristics of PCD. 

We found that axotomy/target deprivation causes unequivocal neuronal apoptosis in the 

adult and immature CNS. The neuronal apoptosis induced by axotomy/target deprivation is PCD. 
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This neuronal PCD requires Bax and occurs through p53-dependent and p53-independent cell 

death pathways. Our work is the first demonstration that neuronal apoptosis in the adult CNS 

requires the death protein Bax. The upstream signal for the induction of neuronal apoptosis may 

be DNA damage. This DNA damage appears to be induced by oxidative stress. The oxidative 

damage to DNA occurs in the form of hydroxyl radical modification and DNA single-strand 

breaks. 

Based on our experiments, we also introduced the concept that neuronal death 

mechanisms in the adult and immature CNS may be dissimilar, particularly in the timing of the 

death process and the upstream signals; however, neuronal apoptosis in the adult and immature 

CNS appear to share some common dowstream mechanisms (Bax and caspase-3). 

This work has implications for the treatment of neurological disorders that involve 

neurodegeneration through apoptotic pathways. Thus, this work is relevant to Alzheimer's 

disease, amyotrophic lateral sclerosis, Huntingtons disease, Parkinson's disease, and traumatic 

brain injury. The identification of downstream mechanisms (p53, Bax, caspases) and upstream 

mechamisms (DNA damage and Fas death receptor) provides direction and rationale for the 

future development of antiapoptotic therapies. 

It is difficult to identify the mechanisms of neuronal apoptosis in in vivo model systems. 

The introduction of genetically altered mice into our research projects has allowed us the show 

that neuronal apoptposis in the brain is controlled or modulated by Bax and p53, respectively. We 

have also identified DNA damage early during the progression of neuronal apoptosis, and we 

believe this DNA damage may be a possible upstream signal in the mechanims of neuronal 

apoptosis. However, we need to better characterize the role and position of DNA damage in the 

signaling cascade of neuronal apoptosis. In vitro model systems of neuronal apoptosis will help 

us better address the mechanisms of DNA damage-induced neuronal apoptosis. We have recently 

developed an in vitro model system of DNA damage-induced neuronal apoptosis to further 
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understand the molecular mechanisms of neuronal apoptosis (Lesuisse and Martin, in press, 

Neurosci Abstr; Appendix). 
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11. APPENDIX 

Figure 1: Localization of cytochrome c in neurons by immunogold electron microscopy. Black 

gold deposits (silver-intensified 1-nm gold particles) are sites of cytochrome c immunoreactivity. 

Many of these particles decorate mitochondria. 

Figure 2: The antioxidant Trolox does not protect against neuronal apoptosis in the rat LGN after 

occipital cortex lesions. Values are mean ± standard deviation (n= 10 rats/group). 
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Figure 3: Ascorbate (vitamin C) does not protect against neuronal apoptosis in the rat LGN after 

occipital cortex lesions. Values are mean ± standard deviation (n= 10 rats/group). 

Figure 4: Identification of corticopetal projection neurons in the mouse LGN. 

Figure 5: Occiptial cortex ablation in 10-day-old mice causes corticopetal projection neurons in 

the LGN to undergo apoptosis. 

Figure 6: Internucleosomal fragmentation of DNA is detected in the ipsilateral LGN in mouse 

brain after occipital cortex ablation. 

Figure 7: Progression of neuronal apoptosis in the mouse LGN. 

Reported Outcomes (copies of reprints, submitted manuscripts, and abstracts) 
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Trolox Does Not Prevent Neuronal Apoptosis in the 
Adult Brain After Cortical Ablation 
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Figure 3 

Ascorbic Acid (Vitamin C) Does Not Prevent Neuronal 
Apoptosis in the Adult Brain After Cortical Damage 
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Figures 4-7 
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Figure 4. Low power magnification of right LGN showing 
fluorogold labeled projection neurons (light yellow cells) in 
dorsal LGN (dLGN). Fluorogold was injected into right 
occipital cortex 24 hours earlier. Note the absence of 
fluorogold labeled neurons in the ventral LGN (vLGN). Line 
indicates boundary between dLGN and vLGN. Nuclei are 
stained with Hoechst 33258 (blue fluorescent stain). LV, 
lateral ventricle. 

Figure 5. Structural progress 
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of a thalamocortical projection 
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Figure 6. Gel electrophoresis of 
genomic DNA from LGN at 0,18 & 24 
hours after axotomy. Internucleosomal 
pattern of DNA fragmentation (arrows) is 
present in the lesioned (Ipsi) LGN but 
not in the non-lesioned (Contra) LGN of 
10-dav-old mice. 

Figure 7. Temporal progression of axotomy-induced apoptosis in LGN neurons 
stained with cresyl violet in 10-day-old mice. Normal neurons in naive brain. 
Chromatolytic neurons at 12 and 24 hours characterized by peripheral displacement 
of nucleus. By 48 hours, neurons show chromatin clumping (black arrow), and cell 
shrinkage. A shrunken neuron in end-stage apoptosis, with fully condensed 
chromatin and almost clear cytoplasm is shown in the last panel. 
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Motor Neuron Degeneration after Sciatic Nerve 
Avulsion in Adult Rat Evolves with Oxidative Stress 
and Is Apoptosis 
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ABSTRACT: The mechanisms for motor neuron 
degeneration and regeneration in adult spinal cord fol- 
lowing axotomy and target deprivation are not fully 
understood. We used a unilateral sciatic nerve avulsion 
model in adult rats to test the hypothesis that retrograde 
degeneration of motor neurons resembles apoptosis. By 
21 days postlesion, the number of large motor neurons in 
lumbar spinal cord was reduced by —30%. The death of 
motor neurons was confirmed using the terminal trans- 
ferase-mediated deoxyuridine triphosphate-biotin nick- 
end labeling method for detecting fragmentation of 
nuclear DNA. Motor neuron degeneration was charac- 
terized by aberrant accumulation of perikaryal phos- 
phorylated neurofilaments. Structurally, motor neuron 
death was apoptosis. Apoptotic motor neurons undergo 
chromatolysis followed by progressive cytoplasmic and 
nuclear condensation with chromatin compaction into 

uniformly large round clumps. Prior to apoptosis, func- 
tionally active mitochondria accumulate within chroma- 
tolytic motor neurons, as determined by cytochrome c 
oxidase activity. These dying motor neurons sustain ox- 
idative damage to proteins and nucleic acids within the 
first 7 days after injury during the progression of apo- 
ptosis, as identified by immunodetection of nitrotyrosine 
and hydroxyl-modified deoxyguanosine and guanosine. 
We conclude that the retrograde death of motor neurons 
in the adult spinal cord after sciatic nerve avulsion is 
apoptosis. Accumulation of active mitochondria within 
the perikaryon and oxidative damage to nucleic acids 
and proteins may contribute to the mechanisms for 
apoptosis   of   motor   neurons   in   the   adult   spinal 
COrd.     © 1999 John Wiley & Sons, Inc. J Neurobiol 40: 185-201, 1999 
Keywords: amyotrophic lateral sclerosis; neuronal cell 
death; axotomy; target deprivation; mitochondria 

Retrograde degeneration and neuronal apoptosis may 
participate in the mechanisms for motor neuron death 
in amyotrophic lateral sclerosis (ALS) (Price et al., 
1992; Martin et al., 1998a; Martin, 1999). Degener- 
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Contract grant sponsor: U.S. Army Medical Research and Ma- 

teriel Command; contract grant number: USAMRMC 98222014 
© 1999 John Wiley & Sons, Inc.   CCC 0022-3034/99/020185-17 

ating motor neurons in ALS undergo chromatolysis 
and then progressive cytoplasmic and nuclear conden- 
sation (Martin, 1999), with affected neurons demon- 
strating evidence of cytoskeletal pathology in the 
form of neurofilament accumulation within the neu- 
ronal cell body and axon (Manetto et al., 1988; Munoz 
et al., 1988). The degeneration of neurons in ALS is 
structurally a form of apoptosis that may be mediated 
by a caspase-dependent programmed cell death (PCD) 
mechanism (Martin, 1999). In ALS, a variety of ab- 
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normalities in the molecular regulators of cell death 
have been identified, including increased caspase-3 
activity and abnormalities in the expression of the 
antiapoptotic protein Bcl-2 and the proapoptotic pro- 
teins Bax and Bak, as well as abnormalities in the 
interactions of these proteins (Martin, 1999). These 
observations in the human disease underscore the 
necessity of developing animal models of apoptotic 
retrograde neuronal death for identifying mechanisms 
of motor neuron degeneration in the adult central 
nervous system (CNS), because ALS is an adult-onset 
neurodegenerative disease, and brain maturity may 
influence the structure of neuronal death (Clarke, 
1990; Portera-Cailliau et al., 1997a; Martin et al., 
1998a,b; Li et al., 1998). 

The likelihood of neuronal death or of regeneration 
and survival after injury to motor neurons is influ- 
enced by age at the time of injury and location of 
axonal trauma in relation to the soma (Ramon y Cajal, 
1928; Lieberman, 1971; Price and Porter, 1972; Fry 
and Cowan, 1972; Torvik, 1976). Axotomized motor 
neurons in the immature CNS die rapidly, whereas 
axotomized motor neurons in the mature CNS are 
more likely to recover or persist in some altered form 
(Romanes, 1946; Lieberman, 1971; Torvik, 1976). 
Avulsion of spinal cord ventral roots in adult rodents, 
however, induces retrograde degeneration and appar- 
ent elimination of neurons (Wu, 1993; Koliatsos et al., 
1994; Li et al., 1995, 1998). An inadequate supply of 
neurotrophic factor support contributes to this neuro- 
degeneration (Ramön y Cajal, 1928; Hamburger, 
1975), because glial cell line-derived neurotrophic 
factor (Li et al., 1995) and brain-derived neurotrophic 
factor (Novikov et al., 1995, 1997) promote the sur- 
vival of avulsed spinal motor neurons in adult rodents. 
However, the mechanisms for retrograde degenera- 
tion of motor neurons in adult spinal cord are poorly 
understood, notably with regard to the signals that 
govern neuronal responses to injury and, if neuronal 
death occurs, the structural and molecular pathways 
leading to the elimination of motor neurons. 

Cell death has been classified generally as necrosis 
or apoptosis (Kerr and Harmon, 1991), although 
structural hybrids of neuronal cell death may also 
occur (Portera-Cailliau et al., 1997a,b; Martin et al., 
1998a,b; Li et al., 1998). Necrosis and apoptosis are 
classified differently because they are believed to 
differ structurally and biochemically (Kerr and Har- 
mon, 1991; Sen, 1992). Necrosis is always patholog- 
ical cell death, induced by departures from physiolog- 
ical conditions, involving perturbations in plasma 
membrane structural and functional integrity and 
abormalities in intracellular Na+, Ca2+, and water 
homeostasis and subsequent dissolution of the cell. In 

contrast, apoptosis is generally regarded as physiolog- 
ical cell death and is considered to be an organized 
PCD that is mediated by active, intrinsic mechanisms 
through which certain molecular pathways are acti- 
vated to initiate apoptosis (Kerr and Harmon, 1991; 
Sen, 1992; Gerschenson and Rotello, 1992). In in 
vitro settings, trophic factor deprivation of neurons 
results in apoptosis (Pittman et al., 1993) that is me- 
diated by a caspase-dependent PCD mechanism 
(Milligan et al, 1995; Deshmukh et al., 1996). 
Trophic factor deprivation appears to contribute to 
the mechanisms for avulsion-induced degeneration 
of motor neurons in the adult spinal cord (Li et al., 
1995; Novikov et al., 1995, 1997), possibly involv- 
ing a nitric oxide pathway for cell death (Wu and 
Li, 1993). Therefore, we hypothesized that motor 
neuron degeneration in the adult spinal cord after 
avulsion is apoptosis and evolves in association 
with oxidative stress. 

MATERIALS AND METHODS 

Lesion Paradigm to Study Motor Neuron 
Degeneration 

A unilateral sciatic nerve avulsion served as the model for 
producing degeneration of motor neurons in adult rats. Male 
Sprague-Dawley rats (Charles River, Wilmington, MA) (n 
= 40), weighing —150-200 g, were housed in a colony 
room with a 12:12-h light/dark cycle and access to food and 
water ad libitum. The animal protocol was approved by the 
Animal Care and Use Committee of the Johns Hopkins 
University School of Medicine. Rats were anesthetized 
deeply with a mixture of enflurane/oxygen/nitrous oxide 
(1:33:66). A midline incision was made in the lateral aspect 
of the left pelvis and upper hindlimb. The sciatic nerve was 
located by blunt retraction of biceps femoris and gluteus 
muscles and was tracked proximally to an extravertebral 
location deep within the pelvis. A steady, moderate traction 
was applied to the sciatic nerve with forceps until the nerve 
separated from the spinal cord, resulting in a mixed motor- 
sensory root avulsion [Fig. 1(A)]. Muscle retraction was 
released and the overlying skin was sutured. Postlesion 
survival times following sciatic nerve avulsion were 4, 7, 
14, and 21 days. Sham control rats (n = 5) were subjected 
to the anesthesia, muscle retraction, and sciatic nerve visu- 
alization, but the nerve was not avulsed. 

Retrograde Labeling of Spinal Motor 
Neurons 

Unilateral injections of the retrograde tract tracer Fluoro- 
gold (FG) (Fluorochrome, Inc., Englewood, CO) were made 
into the gastrocnemius muscle of deeply anesthetized adult 
rats (n = 10). Approximately 1 ^L of a 5% solution of FG 
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Figure 1 Sciatic nerve avulsion causes selective degeneration of spinal motor neuron pools. (A) 
Nissl-stained transverse section of spinal cord at about an L5 level shows the apparent loss of large 
motor neurons in the ventral horn (arrow) ipsilateral to the avulsion at 21 days postlesion. The 
apparent loss of motor neurons is greatest at L5 and is less prominent in other segments of lumbar 
cord. The inflammatory scar tissue (asterisk) identifies the remaining part of the ventral root. Scale 
bar = 287 jum. (B) Injection of FG into the gastrocnemius muscle retrogradely labels the group IX 
motor neuron pool (arrow), corresponding to the population of large motor neurons that degenerates 
after sciatic nerve avulsion [compare with (A)]. Scale bar = 267 jam. (C) FG-labeled cells are 
a-motor neurons. Scale bar = 31 /xm. (D) Numbers of remaining motor neurons in lumbar spinal 
cord ventral horn at different times after sciatic nerve avulsion. Motor neurons were counted in more 
than one level of lumbar spinal cord (L4-6), because motor neurons within other lumbar levels (in 
addition to L5) project to the gastrocnemius (Nicolopoulos-Stournaras and lies, 1983). Large 
multipolar motor neurons and small (possibly shrunken) motor neurons were counted. The values 
are mean ± standard error of the mean and reflect averages based on neuron counts in multiple 
levels of lumbar spinal cord. Asterisks indicate significant difference (p < .05) from control and 4 
days postlesion. 

in deionized-distilled H20 was infused slowly over 10 min 
using a Hamilton syringe. Three days later, some rats (n 
= 4) were anesthetized and perfused for light microscopic 
analysis, while other rats (n = 6) underwent a unilateral 
sciatic nerve avulsion (on the same side of the FG injection) 
as described above. FG-injected rats with sciatic nerve 
avulsions recovered for 7 or 14 days before being perfused 
for light microscopic analysis. Identification of retrogradely 
labeled motor neurons was done by antibody detection of 
FG as described (Al-Abdulla et al., 1998; Al-Abdulla and 
Martin, 1998). 

Light Microscopic Evaluation of Spinal 
Motor Neuron Degeneration 

At 4, 7, 14, and 21 days postlesion, rats (w = 4-6/time 
point) were anesthetized with an overdose of chloral hydrate 
and perfused intraaortically with ice-cold phosphate buff- 
ered saline (PBS) (100 mM, pH 7.4) delivered by a perfu- 
sion pump, followed by 4% paraformaldehyde/1% glutaral- 
dehyde in ice-cold PBS. After perfusion-fixation, spinal 
cords were allowed to remain in situ for 1 h before they 
were removed from the vertebral column. The lower tho- 
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racic and lumbar-upper sacral segments were removed from 
the spinal cord and were cryoprotected in 20% glycerol- 
PBS prior to freezing in isopentane chilled by dry ice. 
Frozen, transverse, symmetrical sections (40 jiim) through 
the lower thoracic and lumbosacral cord were cut serially 
using a sliding microtome, collected serially in 96-well 
plates, and stored in antifreeze buffer at -20°C. Sections 
were either stained with Cresyl violet or used for the ter- 
minal transferase-mediated deoxyuridine triphosphate-bi- 
otin nick-end labeling (TUNEL) assay for nuclear DNA 
fragmentation (Gavrieli et al., 1992), with modifications for 
frozen sections; the immunocytochemical detection of phos- 
phorylated neurofilaments, FG, and oxidative injury mark- 
ers (Al-Abdulla et al., 1998; Al-Abdulla and Martin, 1998); 
or for the enzyme histochemical detection of cytochrome c 
oxidase activity (Wong-Riley, 1979). 

Quantification of Motor Neurons 

Cresyl violet-stained sections were used to count motor 
neurons in spinal cords of rats at 4, 7, 14, and 21 days 
postlesion. Profile counts were made at X400 magnification 
by an observer unaware of treatment. Motor neurons were 
counted in ventral horns ipsilateral and contralateral to the 
sciatic nerve avulsion. Motor neurons were counted in lower 
thoracic levels, lumbar levels (L4-6), and sacral levels 
(SI—3). At lumbosacral levels, the ventral horn was consis- 
tently divided into four quadrants (upper medial, upper 
lateral, lower medial, and lower lateral), with the upper 
medial quadrant corresponding primarily to cell group (lay- 
er) VII, the lower medial quadrant corresponding to cell 
group VIII, and the lower and upper lateral quadrants cor- 
responding to cell group IX. Neurons were distinguished 
from glia and inflammatory cells by strict criteria based on 
perikaryal and nuclear morphology. The criterion for inclu- 
sion was any multipolar cell with granular cytoplasmic 
staining of Nissl and nucleus with nucleolus, regardless of 
size. Cells were excluded if they had a nonneuronal nucleus 
typical of astrocytes, oligodendrocytes, or microglia. Cell 
counts were expressed as a ratio of motor neuron number in 
spinal cord ventral horn ipsilateral and contralateral to the 
lesion. 

Statistical analysis of neuronal numbers per postlesion 
time point was performed on pooled sets. Neuronal numbers 
per rat were averaged and a weighted standard deviation 
was calculated for a more reliable estimate of the neurons 
per time point. Comparisons of the time points were per- 
formed using a one-way analysis of variance with Student t 
test using the appropriate degrees of freedom. 

Immunocytochemistry 

A peroxidase-antiperoxidase detection method was used for 
the immunocytochemical staining of free-floating spinal 
cord sections with diaminobenzidine as chromogen. To 
confirm that degenerating cells were motor neurons, phos- 
phorylated neurofilaments were detected with a mouse 
monoclonal antibody (SMI-31; Sternberger Monoclonals, 

Jarrettsville, MD) at a dilution of 1:10,000, and FG was 
detected with rabbit polyclonal antibodies (diluted 
1:10,000; Chemicon, Temecula, CA). To determine if de- 
generating motor neurons undergo oxidative stress, per- 
oxynitrite-mediated damage to proteins was detected with 
monoclonal and polyclonal antibodies to nitrotyrosine (Up- 
state Biotechnology, Lake Placid, NY), and hydroxyl radi- 
cal damage to DNA was detected with monoclonal antibod- 
ies to 8-hydroxy-2'-deoxyguanosine (QED Bioscience and 
PharMingen, San Diego, CA). For competition controls, 
sections were reacted with antibody to 8-hydroxy-2'-deox- 
yguanosine (OHdG) that was incubated at 4°C for 24 h with 
1000-fold concentrations of OHdG, 8-hydroxyguanosine, or 
guanosine (Cayman Chemical, Ann Arbor, MI). As addi- 
tional controls, sections were digested with DNase (5-10 
mg/mL) or RNase (11-50 mg/mL) prior to incubation with 
OHdG antibody. 

Electron Microscopic Analysis of Motor 
Neuron Death after Sciatic Nerve 
Avulsion 

At 1 day and 3, 8, 14, 18, and 21 days postlesion, rats (n 
= 2-3 animals/time point) were anesthetized with chloral 
hydrate and perfused intraaortically with 1% paraformalde- 
hyde/0.1% glutaraldehyde in ice-cold PBS followed by 2% 
paraformaldehyde/2% glutaraldehyde in ice-cold PBS. Af- 
ter perfusion-fixation, spinal cords were allowed to remain 
in situ for 1 h before they were removed from the vertebral 
column. After further fixation overnight, lumbar and upper 
sacral segments (ipsilateral and contralateral to the avul- 
sion) were microdissected from each rat, rinsed in phos- 
phate buffer, placed in 2% osmium tetroxide for 2 h, dehy- 
drated, and embedded in plastic. Semithin sections (1 /j,m) 
stained with 1% Toluidine blue were screened for motor 
neurons of interest, and then thin sections (gold interference 
color) were cut on an ultramicrotome (Sorvall, Norwalk, 
CT), contrasted with uranyl acetate and lead citrate, and 
viewed with a Jeol 100S electron microscope. 

RESULTS 

Peripheral Nerve Avulsion Causes Loss 
of Motor Neurons in Adult Spinal Cord 

A unilateral sciatic nerve avulsion in adult rat induces 
a loss of motor neurons in lumbosacral spinal cord 
(Fig. 1). At 21 days postlesion, the apparent death of 
motor neurons is revealed in Nissl-stained sections of 
L5 levels of spinal cord [Fig. 1(A)]. The loss of motor 
neurons occurred most prominently in the lateral-most 
motor neuron cell group of lower lumbar and sacral 
spinal cord, corresponding to motor neuron cell col- 
umn IX [Fig. 1(A,D)]. This pool of a-motor neurons 
projects to the gastrocnemius muscle via the tibial 
branch of the sciatic nerve (Nicolopoulos-Stournaras 
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and lies, 1983), as demonstrated by the retrograde 
transport of FG [Fig. 1(C,D)]. In this model, the 
majority of motor neuron loss occurred by 7 days 
postlesion [Fig. 1(D)]. Throughout the time course, 
many motor neurons in the lateral quadrants were 
shrunken (i.e., reduced cytoplasmic volume) and the 
perikaryon was pale by Nissl staining. As a control, 
motor neurons were counted in lower thoracic seg- 
ments of spinal cord. Motor neuron number in tho- 
racic spinal cord was not reduced by this lesion (data 
not shown). 

Motor Neurons Die after Sciatic Nerve 
Avulsion 

Tunel-positive cells were detected within the lumbo- 
sacral spinal cord ipsilateral to the avulsion at 4-14 
days postlesion [Fig. 2(A,B)]. No labeling was seen in 
the lumbosacral spinal cord contralateral to the lesion 
or in the thoracic cord at any time. TUNEL-positive 
cells in ventral horn were identified as motor neurons 
based on perikaryal and nuclear morphology, size, 
location, and postlesion time of appearance. Interest- 
ingly, the frequency occurrence of TUNEL-positive 
motor neurons did not appear to be commensurate 
with the loss of motor neurons as predicted by cell 
counts in Nissl-stained sections. TUNEL-positive 
neurons were present primarily in the lateral quad- 
rants of the ventral horn. In degenerating motor 
neurons, DNA cleavage preceded nuclear condensa- 
tion as detected in Nissl sections. This fragmentation 
of DNA in dying motor neurons emerged com- 
partmentally within the nucleus, with the earliest 
DNA fragmentation occurring at perinucleolar sites 
[Fig. 2(A)]. 

Retrogradely Degenerating Spinal Motor 
Neurons Accumulate Phosphorylated 
Neurofilaments 

Aberrant accumulation of perikaryal phosphorylated 
neurofilament confirmed the neuronal identity of in- 
jured motor neurons [Fig. 2(C-G)]. Normal spinal 
motor neurons do not have immunocytochemically 
detectable phosphorylated neurofilaments within their 
perikarya [Fig. 2(C)] (Cork et al., 1988). However, by 
4 days postlesion, phosphorylated neurofilament im- 
munoreactivity increases within the proximal pro- 
cesses of subsets of motor neurons in the ipsilateral 
lumbosacral cord [Fig. 2(D)], relative to the contralat- 
eral spinal cord and nonlesioned controls [Fig. 2(C)]. 
Motor neurons in the ipsilateral thoracic cord were not 
immunolabeled. By 7-14 days, the cell bodies of 

subsets of motor neurons in group IX of lumbosacral 
cord were enriched with phosphorylated neurofila- 
ments [Fig. 2(E)]. Their perikarya developed an ir- 
regular shape and became shrunken compared to un- 
injured neurons [Fig. 2(C,E)]. Neurofilament immu- 
noreactivity also accumulated in axons and dendrites 
that were distorted, distended, and convoluted [Fig. 
2(E)]. At 7 and 14 days after injury, some motor 
neurons with perikaryal accumulations of phosphory- 
lated neurofilament transformed from multipolar cells 
to round cells that had thin processes [Fig. 2(F)]. 
Many of the phosphorylated neurofilament-enriched 
motor neurons appeared structurally similar to degen- 
erating motor neurons found in ALS (see Fig. 3 in 
Munoz et al., 1988). After 14 days postlesion, neuro- 
filament immunoreactivity began to dissipate as the 
degenerating motor neurons underwent shrinkage 
[Fig. 2(G)], so that by 21 days, the perikaryon of most 
remaining motor neurons on the lesioned side were not 
immunopositive for phosphorylated neurofilament. 

Motor Neuron Death after Sciatic Nerve 
Avulsion Resembles Apoptosis 

The morphology of avulsion-induced motor neuron 
degeneration was examined by light microscopy to 
determined if it resembled apoptosis, as found in in 
vivo paradigms of neuronal apoptosis (Chu-Wang and 
Oppenheim, 1978; Clarke, 1990; Portera-Cailliau et 
al., 1997a,b; Martin et al., 1998b; Al-Abdulla et al., 
1998). Criteria for identifying cells as motor neurons 
included, size, shape, and aggregates of Nissl. Using 
Nissl-stained sections of lumbosacral spinal cord from 
rats at 4, 7, and 14 days postlesion, a staging scheme 
was formulated for the structural progression of motor 
neuron death (Fig. 3). This staging arrangement re- 
vealed that the death of motor neurons had a distinc- 
tive structural phenotype that was apoptosis. This 
progression occurred over 7-14 days. As in apoptosis 
in other systems, both the cytoplasm and the nucleus 
underwent condensation [Fig. 3(D-H)]. After an ini- 
tial preapoptotic chromatolytic stage [Fig. 3(B,C)], 
motor neurons progressively underwent shrinkage of 
the cell body and dendrites [Fig. 3(D-F)] that culmi- 
nated in apoptosis [Fig. 3(G,H)]. At the transition 
between chromatolysis and apoptosis, the normal 
multipolar cell body [Fig. 3(A)] transformed and be- 
came round [Fig. 3(D)]. Motor neurons with round 
cell bodies then separated from the surrounding neu- 
ropil, as the cell surface appeared scalloped [Fig. 
3(E,F)]. The cytoplasm was initially depleted of Nissl 
bodies [Fig. 3(C,D)] and appeared mostly homoge- 
neous, and progressively became hypochromic and 
then   translucent   in   Nissl-stained   sections   [Fig. 
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Figure 7 
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3(G,H)]. Within the nucleus, the chromatin initially 
aggregated into several, small round minimasses [Fig. 
3(D)] and then condensed into a few sharply delin- 
eated, uniformly dense, smooth, round masses within 
the nucleus [Fig. 3(E,F)]. Prelabeling experiments 
with FG demonstrated that these neurons with struc- 
tural features of apoptosis projected to the gastrocne- 
mius muscle and thus were motor neurons (data not 
shown). At end-stage apoptosis, the cellular debris 
within the neuropil usually existed as two closely 
apposed, small, round nuclear fragments surrounded 
by a thin rim of translucent cytoplasm [Fig. 3(H)]. 
Often, this cellular debris was apposed by cells with 
nuclei typical of phagocytes [Fig. 3(H)]. This struc- 
tural progression of motor neuron death is similar to 
the morphological progression of neuronal apoptosis 
found in other in vivo paradigms (Martin et al., 1998b; 
Al-Abdulla et al., 1998). 

Ultrastructure of Spinal Motor Neuron 
Death after Avulsion Is Apoptosis 

By electron microscopy, cellular alterations within 
degenerating motor neurons evolved into classic ap- 
optosis, as revealed by the progressive cytoplasmic 
and nuclear condensation with chromatin compaction 

into uniformly large round clumps, while the morpho- 
logic integrity of mitochondria was preserved until 
late in the progression of neuronal degeneration. Sub- 
cellular changes within the perikaryon of dying motor 
neurons included the classic chromatolytic response 
with redistribution of the rough endoplasmic reticu- 
lum and dispersion of free ribosomes, followed by 
fragmentation of the rough endoplasmic reticulum, 
and accumulation of mitochondria [Fig. 4(A)]. Dying 
motor neurons at 8 and 14 days postlesion were found 
at various stages of apoptosis. Some neurons had a 
very dark, shrunken perikaryon that contained small 
vacuoles and numerous mitochondria within a dense 
cytoplasmic matrix [Fig. 4(A)]. Some mitochondria 
that accumulated in the condensing perikaryon under- 
went swelling and disintegration of the inner mem- 
brane, whereas other mitochondria remained intact 
[Fig. 4(A), inset]. At midapoptotic stages, the nucleus 
of dying motor neurons was eccentrically located 
(typical of chromatolysis), dark, and shrunken, and it 
contained small compact clumps of chromatin. In 
other dying cells, still recognizable as motor neurons 
owing to their size and the presence of vacated 
postsynaptic densities, the nuclear condensation had 
progressed until large, round chromatin clumps were 
present within a homogeneously dense nuclear matrix 

Figure 2 Spinal motor neurons die and accumulate phosphorylated neurofilaments after avulsion. 
(A,B) TUNEL preparations counterstained with Cresyl violet demonstrating motor neurons (the cell 
bodies are delineated by the arrows) undergoing nuclear DNA fragmentation (brown labeling) at 7 
(A) and 14 (B) days after avulsion. Fragmented DNA highlights the nucleolus [white asterisk in 
(A)]. Surrounding glial nuclei are unlabeled. Scale bars (A,B) = 5 jam. (C) Immunocytochemical 
preparation counterstained with Cresyl violet showing that phosphorylated neurofilament immuno- 
reactivity (brown labeling) is absent within the cell body and proximal dendrites of normal motor 
neurons. Scale bars (C-G) = 4 jxm. (D) Dendrites (one dendrite is delineated by small arrows) of 
injured motor neurons begin to accumulate phosphorylated neurofilament immunoreactivity by 4 
days postlesion. (E-G) The cell bodies and proximal dendrites of injured motor neurons are enriched 
with phosphorylated neurofilaments by 7-14 days postlesion. The perikarya of injured motor 
neurons initially become irregular in shape with distorted, thick proximal dendrites (E), and then 
degenerating motor neurons become round with thin, regressing processes (F). Subsequently, 
neurofilament immunoreactivity dissipates as degenerating motor neurons shrink (G). 

Figure 7 Functionally active mitochondria accumulate in motor neurons undergoing apoptosis 
after avulsion, as shown in histochemical preparations for cytochrome c oxidase that were coun- 
terstained for Nissl. (A) Normal large motor neurons have only faint histochemically detectable 
cytochrome c oxidase activity within their cell bodies, although the surrounding neuropil is enriched 
in activity. Scale bars (A-E) = 4 \xm. (B) Injured motor neurons at preapoptotic, chromatolytic 
stages accumulate intense cytochrome c oxidase activity within their perikaryon. (C) Apoptotic 
motor neurons (indicated by the round cell body detaching from the neuropil and the chromatin that 
is condensed into several, small, round masses) maintain high levels of cytochrome c oxidase 
activity within the cell body. (D) Eventually, mitochondrial metabolic activity diminishes in motor 
neurons advancing toward end-stage apoptosis (delineated by small arrowheads), coinciding with 
the loss of ultrastructural integrity of mitochondria [see Fig. 4(A), inset]. (E) Cytochrome c oxidase 
activity is low within apoptotic cellular debris (delineated by small arrowheads). 
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Figure 3 

that was surrounded by a ruffled nuclear envelope 
[Fig. 4(A)]. In these motor neurons, the nucleus was 
surrounded by either an intact or disrupted nuclear 
envelope. Motor neuron debris was engulfed by 
phagocytes [Fig. 4(B)]. The ultrastructure of this 
death of motor neurons after sciatic nerve avulsion 
was similar to the morphological progression of neu- 
ronal apoptosis found by electron microscopy in other 
in vivo paradigms (Martin et al., 1998b). 

Oxidative Stress Occurs in Injured 
Motor Neurons before the Emergence of 
the Apoptotic Structure 

We determined by immunocytochemistry whether ab- 
normal nitration of proteins occurs in motor neurons 
after avulsion. Nitrotyrosine immunoreactivity was 
detected above background levels in motor neurons 
and axons after sciatic nerve avulsion (Fig. 5). Using 
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two different antibodies, prominent nitrotyrosine im- 
munoreactivity was found selectively within subsets 
of group IX motor neurons ipsilateral to the lesion 
[Fig. 5(B,D)]. The same group of motor neurons in 
the unlesioned side was not immunoreactive for ni- 
trotyrosine [Fig. 5(A,C)]. Nitrotyrosine immunoreac- 
tivity was also detected within subsets of large dis- 
torted axons in the ventral horn neuropil and in ventral 
root stumps exiting the spinal cord [Fig. 5(B)]. This 
prominent nitrotyrosine immunolabeling of neuronal 
cell bodies and axons of motor neurons was transient, 
occurring primarily at 4 and 7 days postlesion, before 
the onset of apoptosis. 

Hydroxyl radical damage to DNA was detected 
immunocytochemically with two different antibodies 
to OHdG (Fig. 6). Immunoreactivity for OHdG was 
detected in motor neurons within both ipsilateral and 
contralateral ventral horns and dorsal horns [Fig. 
6(A)]; however, the immunolabeling was most in- 
tense in motor neurons on the lesioned side [Fig. 
6(A)]. The patterns of cellular labeling were very 
different in motor neurons in lesioned versus unle- 
sioned ventral horns. Motor neurons on both sides had 
cytoplasmic labeling suggestive of an RNA pattern, 
although the intensity of cytoplasmic immunoreactiv- 
ity was much greater in avulsed motor neurons [Fig. 
6(B,C)]. In contrast, intense nuclear labeling occurred 
only in motor neurons that underwent avulsion [Fig. 
6(B,C)]. The most prominent differences in OHdG 
immunolabeling between lesioned and unlesioned 
sides of spinal cord (based on the intensity of immu- 
noreactivity) occurred at 4 and 7 days after avulsion. 
Because of both nuclear and Nissl-like cytoplasmic 
immunoreactivity for OHdG, it was likely that these 
antibodies detected more than OHdG. Digestion of 
DNA with DNase abolished the nuclear labeling of 

retrogradely degenerating motor neurons [Fig. 6(D)]. 
Digestion of RNA with DNase-free RNase substan- 
tially eliminated the cytoplasmic labeling [Fig. 6(E)]. 
Preadsorption of OHdG antibody with OHdG, 8-hy- 
droxyguanosine, or guanosine prior to the immuno- 
cytochemistry selectively blocked the labeling in the 
different cellular compartments. OHdG abolished the 
nuclear staining in avulsed motor neurons (not 
shown), similar to results shown in another paradigm 
of axotomy (Al-Abdulla and Martin, 1998). Hydroxy- 
guanosine and guanosine blocked the cytoplasmic 
immunostaining that resembled a Nissl pattern [Fig. 
6(F,G)], while the nuclear immunoreactivity re- 
mained. 

Mitochondrial Metabolic Activity 
Increases during Apoptosis of Motor 
Neurons 

Retrograde neuronal apoptosis in other systems of 
axotomy/target deprivation occurs in association with 
increased perikaryal mitochondria and oxidative dam- 
age to DNA (Al-Abdulla and Martin, 1998). To ana- 
lyze the possible mechanisms of oxidative stress in 
apoptotically dying motor neurons, cytochrome c ox- 
idase enzyme histochemistry was used to assess mi- 
tochondrial localization and metabolic activity (Fig. 
7). Histochemical preparations that were counter- 
stained for Nissl showed that cytochrome c oxidase 
activity was localized within punctate structures and 
axons in the neuropil and in neuronal cell bodies [Fig. 
7(A)]. Normal large motor neurons have only faint 
histochemically detectable cytochrome c oxidase ac- 
tivity, possibly because the mitochondria are dis- 
persed within the cytoplasm and are obscured by the 
Nissl [Fig. 7(A)]. After avulsion, motor neurons at 

Figure 3 Motor neuron death after sciatic nerve avulsion resembles apoptosis. Nissl-stained 
sections of spinal cord were used to construct a staging scheme for the structural progression of 
motor neuron death. Over 14 days, neurons pass through chromatolytic stages (B,C) and then 
undergo apoptosis (D-H). (A) A normal, uninjured motor neuron is shown for comparison with 
neurons in (B-H). Scale bar (A-H) = 5 jam. (B) During the early chromatolytic stage, the motor 
neuron swells, the nucleus becomes eccentric, and the Nissl disperses. (C) During the preapoptotic, 
chromatolytic stage, the motor neuron cell body undergoes homogenization of the Nissl (shown by 
the cytoplasmic pallor) and shrinks. (D) Once in apoptosis, the motor neuron transforms into a round 
cell. At this stage, the cytoplasm is depleted of Nissl, appearing homogeneous and hypochromic, and 
the nucleus condenses into several small, round aggregates. (E,F) As apoptosis progresses, the round 
cell body condenses and detaches from the surrounding neuropil, as the cell surface becomes ruffled. 
The chromatin condenses into a few sharply delineated, uniformly dense, smooth, round masses 
within the nucleus, and the nuclear envelope disappears. (G) At end-stage apoptosis, the chromatin 
condenses further into fewer uniformly round discrete masses, and the cytoplasm is reduced to a 
thin, translucent rim. (H) The apoptotic motor neuron debris exists as round, dense chromatin 
masses surrounded by translucent cytoplasm which is usually apposed by phagocytic cells [see Fig. 
4(B)]. 
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Figure 4 Avulsion-induced degeneration of motor neu- 
rons is apoptosis ultrastructurally. (A) Degenerating motor 
neurons become dark and shrunken. The motor neuron 
shown ultrastructurally corresponds to a neuron at the stage 
of apoptosis represented in Figure 3(D-F). The condensed 
cytoplasm contains small vacuoles, some of which are de- 
generating mitochondria [the bracketed area in (A) is shown 
as an inset, mitochondria (m)]. The nucleus becomes eccen- 
trically placed and the chromatin condenses into large, 
round, uniformly compact chromatin masses (asterisk) em- 
bedded within a homogeneously condensed nuclear matrix. 
The nucleus is still surrounded partially by a nuclear mem- 
brane. The rough endoplasmic reticulum and Golgi appara- 
tus become indiscernible within a condensed cytoplasmic 
matrix. Free ribosomes and rosettes are increased, resulting 
in a darker, granular cytoplasmic matrix. Some mitochon- 
dria are ultrastructurally intact but others are pale and swol- 
len or overtly showing cristaeolysis (inset). Scale bar = 2.0 
fjitn; inset scale bar = 0.5 /j,m. (B) At end-stage degenera- 
tion, debris of apoptotic motor neurons is engulfed by 
phagocytes (p). This debris consists of round or elliptical 
cellular fragments with one or two round, dark masses of 

preapoptotic chromatolytic stages accumulated in- 
tense cytochrome c oxidase activity within their 
perikaryon [Fig. 7(B)] compared to contralateral un- 
injured neurons [Fig. 7(A)]. Motor neurons in apopto- 
sis maintained high levels of cytochrome c oxidase 
activity within the cell body, as revealed by the round 
cell body and the chromatin condensation into several 
round minimasses [Fig. 7(C)]. As apoptosis pro- 
gressed, cytochrome c oxidase activity within the cell 
body dissipated [Fig. 7(D)]. The loss of cytochrome c 
oxidase activity coincided with incipient mitochon- 
drial damage as detected by electron microscopy [Fig. 
4(A)]. In apoptotic motor neurons, mitochondria 
could appear intact or swollen and cristaeolytic [Fig. 
4(A), inset] within the condensed cytoplasmic matrix. 
At end-stage neuronal apoptosis, cytochrome c oxi- 
dase activity was low within the cellular debris [Fig. 
7(E)]. 

DISCUSSION 

Ventral root avulsion is used as a model for retrograde 
degeneration of motor neurons in the adult mamma- 
lian spinal cord (Wu, 1993; Koliatsos et al., 1994; Li 
et al., 1995, 1998; Novikov et al., 1997). It has been 
assumed that this lesion in adult animals produces 
death of spinal motor neurons. However, these motor 
neurons undergo chromatolysis, loss of Nissl, and 
dramatic perikaryal shrinkage (Fig. 3). These re- 
sponses make the counting of motor neurons difficult, 
particularly in the presence of reactive glial changes. 
In addition, nuclear DNA fragmentation, signifying 
cell death, has not been observed in motor neurons 
after this lesion in adult mice, although cell counts 
and electron microscopy indicate loss of motor neu- 
rons (Li et al., 1998). Thus, uncertainty still exists 
regarding whether avulsion causes neurodegeneration 
that culminates in neuronal death or only severe neu- 
ronal atrophy and apparent loss of large motor neu- 
rons. In addition, the structural and molecular mech- 
anisms for this degeneration of spinal motor neurons 
are not understood, although it appears that trophic 
factor deprivation (Li et al., 1995; Novikov et al., 
1995, 1997) and nitric oxide-mediated oxidative 
stress (Wu and Li, 1993) play a role in this motor 
neuron degeneration. 

compact chromatin (asterisks) within a condensed nucleus 
that is surrounded by a thin rim of dark, condensed cyto- 
plasm. This stage of apoptosis corresponds to the stage 
shown in Figure 3(H). Scale bar = 1.25 /urn. 
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Figure 5 Peroxynitrite-mediated oxidative damage is found in motor neurons early after avulsion. 
(A,B) At 4 days postlesion, nitrotyrosine immunoreactivity is not detected in spinal cord contralat- 
eral to the lesion (A), but in the ipsilateral spinal cord, subsets of avulsed motor neuron cell bodies 
(open arrows) and axons (small thin arrows) show nitrotyrosine immunoreactivity. Scale bars (A,B) 
= 22 (im. (C,D) At higher magnification, nitrotyrosine immunoreactivity is enriched within the 
cytoplasm and nucleus of subsets of motor neurons ipsilateral to the avulsion at 7 days (D), but not 
in control motor neurons contralateral to the lesion (C). Scale bars (C,D) = 10 /MIL 

Here, we demonstrate that sciatic nerve avulsion 
causes motor neurons to die apoptotically in the adult 
spinal cord. This motor neuron apoptosis in vivo oc- 
curs in association with oxidative damage to nucleic 
acids and protein. The oxidative injury occurs in the 
form of hydroxyl radical damage to DNA and RNA as 
well as peroxynitrite damage to proteins. This oxida- 
tive stress possibly results from an abnormal accumu- 
lation of metabolically active mitochondria within the 
perikaryon of injured motor neurons and may partic- 
ipate in the signaling mechanisms for apoptosis. 

Methodological Considerations 

We used a peripheral nerve avulsion model because it 
is thought that this lesion causes loss of motor neu- 
rons, as compared to peripheral nerve transection 
which does not produce motor neuron elimination in 
the adult CNS (Lowrie and Vrbovä, 1992). Avulsion 
injures motor neurons by axotomy, mechanical strain 

(traumatic injury), and target deprivation. In addition, 
because the sensory root is removed, an extravertebral 
avulsion also partially deprives spinal motor neurons 
of dorsal root afferent innervation (Conradi, 1969; 
McLaughlin, 1972). Adult animals were used, rather 
than immature animals, because we sought to study 
degeneration of mature motor neurons to compare 
these findings with observations on motor neuron 
degeneration in ALS (Martin, 1999), which has an 
adult onset. 

Motor neuron death in this model was established 
by the TUNEL method for the in situ detection of 
nuclear DNA fragmentation (Gavrielli et al., 1992). 
This method identifies neurons undergoing normal 
developmental cell death (Portera-Cailliau et al., 
1997b) and induced cell death in several paradigms of 
experimental neuropathology (Martin et al., 1998b). 
The TUNEL method, however, does not distinguish 
between the DNA fragmentation in apoptosis and 
necrosis (Martin et al., 1998b); therefore, we evalu- 
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Figure 6 Hydroxyl radical damage occurs in motor neu- 
rons early after avulsion. (A) OHdG immunoreactivity was 
greater in motor neurons on the lesioned side (arrow) com- 
pared to the unlesioned side. Scale bar = 120 ;u,m. (B) 
Motor neurons in the unlesioned, control side of spinal cord 
had cytoplasmic OHdG immunoreactivity but no OHdG 
immunoreactivity within the nucleus (asterisk). Scale bars 
(B-E) = 10 /j,m. (C) Avulsed motor neurons displayed 
intense OHdG immunoreactivity within the cytoplasm and 
nucleus (asterisk) at 7 days postlesion. (D) DNase treatment 
abolished the labeling for OHdG within the nucleus (aster- 
isk) of degenerating motor neurons. (E) RNase digestion 
depleted the cytoplasmic labeling for OHdG in injured 
motor neurons. (F,G) Preadsorption of OHdG antibody with 
8-hydroxyguanosine (F) or guanosine (G) selectively com- 
peted the cytoplasmic labeling in motor neurons but had 
limited effects on the nuclear labeling (asterisks). Scale bars 
(F,G) = 8.5 /j,m. 

apoptosis-necrosis continuum (Portera-Cailliau et al., 
1997a,b). We further evaluated the specific type of 
degeneration in motor neurons by electron micros- 
copy, because ultrastructure is the best index for de- 
fining cell death (Martin et al., 1998b). We found that 
adult spinal motor neurons die apoptotically after 
avulsion. 

Spinal Motor Neurons Die after Avulsion 

Studies have shown that unilateral avulsion of cervi- 
cal spinal or sciatic nerves produces retrograde de- 
generation of motor neurons in adult rodents (Wu, 
1993; Koliatsos et al, 1994; Li et al, 1995, 1998; 
Novikov et al., 1997). Previous quantitative analyses 
indicated that the number of motor neurons that ap- 
pear morphologically normal after avulsion is reduced 
-70% (Wu, 1993; Li et al., 1995, 1998; Novikov et 
al., 1997). We found in Nissl preparations that about 
30% of motor neurons are lost in the lateral pool 
(group IX) of lumbosacral spinal cord by 7-14 days 
postlesion. This magnitude is lower than previous 
quantitative estimates of spinal motor neuron counts 
following ventral root avulsion. In our paradigm, the 
origin of the avulsion is more distal compared to 
previous studies. Thus, the magnitude of motor neu- 
ron loss probably depends on the type of avulsion 
(i.e., intravertebral ventral root avulsion vs. extraver- 
tebral peripheral nerve avulsion). In addition, previ- 
ous studies focused on counts of motor neurons in L5 
[where the most dramatic cell loss appears to occur; 
see Fig. 1(A)], whereas we counted motor neurons in 
multiple levels of lumbar cord, because the sciatic 
nerve contains axons derived from motor neurons 
within more than one lumbar segment (Nicolopoulos- 
Stournaras and lies, 1983). Our additional results 
based on TUNEL show that subsets of motor neurons 
in the adult spinal cord undergo nuclear DNA frag- 
mentation following sciatic nerve avulsion. Within 
the ventral horn, this neuronal death was selective for 
the group IX motor neuron pool. This location of 
neuronal death is dictated by the distribution of motor 
neuron axons within the sciatic and motor neuron- 
muscle connectivity, as predicted by tracing experi- 
ments (Nicolopoulos-Stournaras and lies, 1983) (Fig. 
1). Our results demonstrate that a subset of motor 
neurons definitely dies, rather than only shrinks or 
atrophies, in the adult rat spinal cord after avulsion. 

ated the structural progression of motor neuron de- 
generation after avulsion to determine whether it more 
closely resembles apoptosis, necrosis, or a hybrid of 
these two forms of cell death that falls along the 

Retrograde Death of Adult Motor 
Neurons Is Apoptosis 

An important contribution of the present study is the 
discovery that avulsion-induced, retrograde degener- 



Adult Spinal Motor Neuron Apoptosis       197 

ation of motor neurons in the adult CNS structurally 
resembles apoptosis. This retrograde neurodegenera- 
tion evolves from classical chromatolysis to apoptosis 
over 14 days. This result contrasts with experiments 
in adult mice showing that avulsion-induced motor 
neuron degeneration more closely resembles necrosis, 
although ultrastructural characteristics of necrosis and 
apoptosis may overlap in these neurons (Li et al., 
1998). This important difference in the structure of 
avulsion-induced motor neuron degeneration in rat 
and mice may be related to differences in the para- 
digm of avulsion or to fundamental differences in the 
mechanisms for neuronal injury in adult mouse and 
rat. Support for this latter possibility is derived from 
experiments showing that nitric oxide synthase is 
induced after avulsion in motor neurons in adult rat 
(Wu, 1993) but not in adult mouse (Li et al., 1995). 

As with apoptosis in nonneuronal tissues (Kerr and 
Harmon, 1991) and in naturally occurring neuronal 
death in developing CNS (Chu-Wang and Oppen- 
heim, 1978; Clarke, 1990; Portera-Cailliau et al., 
1997b), we found that avulsion-induced degeneration 
of motor neurons is characterized structurally by a 
progressive sequence of organized alterations in the 
cytoplasm and nucleus. The most prominent alter- 
ations observed by light microscopy (Fig. 3) and 
electron microscopy (Fig. 4) were chromatolysis and 
Nissl depletion followed by condensation of chroma- 
tin into large spherical clumps and progressive cellu- 
lar shrinkage. We assume that degenerating motor 
neurons at different postlesion times in vivo are at 
different stages of a single progressive cell death 
process. The reliably synchronous stages of different 
degenerating motor neurons at the same time postle- 
sion and the consistent and predictable time course of 
neurodegeneration support this assumption. This de- 
generation of motor neurons after sciatic nerve avul- 
sion has many similarities to the apoptosis of other 
CNS neurons induced by axotomy and target depri- 
vation in immature animals (Romanes, 1946; Chu- 
Wang and Oppenheim, 1978) and adult animals (Mar- 
tin et al., 1998b; Al-Abdulla et al., 1998). As found 
here with motor neurons, the degeneration of target- 
deprived thalamic neurons that are destined to die is 
characterized morphologically by chromatolysis fol- 
lowed by a progressive sequence of neurofilament 
accumulation, cytoplasmic and nuclear condensation, 
and cellular shrinkage that culminates in apoptosis 
(Al-Abdulla et al., 1998; Al-Abdulla and Martin, 
1998). Avulsion-induced death of motor neurons is 
distinct structurally from axotomy-induced, retro- 
grade and transsynaptic atrophy of neurons (Ginsberg 
and Martin, 1998; Ginsberg et al., 1999) and is very 
different from A/-methyl-D-aspartate (NMDA) gluta- 

mate receptor-mediated excitotoxic neuronal necrosis 
(Portera-Cailliau et al., 1997a). Furthermore, based on 
the structural pattern of chromatin condensation seen 
by light and electrom microscopy, avulsion-induced 
death of motor neurons does not appear to be a struc- 
tural hybrid of necrosis and apoptosis, similar to non- 
NMDA glutamate receptor-mediated neuronal death 
(Portera-Cailliau et al., 1997a). Therefore, we con- 
clude that the death of motor neurons induced by 
sciatic nerve avulsion is apoptosis. 

By light microscopy, chromatolysis and subse- 
quent depletion of Nissl within injured motor neurons 
were prominent at 7-14 days postlesion.We propose 
that if motor neurons, which have undergone axotomy 
and deprivation of their major sustaining targets, can- 
not regain trophic support by reestablishing connec- 
tivity with muscle targets or interactions with support- 
ing cells, then these injured neurons undergo 
apoptosis at about 7-14 days postlesion. Chromatol- 
ysis in axotomized motor neurons has been described 
thoroughly (Lieberman, 1971; Price and Porter, 1972; 
Torvik, 1976). However, chromatolysis does not nec- 
essarily foreshadow neuronal cell death after axotomy 
(Price and Porter, 1972), although specific signals 
during chromatolysis may be required to initiate ap- 
optosis after axotomy. Chromatolysis following axo- 
tomy can be blocked or delayed when RNA synthesis 
is inhibited with actinomycin D (Torvik and Heding, 
1969), thereby implicating activation of gene tran- 
scription and protein synthesis in the molecular sig- 
naling for this structural response. In the context of 
axotomy-induced neuronal apoptosis, this finding is 
important because some types of PCD can be pre- 
vented by inhibitors of RNA and protein synthesis 
(Sen, 1992). Thus, a regenerative-degenerative re- 
sponse continuum may exist after axotomy that begins 
as chromatolysis and evolves into either repair and 
survival of neurons or apoptosis of neurons. 

The fate of injured motor neurons after axotomy 
may be determined in part by mitochondrial accumu- 
lation. In axotomized neurons destined to die apop- 
totically, the transition between chromatolysis and 
early apoptosis coincides with accumulation of met- 
abolically active mitochondria within the perikaryon 
and oxidative stress (Al-Abdulla and Martin, 1998) 
(Fig. 7). This mitochondrial accumulation may result 
from an interruption in normal trafficking of mito- 
chondria into damaged axons, as predicted by the 
aberrant accumulation of phosphorylated neurofila- 
ments within the cell body and processes of motor 
neurons. It has been observed previously that axo- 
tomy and axonal ligation in peripheral and central 
nervous systems can cause accumulation of mitochon- 
dria within proximal axons and cell bodies of injured 
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neurons (Hartmann, 1954; Weiss and Pillai, 1965; 
Blümcke et al., 1966; Al-Abdulla and Martin, 1998). 
It has been known that the distance between the site of 
axonal trauma and the neuronal cell body affects the 
fate of axotomized neurons (Lieberman, 1971; Fry 
and Cowan, 1972). In this regard, distal axon transec- 
tion would afford greater cytoplasmic volume and 
antioxidant capacity [e.g., glutathione, Superoxide dis- 
mutase 1 (SOD1), and catalase] for perturbations in 
mitochondrial trafficking and free radical generation 
compared to proximal axon transection. It is possible 
that an abnormal accumulation of active mitochondria 
at perinuclear locations serves as a sensor for the 
severity of axonal injury and thus influences whether 
a neuron survives or undergoes apoptosis after axo- 
tomy. 

Motor Neuron Apoptosis In Vivo Is 
Associated with Oxidative Stress 

Mitochondria are thought to participate in the effector 
stage of apoptosis (Kroemer et al., 1995) through 
changes in Bcl-2 function in the outer mitochondrial 
membrane and antioxidant mechanisms (Hockenbery 
et al., 1993). The finding that oxidative stress induces 
neuronal apoptosis in vitro (Kroemer et al., 1995; 
Ratan et al., 1994) supports our idea that mitochondria 
may participate in the signaling of injured, chromato- 
lytic motor neurons to enter apoptosis, possibly by 
releasing cytochrome c (Yang et al., 1997) or by 
generating excessive reactive oxygen species (ROS). 
Mitochondria generate the major source of Superoxide 
(Boveris and Cadenas, 1997). If normal trafficking of 
these organelles into axonal and dendritic compart- 
ments is not reestablished or effectively buffered, a 
sustained accumulation of active mitochondria in the 
vicinity of the nucleus may provide a source for ROS 
or apoptotic protease activating factors. It has been 
suggested that hydroxyl radical production by micro- 
dialysis of hydroxyl radical generators can kill motor 
neurons in spinal cord (Liu et al., 1994). However, at 
present, it is uncertain whether mitochondrial-derived 
ROS can trigger apoptosis of motor neurons in vivo. 

The present study is novel because our data impli- 
cate the formation ROS and oxidative damage to 
nucleic acids and proteins during motor neuron apo- 
ptosis in the adult CNS. Our experiments demonstrate 
for the first time the formation of hydroxyl radical- 
modified DNA and RNA as well as nitrotyrosine- 
modified proteins during the progression of motor 
neuron apoptosis in an in vivo setting. The formation 
of OHdG occurs as a product of oxidative injury to 
DNA by ROS (Kasai et al., 1984). Singlet oxygen 
(Devasagayam et al.,  1991; Inoue and Kawanishi, 

1995) as well as nitric oxide and Superoxide (Inoue 
and Kawanishi, 1995) produce OHdG, the formation 
of which is inhibited by free radical scavengers (Inoue 
and Kawanishi, 1995). Among the ROS, hydroxyl 
radicals are highly reactive and are thought to be 
genotoxic by interacting with DNA and producing 
DNA strand breaks and base modifications (Kuchino 
et al, 1987; Fraga et al., 1990). Hydroxyl radicals are 
products of the transitional metal (e.g., iron)-cata- 
lyzed, Haber-Weiss- and Fenton-type reactions that 
use Superoxide and hydrogen peroxide as substrates, 
respectively (Boveris and Cadenas, 1997). We found 
that OHdG immunoreactivity is formed within the 
nucleus of injured motor neurons at 4 to 7 days after 
avulsion prior to apoptosis. Cytoplasmic immunola- 
beling in a Nissl-like pattern was also observed with 
OHdG antibodies. The nuclear immunolabeling was 
competed with OHdG, and the cytoplasmic immuno- 
reactivity was competed with hydroxyguanosine and 
guanosine. Furthermore, the nuclear and cytoplasmic 
immunoreactivities were abolished, respectively, by 
DNase and RNase. These experiments demonstrate 
that the antibodies used to detect OHdG can recognize 
hydoxyl-deoxyguanosine and hydroxyl-guanosine 
and also normal guanosine and thus detect hydroxyl 
radical-damaged DNA and RNA as well as normal 
RNA. A possible role of oxidative damage to RNA in 
apoptosis has not been suggested previously, but ox- 
idative damage to DNA is known to induce apoptosis 
in neurons, possibly by mechanisms involving p53 
(Wood and Youle, 1995). These observations suggest 
that hydroxyl radical-mediated damage to DNA and 
RNA may contribute to the mechanisms for motor 
neuron apoptosis in the adult CNS. 

In addition, our results indicate that peroxynitrite 
radicals are formed in motor neurons early after avul- 
sion at preapoptotic stages of degeneration, based on 
the transient detection of intense nitrotyrosine immu- 
noreactivity within subsets of ventral root axons and 
motor neuron cell bodies. The appearance of this 
intense nitrotyrosine immunoreactivity occurred prior 
to structural evidence for apoptosis in avulsed motor 
neurons. Nitric oxide synthase is induced in motor 
neurons after avulsion (Wu , 1993) and in primary 
cultures of embryonic motor neurons deprived of 
brain-derived neurotrophic factor (Estevez et al., 
1998). In this latter in vitro paradigm, motor neurons 
cultured in the absence of trophic factor exhibit nitro- 
tyrosine immunoreactivity prior to the occurrence of 
apoptosis (Estevez et al., 1998), similar to our find- 
ings in vivo. Inhibition of nitric oxide synthase re- 
duces motor neuron loss after spinal root avulsion 
(Wu and Li, 1993). Therefore, the accumulation of 
active mitochondria within neuronal cell bodies, com- 
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bined with nitric oxide induction (Wu , 1993), may 
lead to peroxynitrite formation and the induction of 
motor neuron apoptosis after avulsion. 

Importance of This Animal Model of 
Motor Neuron Apoptosis to ALS 
This particular model of target deprivation and axo- 
tomy in the CNS of adult rat was used to study the fate 
of mature spinal motor neurons undergoing retrograde 
neurodegeneration. These neurons die apoptotically. 
These results are important because no other animal 
model exists for studying motor neuron apoptosis in 
the adult CNS (Martin et al., 1998a,b), and because 
the degeneration of motor neurons in ALS appears to 
be a form of apoptosis, based on structural, biochem- 
ical, and molecular data (Martin, 1999). The degen- 
eration of motor neurons in sporadic and familial ALS 
(Martin, 1999) is different structurally from the motor 
neuron degeneration found in transgenic mice over- 
expressing the familial ALS mutant forms of SOD1 
(Dal Canto and Gurney, 1994). Neither morphological 
nor biochemical evidence for apoptotic death of motor 
neurons has been shown in SOD1 transgenic mouse 
models of ALS. Although the survival of mutant 
SOD1 mice is prolonged when crossed with mice 
overexpressing Bcl-2 (Kostic et al., 1997) or a dom- 
inant negative inhibitor of caspase-1 (Friedlander et 
al., 1997), the degeneration of motor neurons is not 
prevented (Kostic et al., 1997), suggesting that neu- 
ronal degeneration in this mouse model of motor 
neuron degeneration may not be apoptosis controlled 
by PCD mechanisms. Instead of apoptosis, the vacu- 
olar degeneration of motor neurons in mice harboring 
SOD1 mutations more closely resembles excitotoxic 
neurodegeneration (Ikonomidou et al., 1996; Portera- 
Cailliau et al., 1997a; Ginsberg et al., 1999) or trans- 
synaptic neuronal injury in response to deafferenta- 
tion (Ginsberg and Martin, 1998; Ginsberg et al., 
1999). Interestingly, the degeneration of motor neu- 
rons in individuals with ALS is different structurally 
from the excitotoxic neurodegeneration in vivo caused 
by acute activation of NMDA and non-NMDA gluta- 
mate receptors in the mature CNS and by cerebral 
ischemia (Martin et al., 1998b; Portera-Cailliau et al., 
1997a; Ikonomidou et al., 1996; Ginsberg et al., 
1999). We conclude that the motor neuron degenera- 
tion in ALS most closely resembles neuronal apopto- 
sis induced by target deprivation/axotomy in the ma- 
ture CNS. 

Conclusions 
Sciatic nerve avulsion in the adult rat causes apoptosis 
of motor neurons. The cellular changes that occur 

during this process progress from chromatolysis 
through consecutive stages associated with apoptosis. 
Motor neuron apoptosis involves oxidative damage to 
nucleic acids and protein. This oxidative stress 
evolves early in association with the accumulation of 
metabolically active mitochondria within the 
perikaryon of axotomized, apoptotically dying neu- 
rons. This model system will be useful for analyzing 
the molecular mechanisms for motor neuron death in 
the adult CNS and can thereby provide important 
information toward the understanding of motor neu- 
ron apoptosis in ALS (Martin, 1999). 

This work was supported by grants from the U.S. Public 
Health Service (NS34100) and the U.S. Army Medical 
Research and Materiel Command. 
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Appendix 

Apoptosis and Necrosis Occur in Separate Neuronal Populations 
in Hippocampus and Cerebellum After Ischemia and Are 
Associated With Differential Alterations in Metabotropic 

Glutamate Receptor Signaling Pathways 

*fLee J. Martin, ^Frederick E. Sieber, and ^Richard J. Traystman 

Departments of ^Pathology (Division of Neuropathology), fNeuroscience, and fAnesthesiology/Critical Care Medicine, Johns 
Hopkins University School of Medicine, Baltimore, Maryland, U.S.A. 

Summary: It was evaluated whether postischemic neurode- 
generation is apoptosis and occurs with alterations in phosphoi- 
nositide-linked metabotropic glutamate receptors (mGluRs) 
and their associated signaling pathways. A dog model of tran- 
sient global incomplete cerebral ischemia was used. The CA1 
pyramidal cells and cerebellar Purkinje cells underwent pro- 
gressive delayed degeneration. By in situ end-labeling of DNA, 
death of CA1 and Purkinje cells was greater at 7 days than 1 
day after ischemia, whereas death of granule neurons in dentate 
gyrus and cerebellar cortex was greater at 1 than at 7 days. 
Ultrastructurally, degenerating CA1 pyramidal neurons and 
cerebellar Purkinje cells were necrotic; in contrast, degenerat- 
ing granule neurons were apoptotic. In agarose gels of regional 
DNA extracts, random DNA fragmentation coexisted with in- 
ternucleosomal fragmentation. By immunoblotting of regional 
homogenates, mGluRla, mGluR5, phospholipase Cß (PLCß), 

and Gaq/11 protein levels in hippocampus at 1 and 7 days after 
ischemia were similar to control levels, but in cerebellar cortex, 
mGluRla and mGluR5 were decreased but PLCß was in- 
creased. By immunocytochemistry, mGluR and PLCß immu- 
noreactivity dissipated in CA1 and cerebellar Purkinje cell/ 
molecular layers, whereas immunoreactivities for these pro- 
teins were enhanced in granule neurons. It was concluded that 
neuronal death after global ischemia exists as two distinct, 
temporally overlapping forms in hippocampus and cerebellum: 
necrosis of pyramidal neurons and Purkinje cells and apoptosis 
of granule neurons. Neuronal necrosis is associated with a loss 
of phosphoinositide-linked mGluR transduction proteins, 
whereas neuronal apoptosis occurs with increased mGluR sig- 
naling. Key Words: Bax—Excitotoxicity—Glutamate recep- 
tors—Granule neuron—Phospholipase C—Programmed cell 
death. 

The mechanisms for delayed neuronal death (DND) 
after global cerebral ischemia in the adult CNS are not 
understood. Structurally and mechanistically, cellular de- 
generation resulting from hypoxia-ischemia has been 
thought to be a form of necrosis (Laiho and Trump, 
1975; Wyllie et al., 1980; Kerr and Harmon, 1991; Desh- 
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pande et al., 1992); but recently postischemic DND has 
been considered to be a form of apoptosis mediated by 
programmed cell death (PCD) mechanisms (Heron et al., 
1993; MacManus et al., 1995; Nitatori et al., 1995; Kra- 
jewski et al., 1995). However, the idea that selectively 
vulnerable neurons undergo apoptosis after ischemia is 
very controversial (Deshpande et al., 1992; Martin et al., 
1998; Ishimaru et al, 1999), although ischemic DND 
might be more easily classified according to the concept 
of the apoptosis-necrosis continuum (MacManus et al., 
1995; Portera-Cailliau et al., 1997a,b). The accurate 
identification of the contributions of apoptosis and ne- 
crosis to neuronal death in the adult central nervous sys- 
tem after ischemia has very important therapeutic rel- 
evance. 

Neuronal cell death after ischemia involves perturba- 
tions in intracellular Ca2+ homeostasis and impairments 
in protein synthesis, possibly resulting from excitotoxic 
activation of neuronal glutamate receptors (GluRs) 
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(Diemer et al., 1993). The GluRs that modulate intracel- 
lular Ca2+ levels within neurons are the ion channel re- 
ceptors [N-mefhyl-D-aspartate (NMDA) and a-amino-3- 
hydroxy-5-methyl-4-isoxazole propionate receptors] and 
the G protein-coupled, phosphoinsoitide-linked metabo- 
tropic GluRs (mGluRs) (Nakanishi, 1992). Within the 
central nervous system, excitotoxic activation of GluRs 
delineates an apoptosis-necrosis continuum for neuronal 
death in which the structure of neuronal degeneration is 
influenced by the subtype of GluR that is activated (Por- 
tera-Cailliau et al., 1997a,b). A possible role for exces- 
sive activation of GluRs in the mechanisms for postisch- 
emic DND is supported by studies showing that blockade 
of a-amino-3-hydroxy-5-methyl-4-isoxazole propionate 
receptors is neuroprotective after forebrain ischemia in 
adult rodents (Sheardown et al., 1990), that abnormalities 
in phosphoinositide signaling pathways occur in hippo- 
campus after ischemia (Kirino et al., 1992), and that 
mGluR antagonists are neuroprotective in in vitro hip- 
pocampal slice models of hypoxia-hypoglycemia (Opitz 
et al., 1995) and in vivo models of excitotoxicity and 
transient global ischemia (Bruno et al., 1999). 

Some forms of PCD are Ca2+ dependent (Sen, 1992), 
and activation of mGluRs and heterotrimeric GTP- 
binding proteins (G proteins) can regulate neuronal ap- 
optosis in vitro (Copani et al., 1995; Yan et al., 1995). 
Therefore, we evaluated whether ischemic DND is ap- 
optosis structurally and whether DND is possibly asso- 
ciated mechanistically with abnormalities in phospho- 
inositide-linked mGluRs and their downstream intracel- 
lular signal transduction proteins, including the function- 
ally coupled G proteins and phospholipase C (PLC). 
Thus, the goal of this study was to provide insight into 
the possible contribution of apoptosis to neurodegenera- 
tion after ischemia and the possible molecular mecha- 
nisms for this DND. 

METHODS 

Model of ischemia 
A model of temporary global incomplete cerebral ischemia 

in dogs was used (Sieber et al., 1995). All animal procedures 
were conducted in accordance with the N1H Guide for the Care 
and Use of Laboratory Animals, and protocols were approved 
by the institutional animal care and use committee. Under ster- 
ile conditions, anesthetized (1 to 2% inspired halothane), me- 
chanically ventilated, normothermic (epidural temperature at 
37 to 38CC), adult beagles (n = 20) were subjected to transient 
incomplete global cerebral ischemia by intraventricular infu- 
sion of prewarmed sterile artificial cerebrospinal fluid into the 
lateral ventricle, producing an intracranial pressure of 10 mm 
Hg below mean arterial blood pressure (Sieber et al., 1995). 
The intracranial pressure was maintained, keeping cerebral per- 
fusion pressure constant at 10 mm Hg for 20 minutes. To start 
reperfusion, the cerebrospinal fluid pressure reservoir was dis- 
connected, and intracranial pressure was allowed to normalize. 
Six dogs were used as nonischemic sham controls. 

Neuropathology, TUNEL, and electron microscopy 
To evaluate neuropathology, sham control dogs (n = 3) and 

ischemic dogs surviving for 1 day (n = 5) or 7 days (n = 9) 
were anesthetized with pentobarbital, vasodilated with sodium 
nitrite, anticoagulated with heparin, and perfused intraaortically 
with phosphate-buffered saline followed by a mixture of 4% 
paraformaldehyde and 0.5% glutaraldehyde. The brains were 
divided midsagittally, and each hemisphere was cut into 1-cm- 
thick coronal slabs. In this model of ischemia, neuronal damage 

' is similar bilaterally (Sieber et al, 1995). From the left hemi- 
sphere, samples of midhippocampus (containing the septal and 
temporal hippocampus) and cerebellum (at the level of the 
vermis) were used for paraffin histology. For quantification of 
postischemic neurodegeneration in hippocampus and cerebellar 
cortex (Fig. 1), sections (10 p,m thick) were stained with he- 
matoxylin and eosin or the terminal transferase-mediated bio- 
tin-dUTP nick end-labeling (TUNEL) method for in situ de- 
tection of nuclear DNA fragmentation as described (Portera- 
Cailliau et al., I997a,b; Martin et al, 1997a; Al-Abdulla et al., 
1998). The TUNEL method was used to identify dying cells 
after ischemia, although this technique is not specific for ap- 
optosis (Martin et al., 1998). 

Profile counting was used to estimate ischemic neuronal 
damage in hematoxylin and eosin-stained sections in the stra- 
tum pyramidale of CA1 (in six microscopic fields at 600x; see 
Fig. 1 A) and in the Purkinje cell layer of the anterior vermis of 
cerebellar cortex (in four microscopic fields at 400x; see Fig. 
IB). Because Purkinje cells are arranged in only a single layer 
(Fig. IB), the cerebellar sections were counted at a lower mag- 
nification so that a greater number of Purkinje cell could be 
analyzed per microscopic field. The percentage of neurons with 
ischemic cytopathology was determined using as criteria mi- 
crovacuolar change within the soma, peripheralization of Nissl 
substance, nuclear pyknosis, perinuclear eosinophilia, or peri- 
karyal shrinkage with cytoplasmic eosinophilia (Sieber et al., 
1995; Martin et al, I997a,b, 1998). The percentage neuronal 
damage was estimated by identifying the fraction of neurons 
with ischemic cytopathology relative to the total number of 
neurons in microscopic fields of the CA1 and cerebellar cortex. 
The percentage neuronal damage in each region was averaged 
for each animal, and a group mean was calculated. The number 
of neurons per square millimeter was calculated for each region 
in control and ischemic dogs, and the percentage of remaining 
neurons following ischemia was calculated. Neuropathology 
scores between groups and regions at each time point were 
analyzed using the Mann-Whitney test. 

In TUNEL preparations counterstained with cresyl violet, the 
densities of cells showing DNA fragmentation were determined 
by counting TUNEL-positive nuclei in six microscopic fields at 0 

l,000x in the stratum pyramidale of CA1 and CA2-superior 
CA3, the granule cell layer of the dentate gyrus, and the Pur- 
kinje cell and granule cell layers of cerebellar cortex (Fig. 1). 
The TUNEL sections were counted at l,000x so that TUNEL- 
positive nuclei could be easily identified and the type of cell 
could be recognized. The number of TUNEL-positive cells per 
square millimeter in each region was averaged for each animal, 
and a group mean was calculated. The TUNEL scores between 
groups and regions at each time point were analyzed using the 
Mann-Whitney test. 

To determine whether DND has the structure of apoptosis, 
necrosis, or a hybrid form of degeneration, samples (3 mm3) of 
hippocampus and cerebellar cortex from the left hemisphere 
were osmicated immediately, embedded in plastic, and evalu- 
ated by electron microscopy. Ischemic DND was evaluated 
using ultrastructural criteria described previously in models of 
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FIG. 1. Locations in hippocampus (A) and cerebellar cortex (B) 
where cell counts were made in hematoxylin and eosin and ter- 
minal transferase-mediated biotin-dUTP nick end-labeling 
(TUNEL) sections. CA1-CA4, Ammon's horn subfields 1 to 4; 
DG, dentate gyms; m, molecular layer; p, Purkinje cell layer; g, 
granule cell layer. Bars = 12 mm. Circles with three different 
diameters are shown. The smallest circle (shown in A and B) 
corresponds to the 1,000x microscopic fields in which the counts 
of TUNEL-positive cells were made in CA1, CA2 and CA3, and 
dentate gyrus of hippocampus and in the granule cell and Pur- 
kinje cells layers of cerebellar cortex. This magnification was 
used to best identify TUNEL labeling in the nucleus. The inter- 
mediate circle (shown in A), corresponding to the 600x magnifi- 
cation fields, was used to determine in larger sample sizes the 
neuronal density and percentage neuronal damage in CA1. The 
largest circle (shown in B), corresponding to the 400x magnifi- 
cation fields, was used to determine the neuronal density and 
percentage neuronal damage in the Purkinje cell layer. For this 
purpose, a larger microscopic field (i.e., lower magnification) was 
used so that a greater number of Purkinje cells per field could be 
analyzed. 

unequivocal neuronal apoptosis (Portera-Cailliau et al., 
\991a,b; Al-Abdulla et al, 1998; Martin et al, 1998, 1999). 

DNA isolation and agarose gel electrophoresis 
Because the TUNEL method identifies DNA fragmentation 

independent of mechanisms (Portera-Cailliau et al., \991b; 
Martin et al., 1998), we evaluated regional neuropathology 
based on DNA fragmentation patterns in agarose gels. Genomic 
DNA was isolated from samples of hippocampus (septal and 
temporal) and cerebellar cortex from control dogs (n = 2) and 
dogs at 1 day (n = 2) and 7 days (n = 2) after ischemia. Two 
additional animals were killed at 6 hours after ischemia. Tissue 
samples were homogenized in DNA extraction buffer contain- 
ing 10 mmol/L Tris (pH 7.4), 10 mmol/L NaCl, 25 mmol/L 
ethylenediaminetetraacetate, 1% sodium dodecyl sulfate, and 1 
mg/ml proteinase K and incubated in the same buffer overnight 
at 37°C. DNA was extracted with an equal volume of salt- 
saturated phenol/chloroform/isoamyl alcohol (10:10:1), and the 
recovered aqueous phase was extracted with diethyl ether. The 
DNA was precipitated with ethanol (2.5 volumes). The DNA 
pellet was dissolved in O.lx saline-sodium citrate and incu- 
bated (37°C) with DNase-free RNase A (0.1 mg/mL) for 1 hour 
and then overnight (37°C) with 0.1 mg/mL proteinase K. DNA 
was reextracted, precipitated, and dissolved in Tris/ 
ethylenediaminetetraacetate buffer. The DNA samples (-1.0 
jjLg) were 3' end-labeled with digoxigenin-11-dideoxy-uridine- 
5'-triphosphate using terminal transferase (Boehringer- 
Mannheim, Indianapolis, IN, U.S.A.), precipitated, resus- 
pended in Tris/ethylenediaminetetraacetate buffer, fractionated 
by agarose gel (1.2%) electrophoresis, and transferred to nylon 
membrane followed by ultraviolet cross-linking. Membranes 
were incubated in 2% nucleic acid blocking reagent (Boeh- 
ringer-Mannheim) and then in blocking reagent containing 75 
mU/mL antidigoxigenin Fab fragments conjugated to alkaline 
phosphatase (Boehringer-Mannheim). After washing, mem- 
branes were reacted with chemiluminescent substrate for alka- 
line phosphatase detection reagent (Boehringer-Mannheim) 
and exposed to Kodak X-OMAT film to visualize DNA. 

Immunoblotting 
To evaluate possible mechanisms for DND, we studied by 

immunoblotting the expression of the proapoptotic protein Bax 
as well as mGluRs and their related intracellular signaling pro- 
teins. We focused on mGluRl and mGluR5 because these re- 
ceptors are G protein-coupled receptors that operate through 
heterotrimeric GTP-binding proteins and PLC activation, 
which regulates intracellular Ca2+ by phosphoinositide hydro- 
lysis (Tanabe et al., 1992; Pin and Duvoisin, 1995). Activation 
of phosphoinositide-linked mGluRs initiates a cascade of 
events including the activation of PLCß by Gq proteins, gen- 
eration of inositol triphosphate and diacylglycerol, and subse- 
quent mobilization of Ca2+ from nonmitochondrial intracellular 
stores (Pin and Duvoisin, 1995). Control dogs (n = 3) and 
ischemic dogs at 1 day (n = 2) and 7 days (n = 2) of recovery 
were anesthetized with pentobarbital, ventilated, and exsangui- 
nated by intraaortic perfusion of ice-cold phosphate-buffered 
saline. The brains were quickly removed from the skull and 
placed on ice, and the hippocampus (septal) and anterior lobule 
of the cerebellum were isolated and frozen in isopentane. The 
samples were homogenized and subjected to differential cen- 
trifugation (Portera-Cailliau et al, 1996), and subcellular frac- 
tions were assayed for protein concentration using a Bio-Rad 
(Hercules, CA, U.S.A.) detection method. For immunoblotting, 
mitochondria-enriched membrane fractions or synaptic plasma 
membrane fractions (10, 12, or 15 u.g of protein) were sub- 
jected to sodium dodecyl sulfate polyacrylamide gel electro- 
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phoresis (8, 10, or 15% gels) and transferred to nitrocellulose 
membrane by electroblotting (Martin et al., 1992, 1997a). 
Samples of control and ischemic dogs were always run in the 
same gel. To ensure that equivalent amounts of protein were 
loaded in each lane and that transfer was comparable, mem- 
branes were stained with Ponceau S before immunoblotting. 
Blots were then blocked with 2.5% nonfat dry milk with 0.1% 
Tween 20 in 50 mmol/L Tris-buffered saline (pH 7.4) and 
incubated overnight at 4°C with antibodies to mGluRla, 
mGluR5, PLCß,, or Gaq/I1. Affinity-purified rabbit polyclonal 
antibodies to the C-terminal domains of mGluRla and 
mGluR5 were used at a concentration of 0.5 p,g IgG/mL (Mar- 
tin et al, 1992; Blue et al., 1997). Affinity-purified antipeptide 
rabbit polyclonal antibodies to PLCß! and Gaq/11 were ob- 
tained from commercial sources (Santa Cruz Biotechnology, 
Santa Cruz, CA, U.S.A.) and were used at concentrations of 33 
or 20 ng IgG/mL, respectively. In the same samples, the levels 
of proapoptotic protein Bax were measured, using commercial 
antibodies (Santa Cruz Biotechnology) at 150 ng IgG/mL, to 
evaluate whether changes in mGluR signaling proteins are as- 
sociated with alterations in cell death protein levels. After the 
primary antibody incubation, membranes were washed and in- 
cubated with peroxidase-conjugated secondary goat anti-rabbit 
IgG (0.2 p,g/mL) for 1 hour and developed with enhanced 
chemiluminescence (Amersham, Piscataway, NJ, U.S.A.). All 
blots were then reprobed with synaptophysin antibody (Boeh- 
ringer-Mannheim) for a quantitative loading control. 

Western blots were quantified densitometrically to evaluate 
brain regional changes in the levels of these proteins in post- 
ischemic animals relative to controls. Films were scanned using 
a Macintosh Adobe Photoshop program and an Agfa Arcus 
Plus scanner (Ridgefield Park, NJ, U.S.A.). Densitometric 
analysis was performed using Signal Analytics IP Lab Gel 
software (Scanalytics, Fairfax, VA, U.S.A.). Protein levels 
were expressed as relative optical density measurements, de- 
termined by comparing the density and area of the immunore- 
active band in each lane scanned with control lanes in the same 
blot. The relative values for each animal were replicated in at 
least four immunoblotting experiments. Bax protein levels and 
signal transduction protein levels were expressed as percent- 
ages of control values. Mean percentages were compared 
among the recovery groups by a Wilcoxon signed rank test with 
the significance level set at P < 0.05. 

Immunocytochemistry 
From perfusion-fixed dogs (same as those used for hema- 

toxylin and eosin staining and TUNEL), the right hemisphere 
was cut into 1-cm-thick coronal slabs, cryoprotected in 20% 
phosphate-buffered glycerol, and frozen in isopentane. Fore- 
brain and cerebellar samples were cut at 40 jxm on a sliding 
microtome, and sections were placed in antifreeze buffer for 
storage (-20°C) until immunocytochemical processing. A per- 
oxidase antiperoxidase method (Martin et al., 1992; Fotuhi et 

al, 1993) was used to detect mGluRla, mGluR5, and PLCß, 
immunoreactivities in hippocampus and cerebellar cortex of 
sham and ischemic dogs. The polyclonal antibodies to Bax 
were not used for immunocytochemical experiments because 
they recognize several proteins in addition to the proteins at 21 
and 23 kDa. Affinity-purified goat anti-rabbit IgG F(ab)2 frag- 
ments (Cappel, West Chester, PA, U.S.A.) were used as sec- 
ondary antibodies. Immunoreactivity was visualized with di- 
aminobenzidene as chromogen. At least four sections from 
each brain region from each dog in each experimental group 
were processed concurrently using the same batches of reagents 
to obviate tissue section variability in antigen localization. Im- 
munocytochemical negative controls included omission of pri- 
mary antibodies and competition of antibodies with synthetic 
peptides corresponding to the antigenic C-terminal domains of 
mGluRla, mGluR5, and PLCß,. 

RESULTS 

Twenty dogs were subjected to 20 minutes of global 
incomplete cerebral ischemia. All dogs had similar se- 
verities of ischemia and were similar to those described 
previously (Sieber et al., 1995). Epidural temperature 
during ischemia was maintained at normothermic values. 
No ischemic dogs were eliminated from the study, and 
all dogs recovered for the designated survival time after 
ischemia. 

CA1 pyramidal neuron and Purkinje cell 
degeneration overlaps with granule neuron death 
after global ischemia 

The neuronal damage after transient global incomplete 
ischemia was progressive, as evidenced by the delayed 
reduction in neuronal density and the greater amount of 
ischemic cytopathology in neurons at 7 than at 1 day 
after ischemia (Table 1). At 1 day after ischemia, CA1 
pyramidal neuron and cerebellar Purkinje cell densities 
were not significantly different from control values 
(Table 1). At 7 days after ischemia, 43% of CA1 pyra- 
midal cells remained, while Purkinje cell densities were 
78% of control (Table 1). The percentage of CA1 pyra- 
midal neurons with ischemic cytopathology increased 
from 13% at 1 day of recovery to 52% at 7 days of 
recovery (Table 1). In cerebellum, the percentage of Pur- 
kinje cells with cytopathology was 24% at 1 day and 
69% at 7 days after ischemia (Table 1). In hematoxylin 
and eosin sections of control animals, background neu- 
ronal injury (possibly due to the anesthesia, perfusion- 

TABLE 1. Neuropathology in dog hippocampus and cerebellum after global 
incomplete ischemia 

CA1 neurons Cerebellar Purkinje cells 

Control 1 Day 7 Day Control 1 Day 7 Day 

% Neurons remaining 
% Neurons damaged 

100 ±2 
2± 1 

97 ±10 
13 ± 10* 

43 ± 10t 
52 ± 10t 

100±8 
3±2 

82+16 
24 ± 11* 

78 ±16 
69±6t 

Values are mean ± SD. The percent neurons remaining is percent of baseline control. The 
percent neurons damaged is the percent of remaining neurons with ischemic cytopathology. 

* Significantly different from control (P < 0.05). 
t Significantly different from control and 1 day (P < 0.05, Mann-Whitney test). 
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fixation, brain compression during removal from the 
skull, or histological processing) was ^3% in CA1 and 
cerebellum (Table 1). 

Neurons in hippocampus and cerebellar cortex were 
undergoing nuclear DNA fragmentation at 1 and 7 days 
after ischemia, as determined by TUNEL (Figs. 2 and 3). 
In hippocampus, subsets of neurons in the pyramidal cell 
layer of CA1 and CA2-superior CA3 (CA3a) were 
TUNEL-positive as well as subsets of granule neurons in 
the hippocampal dentate gyrus. In CA1, the number of 
TUNEL-positive cells/mm2 was significantly greater (P 
< 0.05) at 7 than at 1 day, whereas more dentate gyrus 
granule neurons were TUNEL-positive at 1 than at 7 
days (Fig. 3). In cerebellar cortex, the number of 
TUNEL-positive Purkinje cells at 7 days after ischemia 
was approximately twofold higher than at 1 day, whereas 
TUNEL-positive cells in the granule cell layer were 
nearly twofold higher at 1 than at 7 days (Fig. 3). 

In pyramidal neurons of hippocampus and in Purkinje 
cells, the TUNEL-positive nuclei usually had reaction 
product that was random in distribution, with irregularly 
shaped aggregates, or had uniform and nonaggregated 
labeling, unlike the organized spherical clumping or 
crescentic capping of chromatin that was found in gran- 
ule neurons (Figs. 2A and 5F-5H) and is characteristic of 
neuronal apoptosis (Portera-Cailliau et al., \991a,b; Al- 
Abdulla et al., 1998; Martin et al., 1999). 

In agarose gels, random (smearing) and internucleo- 
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FIG. 2. Nuclear DNA fragmentation in dog cerebellar cortex after 
global incomplete ischemia, m, molecular layer; p, Purkinje cell 
layer; g, granule cell layer. (A): At 7 days after ischemia, terminal 
transferase-mediated biotin-dUTP nick end-labeling (TUNEL)- 
positive cells are detected in the three layers of cerebellar cortex. 
Purkinje cells (arrows) and a subset of granule neurons (arrow- 
heads) are TUNEL-positive. (B): Granule neurons and Purkinje 
cells (arrows) are not TUNEL-positive in sham control dog cer- 
ebellum. Bar = 14 urn. 
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FIG. 3. Quantification of terminal transferase-mediated nick end- 
labeling (TUNEL)-positive cells in hippocampus (A) and cerebel- 
lum (B) at 1 and 7 days after ischemia. Cresyl violet- 
counterstained TUNEL preparations were used to count TUNEL- 
positive cells in CA1, CA2-superior CA3 (CA3a), and dentate 
gyrus (DG) granule neuron layer of hippocampus and in the Pur- 
kinje cell layer (PCL) and granule cell layer (GCL) of cerebellar 
cortex. Values are means ± SD. Asterisks indicate that the values 
at 7 days were significantly different (P < 0.05, Mann-Whitney 
test) from corresponding values at 1 day. 

somal fragmentation of DNA was detected in genomic 
DNA extracts of dog hippocampus and cerebellar cortex 
after ischemia (Fig. 4, lanes 2 and 4). These different 
patterns of DNA degradation coexisted, most promi- 
nently at 7 days after ischemia. The internucleosomal 
fragmentation was similar to the pattern detected during 
developmental PCD of neurons (Fig. 4, lane 1). No DNA 
fragmentation was detected in control dog hippocampus 
and cerebellar cortex (Fig. 4, lanes 3 and 5), and no 
fragmentation of DNA was observed at 6 hours after 
ischemia (data not shown). 

CA1 pyramidal neuron and Purkinje cell death is 
necrosis, but granule neuron death is apoptosis 
after ischemia 

With use of criteria for neuronal apoptosis established 
in previous experiments (Portera-Cailliau et al., 1997a,b; 
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5     6 

FIG. 4. Analysis of DNA fragmentation patterns in dog hippo- 
campus and cerebellar cortex by agarose gel electrophoresis. 
Genomic DNA was isolated and fractionated from ischemic dog 
hippocampus (lane 2) and cerebellar cortex (lane 4) at 7 days of 
recovery and from control dog hippocampus (lane 3) and cer- 
ebellar cortex (lane 5). Programmed cell death in developing rat 
retina at postnatal day 19 served as a positive control for inter- 
nucleosomal fragmentation of DNA (lane 1). Brackets delineate 
internucleosomal fragments (lanes 1, 2, and 4). Smearing of DNA 
is also seen in ischemic dog hippocampus and cerebellar cortex 
(lanes 2 and 4). Base pair molecular mass markers (lane 6) are 
(top to bottom): 2,176, 1,766, 1,230, 1,033, 653, 517, and 453. 

Al-Abdulla et al., 1998; Martin et al., 1998, 1999), the 
degeneration of CA1 pyramidal neurons and Purkinje 
cells after ischemia was not apoptosis (Fig. 5). The de- 
generation of these neurons was consistent with necrosis 
(Figs. 5A-5C). Whereas nuclear pyknosis and chromatin 
condensation into irregular clumps were observed in 
these dying neurons, this pattern was very dissimilar to 
that found in unequivocal neuronal apoptosis (Portera- 
Cailliau et al., \991a,b; Al-Abdulla et al., 1998; Martin 
et al., 1998, 1999). These ultrastructural observations are 
consistent with the hematoxylin and eosin staining and 
TUNEL patterns found in CA1 pyramidal neurons and 
cerebellar Purkinje cells, indicating a nonapoptotic struc- 
ture, as shown previously (Martin et al, 1997a, 1998). In 
contrast, granule neuron degeneration in the dentate gy- 
rus and cerebellar cortex was apoptosis (Fig. 5D-H). For 
example, early structural changes were chromatin mar- 
gination and crescentic capping of chromatin at the 
nuclear envelope and dispersion of many ribosomes 
within the cytoplasm (Fig. 5F and G). These changes 
occurred in the presence of maintained mitochondrial 
morphology (Fig. 5G). Later in the progression of apop- 
tosis, granule neurons underwent condensation of chro- 

matin into large, round clumps and convolution of the 
nuclear envelope and then budding (Fig. 5H). 

To further evaluate the presence or absence of indica- 
tors for neuronal apoptosis after cerebral ischemia, im- 
munoblotting was used to evaluate the levels of Bax 
protein expression in hippocampus and cerebellum. A 
representative immunoblot of Bax expression in control 
and ischemic dogs is shown in Fig. 6. Bax levels at 1 and 
7 days after ischemia did not differ significantly from 
control levels in homogenates of dorsal hippocampus, as 
quantified by comparing the density and area of the im- 
munoreactive band in each lane of ischemic dog homog- 
enate scanned with values of control dog lanes in the 
same blot. Bax protein levels (in relative optical density 
units, means ± SD) in hippocampus were 32.4 ± 6.2 
(control), 27.9 ± 8.0 (1 day after ischemia), and 32.1 ± 
10.5 (7 days after ischemia). In contrast, Bax protein 
expression was significantly (P < 0.05) increased to 128 
± 5% of control cerebellum values at 7 days after isch- 
emia but not at 1 day after ischemia. 

Alterations in metabotropic glutamate receptor 
signaling pathways occur in hippocampus and 
cerebellum after ischemia 

In homogenates of whole septal hippocampal forma- 
tion, mGluRla protein levels (detected as an immuno- 
reactive band at 142 kDa) were unchanged, with values 
108 and 114% of control at 1 and 7 days after ischemia, 
respectively (Table 2; Fig. 7); similarly, mGluR5 protein 
levels (detected as an immunoreactive band at 148 kDa) 
were unchanged, with values 105 and 112% of control at 
1 and 7 days of recovery, respectively (Table 2; Fig. 7). 
The PLCß; and Gaqll protein levels in hippocampus 
were also not changed significantly after ischemia. At 1 
and 7 days after ischemia, PLCß! protein values (de- 
tected as an immunoreactive 80-kDa band) were 95 and 
122% of controls, respectively, and Gaql, protein values 
(detected as an immunoreactive 45-kDa band) were 98 
and 81% of control values at 1 and 7 days after ischemia, 
respectively (Table 2; Fig. 7). The maintenance of 
mGluRla, mGluR5, PLCß,, and Gaqll protein levels, 
notably at 7 days after ischemia, occurred despite neu- 
ronal degeneration and death in the dorsal hippocampus 
(Table 1; Figs. 2 and 3). 

In homogenates of cerebellar cortex, mGluRla and 
mGluR5 protein levels were significantly reduced after 
ischemia. mGluRla levels were 75 and 68% of controls 
at 1 and 7 days after ischemia, respectively (Table 2; Fig. 
8), whereas mGluR5 was reduced to 22% of control at 1 
day and then returned to 55% of control levels by 7 days 
(Table 2; Fig. 8). In contrast, PLCß, levels in cerebellar 
cortex were increased significantly to 173 and 213% of 
control at 1 and 7 days after ischemia, respectively, 
whereas GaqH was reduced to 80% of control at 1 day 
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FIG. 5. Necrosis and apoptosis occur in distinct populations of neurons after ischemia. (A) Plastic section (1 urn thick) shows degen- 
erating CA1 pyramidal neurons (arrows). The nucleus (arrowheads) in these neurons is dark and pyknotic, and the cytoplasm contains 
many small, clear vacuoles (corresponding to degenerating mitochondria and fragmented Golgi; see B) and dark granules (corresponding 
to lysosomes). These changes are consistent with cellular necrosis (Kerr et al., 1991; Wyllie et al., 1980; Portera-Cailliau et al., 1997b; 
Martin et al., 1998). Bar = 8 urn. (B and C) By electron microscopy, degeneration of CA1 neurons is morphologically necrotic. The 
cytoplasm of this representative neuron contains many swollen, degenerating mitochondria (m) and vacuoles (v). The pyknotic nucleus 
(Nu) contains many dispersed and irregularly shaped aggregates of chromatin throughout the nucleus (asterisks). Area in brackets is 
shown in C at higher magnification. Bars = 1.0 urn (B) and 0.2 urn (C). (D) Granule neuron degeneration in the hippocampal dentate gyms 
after ischemia is apoptotic. Apoptotic granule neurons (arrows) are shrunken, and the nucleus displays chromatin clumping into dark, 
round aggregates. This neurodegeneration (arrows) occurs as isolated cells in a field of normal granule neurons. Bar = 5 um. (E) Granule 
neuron degeneration in cerebellar cortex at 7 days after ischemia is also apoptotic. An isolated apoptotic cerebellar granule neuron 
(arrow) is shrunken, and the nucleus contains dark, round clumps of chromatin. Above this neuron is an injured Purkinje cell (P) showing 
ischemic degeneration of its dendrite (arrowheads). Bar = 6 um. (F) The ultrastructure of granule neuron degeneration is consistent with 
apoptosis. At early morphologic stages of apoptosis, the cytoplasm and the nucleus (Nu) become dark and condensed, but the overall 
ultrastructural integrity of the neuron is not disrupted, in contrast to necrosis (cf. B and C). Apoptotic neurons are isolated from the 
surrounding neuropil by astrocytic processes (a). The chromatin aggregates (asterisks) as round clumps or crescents often at the 
periphery of the nucleus. Area in brackets is shown at higher magnification in G. Bar = 0.6 um. (G) At higher magnification, the condensed 
chromatin (asterisk) within the nucleus (Nu) abuts the nuclear envelope (in contrast to the random aggregation of chromatin throughout 
the nucleus in necrosis; see B and C). Cisterns form in some areas at the cytoplasmic surface of the nuclear envelope (arrowheads). The 
mitochondria (m) remain intact (unlike the swelling and dissolution of the mitochondria in necrosis; see B and C) and are embedded in 
a cytoplasmic matrix that appears striated due to the organization of the cytoskeleton. These changes are typical of apoptosis in neurons 
(Portera-Cailliau et al., 1997a; Al-Abdulla et al., 1998; Martin et al., 1998). Bar = 0.3 um. (H) At end-stage apoptosis, the nucleus (Nu) 
of granule neurons shows advanced chromatin condensation into round and crescentic aggregates (asterisks), some of which are 
extruded from the nucleus as the nuclear envelope ruptures (arrowheads). The residual cytoplasm, containing cytoskeletal and mem- 
branous debris and only few vacuoles (v), becomes infiltrated or enveloped by astrocytic processes (a). Nearby granule neurons (g) 
appear normal. Bar =1.2 urn. 
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FIG. 6. Immunoblot analysis of Bax expression in mitochondria- 
enriched subcellular fractions of hippocampus (15 ug of protein/ 
lane) and cerebellar cortex (12 ug of protein/lane) from sham 
control (c) and ischemic dogs at 1 day (1 d) and 7 days (7 d) of 
recovery. In hippocampus, Bax levels are unchanged at 1 and 7 
days after ischemia. In cerebellar cortex, Bax levels are in- 
creased at 7 days afer ischemia. 

and then returned to control levels by 7 days (Table 2; 
Fig. 8). 

The maintenance of some protein levels in regional 
homogenates, despite neuronal degeneration, suggested 
the possibility that changes occur in the cellular local- 
ization of mGluRla, mGluR5, and PLCßj after isch- 
emia. We used immunocytochemistry to determine the 
localization of mGluRla, mGluR5, and PLCßj in hip- 
pocampus and cerebellum. In control dog hippocampus, 
mGluRla is localized primarily within the stratum 
oriens of CA1 and in the dentate gyrus hilus, with only 
faint immunolabeling of granule cells (Fig. 9A). This 
pattern of mGluRla localization in dog hippocampus is 
similar to the pattern shown in rat brain (Martin et al., 
1992). In ischemic dogs, granule cell immunolabeling is 
augmented compared with controls (Fig. 9B), whereas 
the intensity of mGluRla immunoreactivity in the neu- 
ropil of CA1 is diminished. In control dogs, mGluR5 is 
highly enriched in CA1 pyramidal cell bodies and in the 
neuropil of stratum oriens and stratum radiatum (corre- 
sponding to the dendritic fields of CA1 pyramidal neu- 
rons), whereas dentate gyrus granule neurons are less 
intensely immunoreactive than CA1. After ischemia, 
mGluR5 immunoreactivity in the CA1 pyramidal cell 
body and dendritic layers is reduced as compared with 
controls, but the dentate gyrus molecular layer, subicu- 
lum, and parahippocampal gyrus are more intensely im- 

1d     1d     7d     7d 

q/11 

FIG. 7. Immunoblot analysis of metabotropic glutamate receptor 
(mGluR) 1a (mR1), mGluR5 (mR5), phospholipase Cß (PLCß), 
and Gaq/11 proteins in synaptic membrane fractions (10 ug of 
protein/lane) of hippocampus from sham control (c) and ischemic 
dogs at 1 day (1 d) and 7 days (7 d) of recovery. Blots were 
probed for synaptophysin (p38) as a loading control. 

munoreactive compared with control (data not shown). 
In normal hippocampus, PLCß! is highly enriched in cell 
bodies and proximal dendrites of pyramidal neurons and 
in the neuropil of CA1 (Fig. 9C) and is localized less 
intensely in the granule cells of the dentate gyrus (Fig. 
9E). After ischemia, PLCßt immunoreactivity is lost in 
the pyramidal cell body and dendritic (radiatum) layers 
of CA1 (Fig. 9D); in contrast, PLCß: immunoreactivity 
is increased in the granule cell and molecular layers of 
the dentate gyrus (Fig. 9F) and in other locations corre- 
sponding to the distribution of the perforant path (not 
shown), suggesting an augmented presynaptic localiza- 
tion of PLCß, after ischemia. 

In control dog cerebellar cortex, mGluRla is enriched 
in the neuropil of the molecular layer and in Purkinje cell 
bodies, but in the granule cell layer, occasional Golgi 
type II cells are immunopositive and granule cells are 
only weakly immunoreactive for mGluRla (Fig. 9G). 
This pattern of mGluRla localization in dog cerebellum 

TABLE 2. Quantitative immunoblot analysis of phosphoinositide-linked mGluR signal transduction proteins after global 
incomplete ischemia 

Hippocampus Cerebellar cortex 

Control 1 Day 7 Days Control 1 Day 7 Days 
mGluRla 164.4 ±10.8 177.5 ± 0.4 187.1 ±5.3 38.7 ± 11.6 29.2 ± 4.0* 26.1+4.4* 

(108%) (114%) (75%) (68%) 
mGluR5 148.6 ± 6.6 156.3 ± 10.0 166.0 ±16.9 60.3 ±21.2 13.3 ±8.5* 32.9 + 11.3* 

(105%) (112%) (22%) (55%) 
PLCß 78.4+ 16.5 74.2 ± 8.2 95.9 ± 26.0 44.3 ± 5.0 76.9 ±6.8* 94.3 + 3.8* 

(95%) (122%) (173%) (213%) 
Gaq/11 123.8 ±20.4 121.4 ± 1.0 99.9 ±7.5 110.3 ±0.3 87.7 ±12.6* 104.5 + 21.9 

(98%) (81%) (80%) (95%) 

Values are mean ± SD of the relative optical density measurements of the immunoreactive bands at the appropriate molecular mass. Numbers in 
parentheses are percent of control value. 

* Indicates significantly different from control (/> < 0.05, Wilcoxon signed rank test). 
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FIG. 8. Immunoblot analysis of metabotropic glutamate receptor 
(mGluR) 1a (mR1), mGluR5 (mR5), phospholipase Cß (PLCß), 
and Gaq/11 proteins in synaptic membrane fractions (10 |jg of 
protein/lane) of cerebellar cortex from sham control (c) and isch- 
emic dogs at 1 day (1 d) and 7 days (7 d) of recovery. Blots were 
probed for synaptophysin (p38) as a loading control. 

is similar to the pattern shown in rat brain (Martin et al., 
1992). After ischemia, mGluRla immunoreactivity is 
reduced in the neuropil of the molecular layer but is 
increased in the granule cell layer (Fig. 9H). Like 
mGluRla, mGluR5 staining in the cerebellum was less 
intense in the molecular layer after ischemia compared 
with control (data not shown). The PLCßj level in con- 
trol cerebellum is highly enriched in Purkinje cell bodies 
and dendrites extending throughout the molecular layer, 
which also contains diffuse neuropil immunoreactivity, 

FIG. 9. Alterations occur in the regional and cellular localization 
of metabotropic glutamate receptor (mGluR) 1a and phospholi- 
pase Cß (PLCß) in hippocampus and cerebellar cortex at 7 days 
after global ischemia in dog. Photomicrographs on the left (A, C, 
E, G, and I) are from control dogs, and photomicrographs on the 
right (B, D, F, H, and J) are from ischemic dogs. The varying 
shades of darkness in these black-and-white photomicrographs 
reflect the intensity of immunoreactivity. In hippocampal dentate 
gyrus afer ischemia (B), granule cells (arrowheads) show in- 
creased mGluRla immunoreactivity as compared with normal 
dogs (A), m, molecular layer; g, granule cell layer. Bar (A) = 7 urn. 
In CA1 afer ischemia (D), PLCß immunoreactivity is reduced in 
the pyramidal cell body layer (p) and in the apical dendritic layer 
(stratum radiatum; r) as compared with controls (C). Bar (C) = 33 
urn. In hippocampal dentate gyrus after ischemia (F), granule 
cells in the granule cell layer (g) and the neuropil of the molecular 
layer (m) have increased PLCß immunoreactivity as compared 
with nonischemic dogs (E). Bar (E) = 16 urn. In the cerebellar 
cortex of postischemic dogs (H) compared with control dogs (G), 
mGluRla immunoreactivity is diminished in the molecular layer 
(m), corresponding to a reduction in immunoreactive dendrites of 
Purkinje cells. In contrast, mGluRla immunoreactivity in granule 
cells (g) is markedly increased after ischemia. Bar (G) = 18 urn. 
In the cerebellar cortex of postischemic dogs (J), immunoreac- 
tivity for PLCß is enhanced in both the molecular layer (m) and 
the granule cell layer (g) as compared with nonischemic dogs (I). 
Bar (I) = 18 pm. 
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and the granule cell layer is not uniformly immunoreac- 
tive (Fig. 91). After ischemia, PLCßj immunoreactivity 
is increased in the neuropil of the molecular layer and in 
granule cells, whereas Purkinje cell labeling for PLCßj 
is prominently decreased (Fig. 9J). 

DISCUSSION 

These experiments demonstrate that global ischemia 
results in two temporally overlapping, but distinct, forms 
of neuronal cell degeneration: necrosis of selectively vul- 
nerable neurons (CA1 pyramidal neurons and cerebellar 
Purkinje cells) and apoptosis of granule neurons in den- 
tate gyrus and cerebellum. Neuronal cell death in these 
regions is accompanied by differential changes in phos- 
phoinositide-linked mGluR transduction mechanisms. 
Necrosis of CA1 neurons and Purkinje cells occurs in 
association with a loss of PLC-coupled mGluR signaling 
proteins, whereas apoptosis of granule neurons occurs in 
association with increases in proteins involved in PLC- 
coupled mGluR signaling. 

Ischemic delayed degeneration of selectively 
vulnerable neurons is necrosis 

The CA1 neurons undergo selective DND after isch- 
emia in rodents (Ito et al., 1975; Kirino, 1982) and in 
dogs (Sato et al., 1990). The DND of cerebellar Purkinje 
cells is not studied commonly in rodent forebrain models 
of ischemia, but our study in dogs provided a novel op- 
portunity to compare similarities among neuronal degen- 
eration in hippocampus and cerebellum after ischemia. 
Our results show that ischemic delayed degeneration of 
CA1 pyramidal neurons and cerebellar Purkinje cells is 
similar structurally. The same conclusion has been made 
using a model of global complete ischemia in cats (Mar- 
tin et al., 1998). Furthermore, our data demonstrate that 
the DND of selectively vulnerable neurons following 
global ischemia is cellular necrosis rather than apoptosis 
or a hybrid of apoptosis and necrosis. This degeneration 
of CA1 pyramidal neurons and Purkinje cells after isch- 
emia is very distinct from neuronal apoptosis (Portera- 
Cailliau et al., 1997a; Al-Abdulla et al., 1998; Martin et 
al., 1998, 1999); it is also distinct from non-NMDA 
GluR-mediated excitotoxic neuronal apoptosis (Portera- 
Cailliau et al, 1991b; Martin et al., 1998), but it is very 
similar to NMDA receptor-mediated excitotoxic neuro- 
nal necrosis (Portera-Cailliau et al., 1991b; Martin et al., 
1998; Ginsberg et al., 1999). Both the nucleus and the 
cytoplasm undergo ultrastructural perturbations consis- 
tent with cellular necrosis, with the main features being 
irregular clumping of chromatin, swelling and degenera- 
tion of organelles, extensive cytoplasmic vacuolation, 
destruction of plasma membrane integrity, and eventual 
dissolution of the cell. Moreover, dying CA1 neurons do 
not bud to form discrete, round nuclear fragments, as in 
apoptosis (cf. Fig. 4C and H) (Wyllie et al., 1980; Kerr 

and Harmon, 1991; Martin et al., 1998). The nuclear 
pyknosis with condensation of chromatin into many 
small, irregularly shaped clumps in ischemic neurons 
contrasts with the formation of few, uniformly dense, 
and regularly shaped chromatin aggregates that occurs in 
neuronal apoptosis (Portera-Cailliau et al., 1997a; Al- 
Abdulla et al., 1998; Martin et al, 1998, 1999). 

The cell plasma membrane and cytoplasmic organelles 
are damaged in necrotic neurons after ischemia. The im- 
munocytochemically identified loss of mGluR-PLC sig- 
naling proteins in hippocampal pyramidal neurons in 
CA1 and Purkinje cells (as well as the loss of immuno- 
labeling in their dendritic fields) is consistent with 
plasma membrane damage. The mitochondria swell and 
the inner mitochondrial membrane undergoes cristaeoly- 
sis. These mitochondrial abnormalities have been dem- 
onstrated in cellular necrosis (Laiho et al., 1971; Laiho 
and Trump, 1975) and can be produced when plasma 
membrane function and ATP synthesis are impaired 
(Laiho and Trump, 1975). Our observations are also con- 
sistent with previous findings showing 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 neurodegeneration 
(Kirino et al., 1984; Martin et al., 1998). These structural 
changes are consistent with the finding that total protein 
synthesis is severely reduced by 6 hours after transient 
global forebrain ischemia and is reduced persistently in 
CA1 neurons, with the vast majority of pyramidal neu- 
rons never regaining their normal biosynthetic activity 
(Thilmann et al., 1986; Araki et al., 1990; Johansen and 
Diemer, 1990; Furuta et al., 1993). Cytoskeletal disinte- 
gration also occurs early after ischemia, particularly in 
dendrites, before the degeneration of neuronal cell bodies 
(Kitagawa et al., 1989; Yamamoto et al., 1990). This 
rapid disassembly and proteolysis of the cytoskeleton 
after ischemia (Kitagawa et al., 1989) contrast with the 
organized structure of the cytoskeleton and the cytoskel- 
etal accumulation in neurons undergoing apoptosis (see 
Fig. 4G) (Al-Abdulla et al., 1998; Martin et al., 1998, 
1999). 

Nevertheless, previous studies have suggested that 
DND in hippocampus is apoptosis. The first observa- 
tion suggesting this possibility was the finding that 
systemic treatment with protein synthesis inhibitors 
protected against CA1 neuron loss after global isch- 
emia (Goto et al., 1990; Shigeno et al., 1990), although 
the hypothermic effects of protein synthesis inhibitors 
were not considered. However, other experiments have 
shown that protein and RNA synthesis inhibitors do 
not ameliorate postischemic DND in CA1 and that this 
neurodegeneration is not PCD (Deshpande et al., 1992). 
More recent studies have focused on DNA fragmenta- 
tion. By in situ DNA end-labeling methods, many studies 
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have shown that selectively vulnerable populations of 
neurons undergo nuclear DNA fragmentation after 
global cerebral ischemia in the adult brain (Heron et al., 
1993; MacManus et al., 1995; Nitatori et al, 1995). 
However, in situ end-labeling methods for DNA fail to 
discriminate among apoptotic and necrotic cell deaths 
(Grasl-Kraupp et al., 1995; Portera-Cailliau et al., 1997k; 
Martin et al., 1998) and can also detect DNA fragments 
during DNA synthesis (Lockshin and Zakeri, 1994); 
thus, these results per se cannot be interpreted as solely 
apoptosis. DNA integrity after global ischemia in adult 
brain has also been studied by gel electrophoresis. In 
DNA extracts of adult rat or gerbil brain, internucleoso- 
mal fragmentation has been found after transient global 
forebrain ischemia and has been interpreted as apoptosis 
occurring by PCD mechanisms (Okamoto et al., 1993; 
Heron et al., 1993; MacManus et al., 1995; Nitatori et al., 
1995; Bhat et al., 1996). However, it is also uncertain 
whether internucleosomal DNA fragmentation is specific 
for apoptosis, because it occurs in ischemic liver necrosis 
(Fukuda et al., 1993), in NMDA receptor-mediated ex- 
citotoxic neuronal necrosis in adult brain (Portera- 
Cailliau et al., 1997b) and in culture (Gwag et al., 1997; 
Sohn et al., 1998), and in cells undergoing necrosis in- 
duced by calcium ionophores and heat shock (Collins et 
al., 1992). The analysis of DNA fragmentation patterns 
(and protein levels) in brain extracts is further con- 
founded by tissue homogenization of heterogeneous cell 
systems, which precludes the evaluation of cell death on 
a cell-by-cell basis. Nonneuronal cells (e.g., astrocytes, 
oligodendrocytes, inflammatory cells, and vascular cells) 
also die following central nervous system injury, includ- 
ing ischemia-reperfusion and axotomy-target depriva- 
tion, and some of these nonneuronal cells die apoptoti- 
cally (Martin et al., 1997a, 1998; Al-Abdulla et al., 
1998). The interpretation of DNA fragmentation data is 
limited by the specificity and the caveats of the assay 
system, and, as concluded in previous studies (Kerr and 
Harmon, 1991; Collins et al., 1992; Portera-Cailliau et 
al., 1991b; Martin et al., 1998), cell structure is still the 
best indicator for classifying cell death in vivo. In our 
experiments, we found coexisting random and internu- 
cleosomal DNA fragmentation, and we attribute these 
different patterns to necrosis of pyramidal neurons and 
Purkinje cells and apoptosis of granule neurons within 
these regions. Our electron microscopic data support this 
conclusion. 

This and previous ultrastructural studies illustrate that 
ischemic neurodegeneration in selectively vulnerable re- 
gions is not apoptosis (Kirino, 1982; Kirino and Sano, 
1984; Kirino et al., 1984; Deshpande et al., 1992; Martin 
et al., 1998). These studies demonstrate that ischemic 
neurodegeneration has the typical features of cellular ne- 
crosis, consistent with the acute parenchymal cell death 
found in other organs after ischemia (Wyllie et al., 1980). 

Yet, other studies with electron microscopic data have 
asserted that DND of CA1 pyramidal neurons after isch- 
emia is apoptosis (Nitatori et al, 1995), although unam- 
biguous ultrastructural evidence of apoptosis in these 
neurons in the adult brain has not been demonstrated. 
This discrepancy regarding whether DND fits the pattern 
of apoptosis is likely to be due to differences in criteria 
for identifying neuronal apoptosis and to the detail of the 
electron microscopic analysis. Alternatively, DND after 
ischemia may fall along a structural and mechanistic ap- 
optosis-necrosis continuum (MacManus et al., 1995; 
Portera-Cailliau et al., \991a,b; Martin et al., 1998). For 
example, GluR-mediated excitotoxic death of neurons 
occurs along an apoptosis-necrosis continuum, and the 
structure of excitotoxic neuronal degeneration is influ- 
enced by the subtype of GluR that is activated (Portera- 
Cailliau et al., \991a,b). In the adult rat brain, the de- 
generation of neurons caused by NMDA receptor acti- 
vation is structurally necrotic; however, the neuronal 
death produced by non-NMDA GluR activation is dis- 
tinct from that caused by NMDA receptor stimulation. 
This non-NMDA receptor-mediated neuronal death in 
adult brain has some cytoplasmic and nuclear features 
reminiscent of neuronal apoptosis (Portera-Cailliau et al., 
1991b). Thus, like non-NMDA GluR-mediated excito- 
toxicity, DND after ischemia could be a hybrid of apop- 
tosis and necrosis, with the death of these neurons not 
strictly apoptosis or necrosis, according to a traditional 
binary classification of cell death, but occurring as inter- 
mediate or hybrid forms with coexisting characteristics 
that lie along a structural continuum with apoptosis and 
necrosis at the extremes. Because this continuum is in- 
fluenced by the subtype of glutamate receptor that is 
activated, DND after ischemia may not be identical in 
every neuron, possibly because of the high diversity in 
the expression, localization, and function of GluR sub- 
types or the diversity in second messenger systems in the 
central nervous system. Surprisingly, however, we did 
not find ultrastructural evidence that ischemic DND re- 
sembles non-NMDA GluR-mediated excitotoxic neuro- 
nal death, but rather it is structurally very similar to 
NMDA receptor-mediated excitotoxic necrosis (Portera- 
Cailliau et al., \991a,b; Martin et al., 1998). 

Granule neurons undergo apoptosis after ischemia 
The degeneration of granule neurons in dentate gyrus 

and cerebellum after global ischemia sharply contrasts 
with the degeneration of CA1 neurons and Purkinje cells. 
Granule neuron death after ischemia closely resembles 
apoptosis. Thus, granule neurons provide an internal 
standard for classic apoptosis with which CA1 pyramidal 
neuron and cerebellar Purkinje cell degeneration after 
ischemia can be compared to demonstrate that the death 
of these latter neurons is not apoptosis. As with apoptosis 
in nonneuronal tissues (Kerr and Harmon, 1991), in de- 
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veloping brain during naturally occurring PCD of neu- 
rons (Portera-Cailliau et al., 1997a), and in some neuro- 
nal groups after axotomy-target deprivation (Al-Abdulla 
et al., 1998; Martin et al., 1999), apoptosis of granule 
neurons was characterized morphologically by nuclear 
and cytoplasmic condensation. The most prominent al- 
terations were condensation of chromatin into few, large, 
round clumps or crescentic caps, aggregation and lami- 
nation of the cytoskeleton, and cellular shrinkage. Mem- 
branous organelles, including mitochondria, remained 
intact until the late stages of apoptosis. Neurodegenera- 
tion after global ischemia involves entire neural systems, 
and neuronal connectivity as well as metabolic factors 
possibly dictate the pattern of selective vulnerability 
(Martin et al., 1991b). Granule neuron death may be a 
direct consequence of the ischemia, or it may be second- 
ary to necrotic degeneration of hippocampal pyramidal 
neurons and cerebellar Purkinje cells and thus is a form 
of target deprivation-induced apoptosis (Martin et al., 
1998, 1999; Al-Abdulla et al., 1998), because the targets 
of dentate granule neurons include hippocampal pyrami- 
dal neurons and the targets of cerebellar granule neurons 
are Purkinje cells. This possibility is supported by in 
vitro studies showing that, in response to serum depri- 
vation, cerebellar granule neurons undergo transcription- 
dependent apoptosis (D'Mello et al., 1993; Watson et al., 
1998) by activation of a pathway involving c-Jun phos- 
phorylation (Watson et al., 1998). Similar mechanisms 
seem to be operative in a related in vitro paradigm (i.e., 
low potassium) of cerebellar granule neuron apoptosis 
(D'Mello et al., 1993; Watson et al., 1998), and, inter- 
estingly, activation of phosphoinositide-linked mGluRs 
blocks this neuronal apoptosis (Copani et al., 1995). 
Thus, augmented mGluR expression in cerebellar and 
hippocampal granule neurons after cerebral ischemia 
may signify a physiological attempt at neuroprotection 
rather than an event mediating the apoptosis. 

Contribution of programmed cell death mechanisms 
in ischemic neurodegeneration 

Gene products that regulate PCD of mammalian cells 
have been studied after ischemia. Bax mRNA is in- 
creased in both vulnerable and less vulnerable regions 
after ischemia (Chen et al., 1996). Changes in mRNA 
after cerebral ischemia are difficult to interpret in light of 
damage to organelles that function in protein synthesis 
and posttranslational processing, thereby potentially ren- 
dering the translation and formation of mature products 
inefficient. By immunoblotting, Bax protein in hippo- 
campus is increased transiently at 6 hours after ischemia 
but then returns to control levels (Krajewski et al., 1995). 
We found no changes in Bax protein levels in hippocam- 
pus at 1 and 7 days after ischemia, but we observed an 
increase in Bax in cerebellum at 7 days after ischemia. A 
possible explanation for a lack of detection of changes in 

Bax protein levels in hippocampus by immunoblotting is 
that apoptotic death of dentate gyms granule neurons is 
less frequent than granule neuron death in cerebellum 
(see Fig. 3). Also, granule neurons compose a greater 
population of cells in cerebellum than in hippocampus 
(West et al, 1991; Korbo et al., 1993). However, a sus- 
tained postischemic increase in Bax protein levels has 
been shown in hippocampus but not cerebellum (Chen et 
al., 1996), although the contributions of different cells to 
this observation have not been identified. Important in 
this regard is the finding that mRNA and protein levels 
for the proapoptotic cysteine protease ICE interleukin-1 
converting enzyme (caspase-1) are increased in hippo- 
campus after global ischemia in gerbils, but this change 
is associated with inflammatory cells rather than selec- 
tively vulnerable CA1 pyramidal neurons (Bhat et al, 
1996). In addition, after global ischemia in rat, caspase-3 
mRNA levels are progressively elevated in CA1 at 24 to 
72 hours, although most of the neurons are already lost 
by 72 hours, whereas caspase-3 mRNA is transiently 
elevated in dentate gyrus granule cells at 8 hours after 
ischemia (Chen et al., 1998). This latter pattern would be 
more consistent with a role for caspase-3 in the granule 
neuron apoptosis that we have identified. On the other 
hand, Bcl-2 overexpression in transgenic mice reduces 
hippocampal pyramidal neuron degeneration after global 
ischemia (Kitagawa et al., 1998), although this effect of 
Bcl-2 cannot yet be specifically ascribed to antiapoptotic 
activity, because this protein has additional functions in 
injured neurons (Chen et al., 1997). It is still uncertain, 
however, whether the absence of a classic apoptotic 
structure in selectively vulnerable neurons after ischemia 
is sufficient evidence to exclude the possibility that PCD 
may be operative, because all forms of PCD may not 
occur via apoptosis (Schwartz et al., 1993). 

Metabotropic glutamate receptor signaling 
pathways after ischemia 

The distinct forms of degeneration in different popu- 
lations of hippocampal and cerebellar neurons after isch- 
emia were accompanied by differential changes in pro- 
teins involved in phosphoinositide-coupled mGluR 
signal transduction. These changes were more easily 
identified by immunoeytochemistry rather than by im- 
munoblotting (except for PLCß in cerebellum), perhaps 
because of overlapping and differential contributions of 
distinct populations of neurons that are not divisible in 
gel analyses of regional homogenates. Necrosis of CA1 
neurons and Purkinje cell is associated with a loss of 
mGluRs and PLCß. In contrast, apoptosis in granule cell 
populations in hippocampus and cerebellum is paralleled 
by increased expression of these proteins. Our results are 
consistent with the reported loss of mGluRl and 
mGluR5 mRNA in CA1 after global ischemia (Iversen et 
al., 1994). This observation is not surprising when con- 
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sidering the postsynaptic, somatodendritic localization of 
these proteins (Martin et al., 1992; Blue et al., 1997) and 
the rapid damage to dendritic membranes and the cyto- 
skeletal proteolysis that occur in these neurons after isch- 
emia (Kitagawa et al., 1989; Yamamoto et al., 1990). 
These abnormalities further support our conclusion that 
hippocampal pyramidal neurons and Purkinje cells un- 
dergo necrosis after ischemia. In contrast, in granule neu- 
rons of dentate gyrus and cerebellum, immunoreactivity 
for mGluRs and PLCß is enhanced. This finding is con- 
sistent with the concept that apoptosis results from the de 
novo expression or activation of a PCD program (Sen, 
1992), but it is not clear whether changes in PLC- 
coupled mGluRs participate directly in the mechanisms 
for apoptosis in these neurons or whether these changes 
reflect the activation of compensatory survival signaling 
pathways (Copani et al., 1995). 

The possible roles for PLC-coupled mGluRs in the 
mechanisms for necrotic degeneration of selectively vul- 
nerable neurons after ischemia are uncertain. Activation 
of mGluRs is necessary for Purkinje cell survival in vitro 
(Mount et al., 1993) and protects neurons from oxidative 
stress (Sagara and Schubert, 1998). Thus, a loss of so- 
matodendritic phosphoinositide-linked mGluRs in Pur- 
kinje cells and CA1 neurons may have a role in the 
necrosis of these neurons after ischemia. Alternatively, 
this loss is possibly a consequence of necrotic degenera- 
tion of these neurons. It is possible that augmented ac- 
tivity of PLC-coupled mGluR signal transduction pro- 
teins does not participate in the primary mechanisms for 
DND of CA1 pyramidal neurons and cerebellar Purkinje 
cells after ischemia. This conclusion is supported by the 
finding that neither pharmacological blockade of 
mGluRs nor ablation of the mGluRl gene reduces isch- 
emic and excitotoxic brain injury in vivo (Ferraguti et al., 
1997). However, other observations suggest that endog- 
enous activation of mGluRl contributes to ischemic and 
excitotoxic neuronal degeneration (Bruno et al., 1999). 
Additional work is necessary to precisely identify the 
role of mGluR signaling in neurodegeneration after isch- 
emia. 
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Abstract. Amyotrophic lateral sclerosis (ALS), also referred 
to as motor neurone disease, is a fatal neurological disease that 
is characterized clinically by progressive muscle weakness, 
muscle atrophy, and eventual paralysis. The neuropathology 
of ALS is primary degeneration of upper (motor cortical) and 
lower (brainstem and spinal) motor neurons. The amyotrophy 
refers to the neurogenic atrophy of affected muscle groups, and 
the lateral sclerosis refers to the hardening of the lateral white 
matter funiculus in spinal cord (corresponding to degeneration 
of the corticospinal tract) found at autopsy. Because the 
mechanisms for the motor neuron degeneration in ALS are not 
understood, this disease has no precisely known causes and 
no effective treatments. Very recent studies have identified 
that the degeneration of motor neurons in ALS is a form of 
apoptotic cell death that may occur by an abnormal 
programmed cell death (PCD) mechanism. In order to treat 
ALS effectively, we need to understand the mechanisms for 
motor neuron apoptosis more completely. Future studies need 
to further identify the signals for PCD activation in neurons 
as they relate to the pathogenesis of ALS and to clarify the 
molecular pathways leading to motor neuron apoptosis in 
animal and cell culture model systems. These studies should 
lead to a better understanding of motor neuron death and to 
the design of new therapeutic experiments critical for the future 
treatment of ALS. 

Contents 

1. Introduction 
2. ALS and mutant SOD 1 
3. Excitotoxicity and neurodegeneration in ALS 
4. ALS and neuronal cell death 
5. Apoptosis contributes to the neuronal death in ALS 
6. Molecular regulation of apoptosis 

Correspondence to: Dr Lee J. Martin, Johns Hopkins University 
School of Medicine, Department of Pathology, 558 Ross Building, 
720 Rutland Avenue, Baltimore, MD 21205-2196, USA 

Key words: axotomy, DNA damage, excitotoxicity, mitochondria, 
neuronal apoptosis, oxidative stress, programmed cell death 

7. Autoimmunity and ALS 
8. PCD pathways and neuronal apoptosis 
9. Oxidative stress induces neuronal apoptosis 

10. DNA damage and DNA repair mechanisms in ALS 
11. Animal models of neuronal apoptosis in the adult CNS 
12. Future hope for the understanding of ALS 

1. Introduction 

ALS is a human disease clinically characterized by progressive 
weakness, muscle atrophy, and eventual paralysis and death 
within 3-5 years of clinical onset (1). It is one of the most 
common neurodegenerative diseases with an adult onset, 
having an incidence of 1-2 per 100,000 individuals. This 
disease is neuropathologically characterized by progressive 
degeneration of upper and lower motor neurons in the brain 
and spinal cord. The mechanisms leading to degeneration of 
motor neurons in ALS are not understood. Two major forms 
of ALS exist: idiopathic (sporadic) and heritable (familial). 
The vast majority of ALS cases are sporadic with no known 
genetic component. The familial forms of ALS (FALS) are 
autosomal dominant and make up about 10-20% of all ALS 
cases. In a subset of familial ALS cases (about 5-10%), 
missense mutations have been identified (2) in the gene for 
Superoxide dismutase 1 (SOD1, also known as Cu,Zn SOD). 

A variety of hypothesis (Table I) have been proposed for 
the possible causes of neuronal death in ALS, including SOD1 
mutations, abnormal uptake of excitatory amino acids leading 
to glutamate receptor-mediated excitotoxicity, deficiencies in 
neurotrophic factors, DNA damage, and autoimmunity. 
Recently, this laboratory (3) has provided strong evidence 
that motor neuron degeneration is due to an anomalous 
activation of programmed cell death (PCD). A better 
understanding of the pathogenesis of neuronal degeneration 
in this disease and in animal models that mirror this 
degeneration of motor neurons found in ALS is critical for 
the future development of effective therapies for patients 
with ALS. 

2. ALS and mutant SOD1 

Mutations have been identified in the SOD1 gene in a small 
subset of individuals with FALS (2,4). Thus, most current ideas 
regarding the mechanisms for motor neuron degeneration in 
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Table I. Some leading theories about motor neuron 
degeneration in ALS. 

Mechanism Comment 

SOD1 mutation 

Excitotoxicity 

Neurotrophin 
withdrawal 

DNA damage/ 

repair defects 

Autoimmunity 

Found in a subset of FALS cases. 
Resulting in a toxic gain-in-function 
or modified stability of SOD1 

Resulting from abnormal glutamate 
receptor activation and defects in 
glutamate transport 

Resulting from insufficient muscle 
cell- or glial cell-derived trophic 
support or defective neurotrophin 
receptor signaling 

Resulting from oxidative stress or 

inefficient DNA-repair enzyme 

function. May involve both 

mitochondrial and nuclear DNA 
damage 

Resulting from autoantibodies to 
motor neuron antigens 

Aberrant programmed    May be triggered by all of the above 
cell death mechanisms 

ALS center on the mutant forms of SOD1 found in FALS. 
Because SOD1 is widely expressed in cells throughout the 
body, and in CNS tissue the expression is very ubiquitous (5), 
the basis for the selective vulnerability of motor neurons in the 
presence of SOD1 mutations is not clear. Initial experiments 
suggested that mutations in SOD1 lead to motor neuron 
degeneration by decreasing its enzymatic activity, resulting 
in toxic effects of Superoxide radicals inefficiently scavenged 
by mutant SOD1 (4). This hypothesis was supported by the 
finding that down-regulation of SOD1 causes apoptosis in 
neuronal cell cultures (6) and in slice cultures of spinal cord (7), 
and by the observation that microinjected normal wild-type 
SOD1 can delay apoptosis in cultured neurons deprived of 
trophic factors (8). However, it was observed that FALS-linked 
mutations in SOD1 do not generally impair enzymatic activity, 
but instead decrease protein stability (9). More recently, it has 
been proposed that mutant SOD1 acquires a neurotoxic gain 
in function. Mutations in SOD1 may convert this enzyme 
from a protein with antioxidant-antiapoptotic functions to a 
protein with apoptosis-promoting effects (10). In addition to 
the dismutation of Superoxide, SOD1 also has peroxidase 
activity, and this peroxidase activity is enhanced in mutant 
SOD1 compared to normal SOD1 (11). This gain-of-function 
may lead to enhanced production of hydroxyl, Superoxide, and 
peroxynitrite radicals (11,12). SOD1 catalyzes the nitration of 

specific tyrosine residues in protein by peroxynitrite, which 
may contribute to the damaging gain-of-function resulting from 
SOD1 mutations (12). Neurofilaments are major structural 
proteins in motor neurons and, notably, neurofilament L is a 
target of tyrosine nitration by peroxynitrite (13). Other studies 
have revealed that Zn2+ affinity of mutant SOD1 is decreased 
and that neurofilament L binds Zn2+ with sufficient affinity to 
capture this cofactor from mutant and wild-type SOD1 (14). 
The loss of Zn2+ from wild-type SOD1 dramatically increases 
its efficiency for catalyzing peroxynitrite-mediated tyrosine 
nitration (14). Although neurofilament L is particularly 
susceptible to peroxynitrite-mediated nitration, tyrosine 
nitration of this protein is not elevated in spinal cords of 
sporadic ALS cases compared to controls (15). These altered 
properties of mutant SOD1 have not yet been causally-linked 
specifically to motor neuron damage in ALS. However, these 
observations are relevant to our recent findings that motor 
neuron degeneration in sporadic ALS and FALS is apoptosis 
(3) and that induced apoptosis of motor neurons in animal 
models is associated with peroxynitrite formation and hydroxyl 
radical damage to DNA (16). 

Motor neuron degeneration occurs in mice with forced 
expression of mutant forms of the gene encoding for SOD1 
(17,18). The motor neuron degeneration found in transgenic 
mice overexpressing the FALS mutant forms of SOD1 (17-19) 
is different structurally from the degeneration of motor neurons 
in sporadic and FALS (3). Rather than being a condensational 
form of death, these mouse motor neurons become swollen and 
severely vacuolated. Neither morphological nor biochemical 
evidence for apoptotic death of motor neurons has been shown 
in any of the SOD1 transgenic mouse models of ALS, and it is 
still uncertain whether motor neurons in these mouse models 
die or whether they remain in a severely vacuolated, atrophic 
state, similar to neurons in some models of axotomy and 
excitotoxicity (20,21). Although, the survival of FALS mice is 
prolonged when crossed with mice overexpressing Bcl-2 (22) 
or a dominant negative inhibitor of caspase-1 (23), the 
degeneration of motor neurons is not prevented (22), suggesting 
that neuronal degeneration in FALS mice is not apoptosis 
controlled by PCD mechanisms. The vacuolar and edematous 
degeneration of motor neurons in mice overexpressing mutant 
SOD1 (17-19) more closely resembles excitotoxic neuro- 
degeneration (24,25) or transsynaptic neuronal atrophy (but 
not death) induced by deafferentation (20,21). It is possible that 
the prominent neuropathological dissimilarity between motor 
neuron degeneration in existing transgenic mouse models and 
in ALS is related to differences in the level of mutant SOD1 
expression and the rate of neuronal degeneration. We have 
found that rate of neuronal injury influences the cell death 
pathway, with neuronal necrosis evolving acutely and neuronal 
apoptosis progressing more slowly, despite similar mechanisms 
such as oxidative stress (26). 

3. Excitotoxicity and neurodegeneration in ALS 

The amino acid glutamate is the major excitatory neuro- 
transmitter in the CNS. Glutamate functions in synaptic 
neurotransmission by activating glutamate receptors (GluRs). 
Excessive activation of subtypes of GluRs is excitotoxic to 
neurons (25-28). GluR-mediated excitotoxicity has been 
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proposed to explain the patterns of selective neuronal cell death 
and clinical manifestations of ALS. This hypothesis is based 
on several different lines of evidence: an exogenous glutamate 
analogue may be responsible for the damage to upper motor 
neurons in lathyrism via actions at specific GluR subtypes (29); 
abnormalities in brain tissue excitatory amino acid metabolism 
may participate in the pathogenesis of Huntingtons disease 
and olivopontocerebellar atrophy (two slowly progressive, 
chronic neurodegenerative disorders with selective neuronal 
vulnerability) (30,31); serum and cerebrospinal fluid 
concentrations of glutamate have been found to be increased in 
patients with sporadic ALS in some studies (32-34), although 
not in other studies (35,36); spinal cord and affected brain 
regions of patients with ALS have decreased synaptosomal 
glutamate uptake (37,38); the protein levels of glutamate 
transporter GLT1 are decreased in vulnerable regions in ALS 
(39); abnormal RNA processing of GLT1 transcripts may occur 
in some cases of ALS (40), although other groups have found 
these 'aberrant' forms of GLT1 transcripts in controls (41,42); 
and, lastly, the antiglutamate agent riluzole may slow the 
progression of ALS and improve survival of patients (43). 

It still has not been determined satisfactorily if these 
changes in glutamate levels and glutamate uptake are primary 
or secondary to the disease process in ALS. For example, 
defects of glutamate transporter subtypes in ALS (37,38) could 
reflect a primary loss or inactivation of proteins or secondary 
effects of neurodegeneration. Neuronal cells have an important 
modulatory role in astroglial GLT1 expression because neurons 
liberate soluble factors that signal astroglial expression of 
GLT1 mRNA and protein (44) and, thus, neuronal loss or 
synaptic deafferentation may cause a downregulation of GLT1 
expression (45,46). Therefore, the argument for glutamate 
excitotoxicity resulting from GLT1 loss or downregulation as 
a primary mechanism for neurodegeneration in ALS is, as yet, 
only speculation, but glutamate toxicity could contribute to 
the death of motor neurons even if alterations in GluRs or 
transporters are secondary changes. 

The mechanisms through which activation of neuronal 
GluRs cause cell death involve alterations in cytosolic free Ca2+ 

homeostasis and activation of Ca2+-sensitive proteases, protein 
kinases, endonucleases, lipases, and phospholipases (28,47). 
The acute effects of GluR excitotoxicity have been much better 
defined than the delayed effects on neurons, whereas the 
relationships between GluR-mediated excitotoxicity and 
neuronal death in slow, chronic neurodegeneration are only 
speculative. The delayed onset of neurodegeneration in patients 
with ALS could be related synergistically to progressive 
impairments in mitochondrial oxidative phosphorylation that 
accompany aging (48), to mutations in SOD1 and ensuing 
chronic, age-related intracellular damage by reactive free 
radicals (4), or to cumulative, age-related dysfunctional 
regulation of glutamate release, transport, and GluR activation 
(27,28,47,48). This possible synergism between abnormalities 
is exemplified by a study revealing that SOD1 mutations linked 
to FALS cause free radical damage to GLT1 and transporter 
inactivation (49). 

However, like the patterns of SOD1 expression in CNS (5), 
neither differential subunit compositions of ion channel GluRs 
(AMPA and NMDA receptors) nor differential expressions 
of glutamate transporters appear to explain sufficiently the 

mechanisms that dictate the selective vulnerability of neurons 
in motor cortex and motor neurons in brainstem and spinal cord 
in ALS. This conclusion is based on many glutamate receptor/ 
transporter expression and localization studies in animal and 
human CNS (50-57). The most convincing data indirectly 
implicating excitotoxicity as having a role in the pathogenesis 
of ALS is the selective loss of the glutamate transporter GLT1 
in vulnerable regions in ALS (38,39). However, loss of 
synaptosomal glutamate uptake and loss of GLT1 protein 
also occur in Alzheimer's disease (58,59). 

Experimental neuropathological studies have shown the 
possible consequences of glutamate uptake failure in the 
regulation of extracellular glutamate and neuronal survival in 
the CNS. For example, injection of the glutamate transporter 
inhibitor threo-3-hydroxy-DL-aspartate into rat striatum causes 
neurodegeneration (60). Mice genetically deficient in GLT1, 
although they develop normally without motor neuron 
degeneration, are more susceptible to edema formation than 
wild-type mice in a model of cold injury to the cerebral cortex 
(61). Nevertheless, the data in ALS is still indirect evidence for 
GluR-mediated excitotoxicity, and it is still uncertain whether 
glutamate transporter changes are related to the consequences 
of the disease or whether abnormalities in glutamate 
transporters and potential GluR excitotoxicity contribute 
mechanistically to the pathogenesis of ALS. 

Most patients with ALS are maintained on mechanical 
ventilation, as a means of relieving symptoms of chronic hypo- 
ventilation and prolonging life, but patients die eventually 
from respiratory insufficiency (62). It has been argued that 
riluzole improves the survival of ALS patients by acting as a 
Na+ channel blocker and increasing resistance to hypoxia (by 
reducing energy demand), not by anti-excitotoxic actions 
(63). Interestingly, there is in vivo evidence that GLT1 is 
preferentially more sensitive to cerebral hypoxia-ischemia 
than other glutamate transporters in animal models (45,64). It 
is also important to note that loss of glutamate transporter 
function and accumulation of extracellular glutamate does not 
necessarily lead to neurodegeneration (46,65-67). We also 
found that GluR-mediated excitotoxicity in adult CNS kills 
neurons by a mechanism that is different structurally from 
the pattern seen in ALS (3,21,24). Thus, it is possible that 
changes in astroglial glutamate transporters in individuals 
with ALS are possibly consequences of neurodegeneration, 
or, alternatively, these alterations are related to premortem 
agonal state. 

4. ALS and neuronal cell death 

Cellular degeneration can result in atrophy or death. Insults 
to neurons do not necessarily lead to cell death. In the CNS, 
neurons can survive an insult and exist chronically in an 
altered, atrophic state (20,21). In ALS, motor neurons die 
unequivocally and are eliminated (3). The process and 
molecular causes of motor neuron death in individuals with 
ALS are not fully understood. 

Cell death can occur by different pathways. Depending on 
the type of cell and on the stimulus, cells die typically in either 
of two ways, generally described as apoptosis or necrosis 
(26,68,69). These two forms of cell death are thought to differ 
fundamentally in structure and mechanisms. Apoptosis is a 
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structurally organized PCD that is mediated by active, intrinsic 
mechanisms. However, PCD does not mean that the death is 
purely genetic and independent of epigenetic or environmental 
signals. For instance, PCD is often dependent on a variety 
trophic factors and cell-cell interactions. In contrast, cellular 
necrosis is though to be mechanistically and structurally a 
more rapid and random degeneration resulting from abrupt 
pathophysiological perturbations (e.g., osmotic, thermal, toxic, 
or traumatic) involving energy depletion, disruption of 
plasma membrane structural and functional integrity, rapid 
influx of Na+, Ca2+ and water, and failure of cell volume 
homeostasis. 

However, within the realm of neuronal cell death 
structure, 'shades of gray' can be observed (24,26,69,70). 
Our experiments using an animal model of excitotoxic 
degeneration of neurons led to the novel concept of an 
apoptosis-necrosis continuum for neuronal death in vivo 
(24,70). We concluded that excitotoxic death of neurons does 
not have to be strictly apoptosis or necrosis, according to a 
traditional binary classification of cell death structure, but it can 
also occur as intermediate or hybrid forms of cell death with 
coexisting characteristics that lie along a structural continuum 
with apoptosis and necrosis at the extremes. Features such as 
the subtypes of GluR that are activated influence where a 
dying neuron falls along this continuum. Therefore, excitotoxic 
neuronal death may not be identical in every neuron, possibly 
because of the high diversity in the expression, localization, 
and function of GluR subtypes and second messenger systems 
in the CNS (50-57). We also discovered that the structure of 
neuronal death is influenced by CNS maturity, because death 
of injured adult neurons only rarely occurs with apoptotic 
structural features that are identical to those seen during 
naturally occurring PCD in the developing nervous system 
(26,69). Thus, our concept of the apoptosis-necrosis structural 
continuum for neuronal cell death may be relevant ultimately 
for understanding neuronal death in neurodegenerative 
disorders. 

5. Apoptosis contributes to the neuronal death in ALS 

The ongoing identification of genetic and molecular regulatory 
mechanisms for PCD (Table II) has fueled the idea that 
abnormalities in the expression and functioning of cell death 
proteins may activate anomalous neuronal death in neuro- 
degenerative diseases (26,69,71-73). This possibility is 
supported by the finding that the genes for neuronal apoptosis 
inhibitory protein and survival motor neuron are either deleted 
partially or are mutant in some individuals with spinal muscular 
atrophy (a pediatric form of motor neuron disease) (72,74). 
However, it has been uncertain whether the neurodegeneration 
in ALS is apoptosis and is related causally to abnormalities in 
the molecular regulation of cell death and whether it is PCD. 

We therefore evaluated critically the structure of 
degenerating motor neurons in postmortem cases of ALS and 
determined that it is a form of apoptosis (3). Interestingly, the 
nuclear morphology of degenerating motor neurons in 
individuals with ALS is not identical to classical neuronal 
apoptosis found in the developing CNS (26) or to 
excitotoxicity-induced neuronal apoptosis in the developing 
brain (26). Therefore, we have concluded that the death of 

Table II. Molecular regulation of apoptosis. 

Bcl-2 family Caspase IAP 
family family 

Antiapoptotic Proapoptotic 
proteins proteins 

Bcl-2a Baxa Apoptosis 
'initiators': 
caspase-2, -8, 
-9,-10 

NAIP 

Bcl-xL
b Baka Apoptosis 

'executioners': 
caspase-3a, -6, -7 

IAP1 

Boo Bcl-xs Cytokine IAP2 
Bad processors: 
Bid caspase-1, -4, 
Bik -5,-11,12,-14 XIAP 
Mtd 

"Identifies proteins that have been shown to be abnormal in 
individuals with ALS (3). identifies proteins that have been shown 
to be unchanged in ALS (3). 

neurons in ALS is a form of apoptosis that may differ slightly 
from classical apoptosis at the structural level (3). This inter- 
pretation is consistent with the concept that neuronal maturity, 
magnitude of target deprivation, and rate (i.e., progression or 
timing) of neuronal death may influence the structure of dying 
cells (26). 

We also found that in selectively vulnerable CNS regions 
in individuals with ALS compared to age-matched controls, 
the proapoptotic proteins Bax and Bak are elevated in the 
mitochondrial-enriched membrane compartment but are 
reduced or unchanged in the cytosol (3). In contrast, the 
antiapoptotic protein Bcl-2 is decreased in the mitochondrial- 
enriched membrane compartment of vulnerable regions in 
ALS but is increased in the cytosol. Coimmunoprecipitation 
experiments demonstrated that Bax-Bax interactions are 
greater in the mitochondrial-enriched membrane compartment 
of ALS motor cortex compared to controls, whereas Bax-Bcl-2 
interactions are decreased in the membrane compartment of 
ALS motor cortex compared to controls. We also found that 
caspase-3 is activated in ALS. Abnormalities were not found 
in somatosensory cortex of ALS cases. These measurements 
were made on discretely microdissected punches throughout 
the entire lumbar and cervical spinal cord as well as the motor 
and sensory cortical grey matter mantles. The spinal cord and 
motor cortical samples were as selective for motor neuron 
populations as possible without the aid of laser capture 
microscopy. Thus, we propose that a PCD mechanism, 
involving cytosol-to-membrane and membrane-to-cytosol 
redistributions of cell death proteins, participates in the 
pathogenesis of motor neuron degeneration ALS (3). 
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6. Molecular regulation of apoptosis 

Apoptosis is an organized cell death. It is mediated by active, 
intrinsic PCD mechanisms. Three families of apoptosis- 
regulating genes have been identified in mammals (75-77). 
The molecular mechanisms for PCD (Table II) involve the 
activation of the caspase family of cysteine-containing, 
aspartate-specific proteases (14 members have been identified 
to date) and the interactions among cell death proteins in the 
Bcl-2 family (e.g., Bcl-2, Bcl-xL, Bcl-xs, Bax, Bak, Bid, and 
Bad), as well as modulation of cell death by the inhibitor of 
apoptosis protein (IAP) family. 

Caspases exist as constitutively expressed, inactive 
proenzymes in healthy cells. Caspases are activated through 
regulated proteolysis (Table II). These proteins function in 
systematically dismantling and packaging the cell during 
apoptosis, with 'initiator' caspases activating 'executioner' 
caspases which subsequently cleave cellular substrates, thereby 
causing the molecular and structural changes of organized 
cell death. Active caspases can cleave nuclear proteins 
[e.g., polyADP-ribose polymerase (PARP), DNA-dependent 
protein kinases, heteronuclear ribonucleoproteins, or lamins], 
cytoskeletal proteins (e.g., actin and fodrin), and cytosolic 
proteins [e.g., other caspases and DNA fragmentation factor 45 
(DFF-45)] (75,77). Other caspase family members function 
in inflammation by processing pro-inflammatory cytokines 
(Table II). Two different caspase cascades mediate PCD. One 
pathway is initiated by cytochrome c release from mito- 
chondria, that promotes the activation of caspase-9 through 
Apaf-1 and then caspase-3 activation (78). Another pathway 
is initiated by the activation of cell-surface death receptors, 
including Fas and tumor necrosis factor receptor, leading to 
caspase-8 activation, that in turn cleaves and activates down- 
stream caspases such as caspase-3, -6, and -7 (79,80). 

Another group of apoptosis regulatory genes is the bcl-2 
proto-oncogene family (Table II) (76). Of these genes, bcl-2, 
bcl-xL, and boo are antiapoptotic, whereas bax, bcl-xs, bad, 
bak, bid, bik, and mtd are proapoptotic. Membership into the 
family of Bcl-2-related proteins is defined by homology 
domains (BH1-BH4), which function in the interactions 
between members. Bcl-2 family members exist as monomers 
that form homo- or heterodimers and higher order multimers 
(76). For example, Bax can form homodimers or heterodimers 
with either Bcl-2 or Bcl-xL (76). When Bax and Bak are present 
in excess, they can antagonize the antiapoptotic activity of 
Bcl-2. The formation of Bax homodimers is thought to promote 
apoptosis, whereas Bax heterodimerization with either Bcl-2 
or Bcl-xL appears to prevent apoptosis. Thus, the complex, 
steady-state array of protein-protein interactions among 
members of the Bcl-2 family functions in dictating whether a 
cell lives or dies. This complexity is further expanded because 
some proapoptotic proteins such as Mtd (called matador) can 
function independently of heterodimerization with survival- 
promoting Bcl-2 and Bcl-xL (81). 

Cell death is also regulated by the IAP (inhibitor of 
apoptosis protein) family (82). This family includes X- 
chromosome-linked IAP, IAP1, IAP2, and NAIP (neuronal 
apoptosis inhibitory protein). Survival motor neuron is another 
apoptosis inhibitory protein. The main identified mechanism 
by which IAPs suppress apoptosis is by the prevention of 

proteolytic processing of specific caspases (83). It appears 
that procaspase-9 is the major target of IAPs. However, IAPs 
do not prevent caspase-8-induced proteolytic activation of 
procaspase-3. IAPs can also block apoptosis by reciprocal 
interactions with the nuclear transcription factor NFKB (82). 
NAFP is abnormal in infants and children with spinal muscular 
atrophy (72-74). It is tempting to speculate about the possibility 
of IAP inactivation in ALS as a mechanism for motor neuron 
apoptosis, but this possibility remains to be examined. To date, 
the deletions in the genes for NAIP and survival motor neuron 
that have been identified in cases of spinal muscular atrophy 
have not been found in individuals with ALS (84). 

In cell models of apoptosis based on in vitro experiments 
using human cell lines, activation of caspase-3 occurs when 
caspase-9 proenzyme (also known as Apaf-3) is bound by 
Apaf-1 in a process initiated by cytochrome c (identified as 
Apaf-2) and either ATP or dATP (78). Cytosolic ATP or dATP 
are required cofactors for cytochrome c-induced caspase 
activation. Apaf-1, a 130 kDa protein, serves as a docking 
protein for procaspase-9 (Apaf-3) and cytochrome c (78). 
Apaf-1 becomes activated when ATP is bound and hydrolyzed, 
with the hydrolysis of ATP and the binding of cytochrome c 
promoting Apaf-1 oligomerization (85). This oligomeric 
complex recruits and activates procaspase-9 which 
disassociates from the complex and becomes available to 
activate caspase-3. This stage is where IAPs can act to block 
apoptosis (83). Once activated, caspase-3 cleaves a protein 
with DNase activity (DFF-45), and this cleavage activates a 
pathway leading to the internucleosomal fragmentation of 
genomicDNA (86). 

In response to several apoptosis-inducing agents, cyto- 
chrome c is released from mitochondria to the cytosol (87,88) 
through a mechanism that may involve the formation of 
membrane channels comprised of Bax and mitochondrial 
permeability transition pores (89). Bcl-2, or the closely related 
Bcl-xL, blocks the release of cytochrome c from mitochondria 
and thus the activation of caspase-3 (78,90). The blockade of 
cytochrome c release from mitochondria by Bcl-2 and Bcl-xL 

(90, 91) is possibly due to inhibition of Bax channel-forming 
activity in the outer mitochondrial membrane (89) or to the 
regulation of mitochondrial membrane potential and volume 
homeostasis (91). Bcl-xL also has antiapoptotic functions by 
physically interacting with Apaf-1 and caspase-9 and inhibiting 
the Apaf-1-mediated maturation of caspase-9 (92). Boo can 
inhibit Bak- and Bik-induced apoptosis (but not Bax-induced 
cell death) possibly through heterodimerization and by 
interactions with Apaf-1 and caspase-9 (93). 

Protein phosphorylation can regulate the functions of Bcl-2 
family members. Following serine phosphorylation, Bcl-2 
loses its antiapoptotic activity, possibly because it cannot 
maintain its antioxidant function (94). In addition to interacting 
with homologous proteins, Bcl-2 can associate with non- 
homologous proteins, including the protein kinase Raf-1 (95). 
Bcl-2 is thought to target Raf-1 to mitochondrial membranes, 
allowing this kinase to phosphorylate Bad at serine residues. 
Phosphorylated Bad translocates to the cytosol and interacts 
with soluble protein 14-3-3 and, when bound to protein 14-3-3, 
Bad is unable to interact with Bcl-2 and Bcl-xL, thereby 
promoting survival (96). Non-phosphorylated Bad hetero- 
dimerizes with membrane-associated Bcl-2 and Bcl-xL, thereby 
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displacing Bax from Bax-Bcl-2 and Bax-Bcl-xL dimers and 
promoting cell death (97). 

Cell death by apoptosis can also be signaled at the cell 
membrane by surface receptors of the tumor necrosis factor 
(TNF) receptor family. Fas (CD95/Apo-l) is a member of 
the TNF receptor family (79). Apoptosis through Fas is 
independent of new RNA or protein synthesis. The signal for 
apoptosis is initiated at the cell surface by aggregation of Fas, 
induced by the binding of the multivalent Fas ligand (FasL), 
a member of the TNF-cytokine family, expressed on activated 
T cells and natural killer cells. Clustering of Fas by FasL 
recruits Fas-associated death domain (FADD), a cytoplasmic 
adapter molecule that functions in the activation of the caspase 
8-Bid pathway, thus forming the 'death-induced signaling 
complex' (DISC) (80). In this pathway, Bid (a proapoptotic 
family member that is a substrate for caspase-8) is cleaved in 
the cytosol, and then truncated Bid translocates to mito- 
chondria, thereby functioning as a transducer of Fas apoptotic 
signals at the cell plasma membrane to the mitochondria (80). 
Bid translocation from the cytosol to mitochondrial membranes 
is associated with a conformational change in Bax (that is 
prevented by Bcl-2 and Bcl-xL) and is accompanied by release 

of cytochrome c from mitochondria (98). At present it is not 
clear whether the Fas-caspase-Bid signaling pathway for 
apoptosis participates in the mechanisms for motor neuron 
apoptosis in ALS. Our laboratory is actively investigating 
this possibility. 

Apoptosis can also be induced by the oncosuppressor 
protein p53 (99). This DNA binding protein functions in 
genome surveillance, DNA repair, and as a transcription factor. 
p53 commits to death cells that have sustained DNA damage 
from genotoxic agents and ROS (99). The mechanisms by 
which p53 induces apoptosis are not fully understood, although 
it is know that p53 is a direct transcriptional activator of the 
human bax gene (100) and a transcriptional repressor of the 
bcl-2 gene (101). This information is important because we 
have found increased Bax protein levels and decreased Bcl-2 
protein in selectively vulnerable CNS regions in ALS (3). 
Thus, p53 may participate in the mechanisms for motor 
neuron death in ALS. 

7. Autoimmunity and ALS 

Another theory for the pathogenesis for ALS suggests that 
degeneration of upper and lower motor neurons is caused by 
an autoimmune response. Support for this theory is based on 
studies identifying antibodies to L-type voltage-gated Ca2+ 

channels in some patients with sporadic ALS, although the 
presence of these antibodies is not specific for ALS (102). 
These Ca2+ channel antibodies induce Ca2+-dependent apoptosis 
in differentiated motor neurons in culture by a mechanism 
involving oxidative stress (103). Additional evidence 
supporting an immune mechanism for neuronal death in ALS 
is derived from experiments revealing greater numbers of 
cytotoxic T cells in ALS tissues compared to controls (104). 
Cytotoxic T cells induce their target cells to undergo PCD by 
perforin release and granzyme B activation or by Fas signaling 
(79). It is not yet clear whether Fas signaling contributes to 
the mechanisms for neuronal apoptosis in ALS. However, 
caution is warranted in this regard because these data may 

signify an immune response in ALS tissues secondary to neuro- 
degeneration, rather than a primary mechanism for motor 
neuron apoptosis. 

Despite data suggesting an immunological contribution to 
the pathogenesis of ALS, to date, the disease process has not 
responded to immunosuppressive therapies. However, well 
recognized immunopathies, such as multiple sclerosis and 
diabetes, do not respond to known immunosuppression 
methods. Thus, the possible contributions of immunological 
abnormalities to the mechanisms for motor neuron death in 
ALS have yet to be fully explored. 

8. PCD pathways and neuronal apoptosis 

A control of PCD by cell death proteins has been demonstrated 
in the mammalian nervous system. The numbers of neurons 
may be increased (presumably resulting from deficient 
apoptosis) in some CNS regions in transgenic mice that over- 
express the bcl-2 gene (105-107), in mice with bax gene- 
ablations (108), and in mice with caspase-3 (109), caspase-9 
(110,111), and Apaf-1 (112) gene deletions. Caspase-3, 
caspase-9, and Apaf-1 deficiencies are embryonic lethal. In 
contrast, Bcl-2-deficient mice survive and show an interesting 
progressive degeneration of motor neurons after the PCD 
period during early postnatal development (113). 

Support for the contribution of apoptosis in neuro- 
degeneration is found in axotomy and trophic factor withdrawal 
experiments. Bcl-2 overexpression ameliorates the motor 
neuron death in newborn mice induced by facial nerve 
transection (114), sciatic nerve transection (105), or optic nerve 
transection (107). Caspases appear to participate in apoptosis 
of sensory and motor neurons. For example, inhibition of 
caspase-1 and caspase-2 blocks the apoptosis of dorsal root and 
sympathetic ganglion neurons when deprived of nerve growth 
factor (115,116); furthermore, in retina, inhibition of caspase 
activity protects axotomized ganglion cells from death after 
optic nerve transection in adult rat (117). Inhibition of 
caspase-1 also arrests the PCD of motor neurons in vitro 
resulting from trophic factor deprivation and in vivo during 
the period of naturally occurring cell death (118). 

9. Oxidative stress induces neuronal apoptosis 

Oxidative stress is a potent stimulus for apoptosis in a variety 
of in vitro systems, including cultured neurons (119-121). 
Reactive oxygen species (ROS), such as Superoxide anion 
radical, hydrogen peroxide and hydroxyl radical, can directly 
damage macromolecules, including DNA, protein, and lipid 
membranes (122). The balance between endogenous ROS 
formation and antioxidant defense mechanisms is important for 
cellular survival. ROS are byproducts of oxidative metabolism. 
The mitochondrial electron-transfer chain is a primary 
generator of Superoxide and peroxide (123), and damaged 
mitochondria produce greater amounts of Superoxide ion (123). 
Point mutations in mitochondrial DNA caused by oxidative 
damage may lead to protein conformational changes and 
inefficient electron transfer to cytochrome c oxidase (124) 
and, hence, enhanced Superoxide and peroxide formation. 
These observations are consistent with the idea that mito- 
chondria participate in'the effector stages of apoptosis (125) 
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through changes in apoptotic protein function and cytochrome 
c release. 

10. DNA damage and DNA repair mechanisms in ALS 

The accumulation of damaged DNA may be a primary 
abnormality in ALS (126). This damage may be either acquired 
or inherited. Elevated levels of oxidatively damaged DNA in 
the form of DNA adducts (e.g., 8-oxodeoxyguanosine) have 
been found in spinal cord tissue of ALS cases (127). In 
addition, increased concentrations of hydroxyl radical damaged 
DNA have been found in the motor cortex of sporadic ALS 
cases (128). It has been proposed that SOD1 linked FALS 
mutations cause an altered sensitivity to free radicals; however, 
lymphoblastoid cells from FALS patients with SOD1 gene 
mutations do not show impaired abilities to scavenge radiation- 
induced free radicals and to protect against DNA double-strand 
breaks (129). 

DNA oxidation occurs at a significant rate in vivo and is 
counteracted by specific DNA repair mechanisms (130). 
Apurinic/apyrimidinc endonuclease (APE) is a critical enzyme 
in the DNA base-excision repair pathway, which is considered 
to be the predominant pathway for repair of oxidatively 
damaged DNA (131). Studies have suggested that DNA repair 
mechanisms are deficient in individuals with sporadic ALS 
(132,133), and, interestingly, the possible defects in APE may 
be cell or tissue type specific (134). Moreover, mutations in 
APE have been identified in sporadic ALS (135,136), further 
suggesting a possible role for defective DNA repair in the 
etiology of ALS. 

11. Animal models of neuronal apoptosis in the adult 
CNS 

It is important to study neuronal apoptosis in adult animal 
models because ALS is an adult onset neurodegenerative 
disease and CNS maturity has major influences on the structure 
of neuronal death (24,26,69). We found that the degeneration 
of motor neurons in individuals with ALS (3) has many 
similarities to the apoptosis of CNS neurons induced by 
axotomy and target deprivation in adult animals (16,137,138). 
This induced apoptosis is characterized morphologically by 
chromatolysis followed by a progressive sequence of neuro- 
filament accumulation, cytoplasmic and nuclear condensation, 
and cellular shrinkage. Degenerating motor neurons in ALS 
also undergo chromatolysis and then progressive cytoplasmic 
and nuclear condensation (3). Affected neurons show cyto- 
skeletal pathology in the form of neurofilament accumulation 
within the neuronal cell body and axon (139,140). Because 
motor neuron degeneration in sporadic and FALS is structurally 
different from the motor neuron degeneration found in trans- 
genic mice overexpressing the FALS mutant forms of SOD1 
(3,17-19), animal models for bona fide neuronal apoptosis 
in vivo are critical for understanding the neurobiology of 
disease in ALS. 

In two different animal models of axotomy-induced retro- 
grade neuronal apoptosis in the adult CNS, we have found that 
neuronal death occurs in association with the accumulation of 
functionally active mitochondria and oxidative stress (16,137, 
138). Mitochondrial accumulation »within the neuronal cell 

body and increased metabolic activity may cause excessive 
generation of ROS within the vicinity of the neuronal 
nucleus, depletion of mitochondrial and cytosolic antioxidant 
mechanisms, and subsequent oxidative damage to DNA 
(3,138). In both adult CNS models of neuronal apoptosis that 
are studied in our laboratory, the mitochondria become 
progressively damaged, as evidenced by the eventual loss of 
cytochrome c oxidase activity and by the swelling and 
cristeolysis that manifest concurrently with the incipient cyto- 
plasmic compaction of apoptosis, supporting the hypothesis 
that apoptosis-initiating factor(s) and cytochrome c are 
sequestered in the mitochondrial intermembrane space (78,90), 
which upon their release activate a PCD cascade (86-88). 
The finding that oxidative stress induces neuronal apoptosis 
in vitro (120,121,125) supports our idea that mitochondria may 
participate in the signaling of injured, chromatolytic motor 
neurons to enter apoptosis, possibly by releasing cytochrome c 
from mitochondria (87-88) or by generating excessive ROS and 
causing DNA damage-induced, p53 activation (99). We 
now have preliminary data suggesting that this retrograde 
apoptosis of motor neurons may be dependent on DNA 
damage-induced p53 activation (Martin LJ, et al, Soc Neurosci 
Abs. 25: 289, 1999). If normal trafficking of mitochondria 
into axonal and dendritic compartments is not re-established 
or effectively buffered, a sustained accumulation of active 
mitochondria in the vicinity of the nucleus may provide a 
source of DNA damaging ROS as well as Apaf-2. It has been 
suggested that hydroxyl radical production by microdialysis 
of hydroxyl radical generators can kill motor neurons in 
spinal cord (141). However, at present, it is uncertain if 
mitochondrial-derived ROS can trigger apoptosis of motor 
neurons in vivo. 

Induced neuronal apoptosis in the adult CNS is associated 
with hydroxyl radical damage to DNA (16,138). Among the 
ROS, hydroxyl radicals are highly reactive and are thought to 
be genotoxic by interacting with DNA and producing DNA 
strand breaks and base modifications (122-124). Hydroxyl 
radicals are products of the transitional metal (e.g., iron) - 
catalyzed, Haber-Weiss- and Fenton-type reactions that use 
Superoxide and hydrogen peroxide as substrates, respectively 
(123). Our recent experiments are important because they show 
the formation of hydroxyl radical-modified DNA during the 
progression of neuronal apoptosis in vivo. 

In addition, our experiments indicate that peroxynitrite 
radicals are formed within motor neurons early after injury at 
preapoptotic stages of degeneration, based on the transient 
detection of intense nitrotyrosine immunoreactivity within 
subsets of ventral root axons and motor neuron cell bodies (16). 
The appearance of this intense nitrotyrosine immunoreactivity 
occurs prior to structural evidence for apoptosis in avulsed 
motor neurons. Nitric oxide synthase is induced in motor 
neurons after avulsion (142) and in primary cultures of 
embryonic motor neurons deprived of brain-derived 
neurotrophic factor (143). In this latter in vitro paradigm, 
motor neurons cultured in the absence of trophic factor 
exhibit nitrotyrosine immunoreactivity prior to the occurrence 
of apoptosis (143), similar to our findings in vivo (16). 
Inhibition of nitric oxide synthase reduces motor neuron loss 
after spinal root avulsion (144). Therefore, the accumulation 
of active mitochondria within neuronal cell bodies, combined 
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with nitric oxide induction (142), may lead to peroxy- 
nitrite formation and induction of motor neuron apoptosis 
in vivo. 

Our observations in models of axotomy-induced neuronal 
apoptosis in the adult CNS may be important for the 
understanding of neuronal death in human, adult-onset neuro- 
degenerative diseases such as ALS. Neurodegeneration in ALS 
has components of axotomy/target deprivation-like retrograde 
neuronal injury. In addition, evidence for oxidative damage has 
been found in postmortem brains from individuals with ALS, 
based on the detection of protein carbonyls, protein nitration, 
and DNA oxidation (126-128). Important unanswered 
questions regarding neuronal apoptosis in the adult CNS and 
in ALS center on the dependence of this process on specific 
molecules, including p53, Fas, Bax, and caspases. Trophic 
factor deprivation-induced apoptosis of motor neurons in vitro 
(108,118,143) and in vivo (108,118) is caspase- and Bax- 
dependent, as might be the case for motor neuron apoptosis 
in ALS (3). 

12. Future hope for the understanding of ALS 

Additional laboratory experiments are necessary to identify 
possible cellular and molecular causes for motor neuron 
apoptosis in individuals with ALS by analyzing, in post- 
mortem CNS tissues, proteins that function in PCD pathways. 
In parallel, studies need to be conducted to identify the cellular 
and molecular similarities and differences among motor neuron 
degeneration in ALS and in animal models in which motor 
neurons degenerate. For example, mice genetically deficient in 
Fas/FasL, Bax, and p53, can be used to dissect the contribution 
of these molecules in controlling apoptosis in motor neurons 
in vivo. Once appropriate animal models for motor neuron 
apoptosis have been identified and characterized, new drugs or 
biological agents (caspase inhibitors, antioxidants, immuno- 
suppressants, and neurotrophic factors) can be tested for 
safety and for their ability to abrogate motor neuron apoptosis. 
The demonstration that abnormal PCD mechanisms participate 
in the pathogenesis of motor neuron degeneration in ALS (3), 
and the clarification of the molecular pathways mediating 
motor neuron apoptosis, should lead to the identification of 
alternative treatments or cures for ALS. Our recent experiments 
with ALS CNS tissues (3) have important therapeutic 
implications for patients with ALS. Manipulations that cause 
an elevation and specific activation of Bcl-2 or IAPs and 
pharmacological treatment with caspase inhibitors may delay 
the onset or progression of motor neuron apoptosis in patients 
with ALS. In this regard though, elevations in antiapoptotic 
proteins may not be meaningful therapeutically unless the 
subcellular trafficking and targeting (i.e., to mitochondria) of 
proteins is efficient in motor neurons. 
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The mechanisms for neurodegeneration after hypoxia-ischemia (HI) in newborns are not understood. 
We tested the hypothesis that striatal neuron death is necrosis and evolves with oxidative stress and 
selective organelle damage. Piglets (~1 week old) were used in a model of hypoxia-asphyxia and 
survived for 3, 6, 12, or 24 h. Neuronal death was progressive over 3-24 h recovery, with -80% of 
putaminal neurons dead at 24 h. Striatal DNA was digested randomly at 6-12 h. Ultrastructurally, dying 
neurons were necrotic. Damage to the Golgi apparatus and rough endoplasmic reticulum occurred at 
3-12 h, while most mitochondria appeared intact until 12 h. Mitochondria showed early suppression 
of activity, then a transient burst of activity at 6 h, followed by mitochondrial failure (determined by 
cytochrome c oxidase assay). Cytochrome c was depleted at 6 h after HI and thereafter. Damage to 
lysosomes occurred within 3-6 h. By 3 h recovery, glutathione levels were reduced, and peroxynitrite- 
mediated oxidative damage to membrane proteins, determined by immunoblots for nitrotyrosine, 
occurred at 3-12 h. The Golgi apparatus and cytoskeleton were early targets for extensive tyrosine 
nitration. Striatal neurons also sustained hydroxyl radical damage to DNA and RNA within 6 h after HI. 
We conclude that early glutathione depletion and oxidative stress between 3 and 6 h reperfusion 
promote damage to membrane and cytoskeletal proteins, DNA and RNA, as well as damage to most 
organelles, thereby causing neuronal necrosis in the striatum of newborns after HI. o 2000 Academic Press 

Key Words: apoptosis; cerebral palsy; cytochrome c; DNA damage; mitochondria; RNA oxidation 

INTRODUCTION 

Hypoxia-ischemia (HI) in newborns is a major cause 
of pediatric mortality and morbidity and causes brain 
damage resulting in life-long neurobehavioral handi- 
caps. In human newborns (Volpe, 1995; Roland et al., 
1998; Maller et al, 1998) and in some pediatric animal 
models (Martin et al, 1997a,b), HI causes a character- 
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istic encephalopathy, with basal ganglia and somato- 
sensory systems showing selective vulnerability. 
However, the mechanisms that cause this brain dam- 
age in HI neonates remain unclear. Glutamate recep- 
tor-mediated excitotoxic cell injury is a possible mech- 
anism for this neuronal degeneration following HI in 
newborns (Olney, 1994; Martin et al, 1998a). Using a 
newborn piglet model of cardiac arrest that causes 
reproducible damage to the basal ganglia (Martin et 
al, 1997b,c), we found that the protein levels of spe- 
cific subtypes of glutamate transporters (e.g., GLT1 
and EAAC1) are reduced in striatum at 24 h recovery 
and thereafter (Martin et al, 1997c) and that functional 
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transport of glutamate is impaired in striatal synapto- 
somes by 6-12 h after HI (Natale et al, 1999). The 
concept that excitotoxicity participates in the mecha- 
nisms for neuronal degeneration resulting from peri- 
natal HI is supported by studies showing that the 
NMDA receptor antagonist MK-801 ameliorates brain 
damage in HI neonatal rats (McDonald et al, 1987; 
Ford et al, 1989). However, neither MK-801 (LeBlanc et 
al, 1991) nor AMPA receptor antagonists (LeBlanc et 
al, 1995; Martin et al, 1997a; Brambrink et al, 1999) 
afford neuroprotection in clinically relevant models of 
newborn HI. Although glutamate receptor excitotox- 
icity continues to be a potential mechanism for neu- 
rodegeneration in the perinatal period, the precise 
cellular and molecular pathways for neuronal death in 
vivo remain poorly understood. 

Depending on the type of cell and on the stimulus, 
cells typically die in either of two ways generally 
described as apoptosis or necrosis (Kerr et al, 1972; 
Martin et al, 1998a). These two forms of cell death are 
thought to differ fundamentally at structural and 
mechanistic levels. Apoptosis is a structurally orga- 
nized, programmed cell death that is mediated by 
active, intrinsic mechanisms. In contrast, cellular ne- 
crosis is though to be structurally a more rapid and 
random degeneration resulting from extrinsic insults 
to the cells, such as abrupt environmental perturba- 
tions (e.g., osmotic, thermal, toxic, or traumatic) and 
departures from physiological conditions, involving 
disruption of plasma membrane structural and func- 
tional integrity, rapid influx of Na+, Ca2+, and water, 
cell swelling, and subsequent dissolution of the cell 
(Choi, 1992). More recent experiments have revealed 
that the death of neurons can also be a hybrid of 
apoptosis and necrosis with overlapping characteris- 
tics (Portera-Cailliau et al, 1997a,b). Some studies have 
suggested that neuronal death after HI in newborns is 
apoptosis (Beilharz et al, 1995; Hill et al, 1995; Cheng 
et al, 1998). However, this conclusion is controversial 
(Martin et al, 1998a). Neurodegeneration in the new- 
born striatum is advanced at 24 h after HI (Martin et 
al, 1997c). Therefore, we tested the hypothesis that the 
progression of striatal neuron death after HI is rapid 
and necrotic structurally, but evolves orderly with 
successive subcellular abnormalities in different or- 
ganelles, similar to excitotoxic neuronal necrosis (Por- 
tera-Cailliau et al, 1997a,b). Because reactive oxygen 
species (ROS) are potent mediators of cell necrosis 
(McCord, 1985; Halliwell and Gutteridge, 1986), we 
also determined if striatal neuron death after HI 
emerges in association with acute oxidative stress and 

ROS-mediated damage to membrane proteins and nu- 
cleic acids. 

MATERIALS AND METHODS ' 

Piglet Model of HI ■» 

The animal protocol was approved by the Animal 
Care and Use Committee of the Johns Hopkins Med- 
ical Institutions and was described previously (Martin 
et al, 1997a,b,c; Brambrink et al, 1999). This piglet 
model was adopted because of its relevance to HI 
encephalopathy in human newborns and children 
(Johnston, 1998). One-week-old male or female piglets 
(~3 kg) were anesthetized with intraperitoneal (ip) 
sodium pentobarbital (65 mg/kg), intubated, and ven- 
tilated mechanically. Using sterile surgery, femoral 
arterial and venous catheters were placed into the 
thoracic aorta and inferior vena cava, respectively, and 
were tunneled subcutaneously exiting the skin for 
long-term access. Cephalothin (50 mg/kg) prophy- 
laxis was administered intravenously. Oxygenation, 
ventilation, and acid-balance were all maintained at 
normal values. Rectal temperature was maintained at 
38.5-39.5°C. Piglets received a maintenance infusion 
of intravenous lactated Ringer's solution (10 mg/kg/ 
h), with additional analgesia and neuromuscular 
blockade provided by bolus intravenous fentanyl (10 
jug/kg) and pancuronium (0.3 mg/kg), respectively. 
Baseline arterial blood gases, pH, hemoglobin, glu- 
cose, lactate, pulse rate, and blood pressure were mea- 
sured (Brambrink et al, 1999). 

Piglets were then exposed to 30 min of hypoxia 
(Sa02 30%), followed by 5 min of ventilation with 
room air (Sa02 65%), and then 7 min of airway occlu- 
sion (Sa02 5%), resulting in asphyxic cardiac arrest 
(Brambrink et al, 1999). Piglets were resuscitated by 
ventilation with 100% 02, manual chest compressions, 
intravenous epinephrine (0.1 mg/kg), and intrave- 
nous sodium bicarbonate (1 mEq/kg) until return of 
spontaneous circulation, usually within 2-3 min. De- 
fibrillation (2 joules/kg) was performed for ventricu- 
lar fibrillation, with intravenous lidocaine (1 mg/kg) if 
multiple defibrillations were required. Approximately 
90% of piglets were successfully resuscitated. Piglets * 
were allowed to awaken and were extubated when 
able to maintain spontaneous oxygenation and venti- ^ 
lation, usually within 8 h. Piglets drank formula milk, v 

usually by 24 h recovery, or were tube fed if necessary. 
Animals (n = 23) were recovered for 3, 6, 12, or 24 h 
after the return of spontaneous circulation. Sham con- 
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trol animals (n = 8) were anesthetized and subjected 
to the surgical preparation but not the HI. 

Preparation of Brain Samples 

Piglet brains were harvested freshly for protein and 
, DNA gel analyses and for biochemical assays, or were 

. perfusion-fixed for in situ DNA fragmentation analy- 
sis, immunocytochemistry, enzyme histochemistry, 
and electron microscopy. Animals for fresh brain tis- 
sue (ft = 3 or 4 per recovery time) were anesthetized 
deeply with sodium pentobarbital (65 mg/kg, ip) and 
exsanguinated with ice-cold phosphate-buffered sa- 
line (PBS). Brains were removed rapidly and placed on 
wet ice. The cerebrum was transected midsagittally, 
and the hemispheres were subdissected to obtain sam- 
ples from the striatum (including putamen, caudate, 
internal capsule, nucleus accumbens). These samples 
were flash-frozen in cold isopentane and stored at 
-70°C until used for extractions. From the left hemi- 
sphere of each of these animals, a thin brain slab 
containing the striatum was immersion fixed in 5% 
acrolein and processed for paraffin histology for quan- 
tification of neuronal damage in hematoxylin & eosin 
(H&E) stained sections. 

Piglets for fixed brain tissue (n = 2 or 3 per recovery 
time) were anesthetized deeply with sodium pento- 
barbital (65 mg/kg, ip) and exsanguinated with ice- 
cold PBS, then perfused intraaortically for 20 min with 
ice-cold 4% paraformaldehyde plus 1% glutaralde- 
hyde. Brains were removed and bisected midsagit- 
tally, and each hemisphere cut into 1-cm slabs. The left 
forebrain was used for paraffin histology and electron 
microscopy (EM). The right forebrain was cryopro- 
tected in 20% glycerol-PBS for 24 h, frozen, and serial 
40-jxm sections through striatum were cut on a sliding 
microtome. Sections were stored in antifreeze buffer at 
-20°C until they were used for DNA end-labeling, 
immunocytochemistry, and enzyme histochemistry. 

Neuropathology, TUNEL, and Electron 
Microscopy 

For quantification of neuronal degeneration after HI 
in all piglets (ft = 31), coronal samples of striatum 

" from the left hemisphere were paraffin-processed, and 
sections (10-ju,m-thick) were stained with H&E and the 
terminal transferase-mediated biotin-dUTP nick-end 

* labeling (TUNEL) method for in situ detection of nu- 
clear DNA fragmentation as described (Portera-Cail- 
liau et al, 1997a,b; Martin et al., 1997c; Al-Abdulla et 
al, 1998). The TUNEL method was used to identify 

dying cells after HI, although this technique is not 
specific for apoptosis (Grasl-Kraupp et al,, 1995; Mar- 
tin et al, 1998a, 2000). Comparable levels of the stria- 
tum from sham and HI piglets were used to determine 
the severity of striatal injury at 3, 6, 12, and 24 h 
recovery. In H&E sections, the density of principal 
striatal neurons and the percentage of remaining neu- 
rons with ischemic cytopathology were determined 
from six nonoverlapping, random lOOOx microscopic 
fields in the putamen. The criteria for neuronal injury 
were cytoplasmic eosinophilia and vacuolation, 
perikaryal shrinkage, and nuclear pyknosis. H&E sec- 
tions were also used for measurements of principal 
striatal neuron cell body volume and nuclear volume 
using ocular filar micrometry at lOOOx. Neuronal cell 
body and nuclear volumes were calculated from V = 
Tr/6{ab2), where a = diameter of the major axis and b = 
the diameter of the minor axis (Martin et al, 1986). In 
TUNEL preparations, the density of dying cells was 
determined by parcellating the putamen into six divi- 
sions and counting the number of TUNEL-positive 
nuclei in six microscopic fields at lOOOx. 

To determine whether the neuronal degeneration 
after HI has the structure of apoptosis, necrosis, or a 
hybrid form of death (Portera-Cailliau et al, 1997a,b), 
samples (3 mm3) of putamen from control and HI 
piglets (3, 6,12, and 24 h) were osmicated, embedded 
in plastic, and evaluated by EM. Ischemic neurode- 
generation was evaluated using ultrastructural criteria 
for cellular necrosis and apoptosis that we have de- 
scribed previously using in vivo models of neuronal 
degeneration (Portera-Cailliau et al, 1997a,b; Al-Ab- 
dulla et al, 1998; Martin et al, 1998a, 1999, 2000). 

DNA Isolation and Agarose Gel Electrophoresis 

Because the TUNEL method identifies DNA frag- 
mentation independent of mechanisms (Grasl-Kraupp 
et al, 1995; Portera-Cailliau et al, 1997a; Martin et al, 
1998a), we evaluated striatal neuropathology based on 
DNA fragmentation patterns in agarose gels. Genomic 
DNA was isolated from samples of sham control pig- 
lets (n = 2) and HI piglets at 3,6,12, and 24 h recovery 
(two animals/time). Striatal samples were homoge- 
nized in DNA extraction buffer containing 10 mM Tris 
(pH 7.4), 10 mM NaCl, 25 mM EDTA, 1% SDS, 1 
mg/ml proteinase K, and incubated in the same buffer 
overnight at 37°C. DNA was extracted with an equal 
volume of salt saturated-phenol:chloroform:isoamyl 
alcohol (10:10:1) and the recovered aqueous phase was 
extracted with diethyl ether. DNA was precipitated 
with ethanol (2.5 vol). The DNA pellet was dissolved 
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in 0.1 X SSC and incubated (37°C) with DNase-free 
RNase A (0.1 mg/ml) for 1 h and then overnight 
(37°C) with 0.1 mg/ml proteinase K. DNA was reex- 
tracted, precipitated, and dissolved in TE buffer. DNA 
samples were fractionated by agarose gel (1.2%) elec- 
trophoresis and were evaluated by ethidium bromide 
staining and by end labeling. For end labeling, DNA 
samples (—1.0 jag) were 3'-end labeled with digoxige- 
nin-11-ddUTP using terminal transferase (Boehringer- 
Mannheim), precipitated, resuspended in TE buffer, 
fractionated, and transferred to nylon membrane fol- 
lowed by UV-crosslinking. Membranes were incu- 
bated in 2% nucleic acid blocking reagent (Boehringer- 
Mannheim) and then in blocking reagent containing 
75 mU/ml antidigoxigenin Fab fragments conjugated 
to alkaline phosphatase (Boehringer-Mannheim). Af- 
ter washing, membranes were reacted with CSPD de- 
tection reagent (Boehringer-Mannheim) and exposed 
to Kodak X-OMAT film to visualize DNA. 

Immunoblot Analyses 

Striatal samples (0.4-0.6 g from each piglet) for 
immunoblot analysis were homogenized with a Brink- 
man Polytron in ice-cold homogenization buffer (20 
mM Tris-HCl, pH 7.4, with 10% sucrose, 1 mM EDTA, 
5 mM EGTA, 20 U/ml Trayslol, 20 /xg/ml leupeptin, 
20 /Ag/ml antipain, 20 jug/ml pepstatin, 20 /x.g/ml 
chymostatin, 0.1 mM phenylmethylsulfonyl fluoride, 
and 10 mM benzamidine). Crude homogenates were 
centrifuged at l,000gav for 10 min at 4°C. The super- 
natant (SI fraction) was then centrifuged at 114,000gav 

for 20 min. The resulting supernatant (S2 soluble frac- 
tion) was collected, and the pellet (P2 mitochondrial- 
enriched, membrane fraction) was washed in homog- 
enization buffer (without sucrose) three times by re- 
suspension, each followed by centrifugation at 
114,000gav for 20 min. The washed membrane fraction 
was resuspended fully in this buffer supplemented 
with 20% (wt/vol) glycerol. Protein concentrations in 
soluble and membrane fractions were measured by a 
Bio-Rad protein assay with bovine serum albumin as a 
standard. Samples were stored at -70°C. 

Frozen striatal membrane and soluble fractions 
were thawed to 4°C, and samples (10 ;u,g of total 
protein) were fractionated by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE). Pro- 
teins were transferred electrophoretically to nitrocel- 
lulose filters. Gels were stained with Coomassie blue, 
and nitrocellulose membranes were briefly stained 
with Ponceau S to verify uniform protein transfer. 
Blots were washed with 50 mM Tris-buffered saline 

(TBS) and subsequently blocked in 2.5% nonfat milk in 
50 mM TBS/0.1% Tween 20. As a marker for peroxyni- 
trite-mediated damage to protein tyrosines in mem- 
brane fractions, nitrotyrosine modification of proteins 
was detected with monoclonal and polyclonal anti- . 
bodies (Upstate Biotechnology, Lake Placid, NY) used 
at a concentration of 1 ,ug IgG/ml. Peroxynitrite is a » 
potent and relatively long lived ROS formed by a • 
reaction between Superoxide and nitric oxide (Beck- 
man et ah, 1992). Subcellular fractions were also eval- 
uated with organelle-specific antibodies to identify 
damage to these intracellular compartments over 24 h 
recovery. Blots of membrane proteins were probed 
with a monoclonal antibody (0.5 /xg IgG/ml) to hu- 
man cytochrome c oxidase subunit I (Molecular 
Probes, Eugene, OR) or a monoclonal antibody (3.4 jug 
IgG/ml) to rat Golgi 58K protein (Sigma, St. Louis, 
MO) as markers for mitochondria and the Golgi ap- 
paratus, respectively. Golgi 58K protein is a peripheral 
Golgi membrane protein that functions in microtubule 
binding (Bloom and Brashear, 1989). Blots of cytosolic 
proteins were probed with monoclonal antibody (100 
ng IgG/ml) to pigeon cytochrome c (PharMingen, San 
Diego, CA) or with polyclonal antibodies (1 ;ug IgG/ 
ml) to KDEL proteins (Affinity BioReagents, Golden, 
CO), as markers for mitochondrial membrane damage 
and degradation of cytochrome c and for endoplasmic 
reticulum (ER) membrane damage and release of ER 
lumenal proteins, respectively. The KDEL sequence at 
protein C-termini is an ER retention signal (Munro 
and Pelham, 1987). Primary antibodies to these pro- 
teins in soluble fractions were diluted in 2.5% nonfat 
milk or normal goat serum (NGS) prepared with 50 
mM TBS/0.1% Tween 20. Blots were incubated with 
antibody overnight at 4°C. After the primary antibody 
incubation, the blots were washed and incubated (0.2 
M-g/ml) with goat anti-rabbit or goat anti-mouse IgG 
conjugated to horseradish per oxidase (Bio-Rad). Blots 
were again washed, and immunoreactive proteins 
were visualized within the linear range with an en- 
hance chemiluminescence detection system (Amer- 
sham or Pierce) and exposed to radiographic film. 

To identify proteins that are possible targets of ni- 
trotyrosine modification, we used immunoprecipita- 
tion. Subcellular fractions (50 jug protein) were reacted - 
overnight with monoclonal antibody to tubulin (Am- 
ersham). Immunocomplexes were captured with pro- 
tein A-agarose bead slurry, washed, and subjected to v 

SDS-PAGE for subsequent analysis by western blot- 
ting with polyclonal antibodies to nitrotyrosine. For 
negative control experiments, nitrotyrosine antibodies 
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were neutralized with nitrotyrosine-molecular weight 
standards (Upstate). 

Protein levels were quantified densitometrically us- 
ing a Macintosh Adobe Photoshop program, and an- 
alyzed using Signal Analytics IP Lab Gel software. 
Protein levels were expressed as percentage of control 
by comparing density of the protein band scanned to 
density of the same band in the control lane of the 
same blot. For a quantitative control for equal protein 
loading in each lane, blots of membrane proteins were 
reprobed (0.06 Mg/ml) with a mouse monoclonal an- 
tibody to synaptophysin (Boehringer Mannheim), a 
membrane protein involved in synaptic vesicle fusion. 
The levels of synaptophysin (p38) in HI piglet stria- 
turn are not changed before 24 h recovery (Martin et 
«/., 1997b). The levels of nitrotyrosine-modified pro- 
teins, cytochrome c oxidase subunit I, and Golgi 58K 
protein were corrected for relative synaptophysin im- 
munodensity. For a quantitative control for equal pro- 
tein loading in each lane in blots of striatal soluble 
proteins, blots were reprobed (40-80 ng IgG/ml) with 
a mouse monoclonal antibody to tyrosine hydroxylase 
(Boehringer-Mannheim), the enzyme involved in do- 
pamine synthesis in nigrostriatal terminals, or a 
mouse monoclonal antibody (1:2000) to synapse-asso- 
ciated protein-25 (SNAP-25, Sternberger Mono- 
clonals). Nerve terminal degeneration in HI piglet stri- 
atum does not occur until after 24 h recovery (Martin 
et ah, 1997b,c). Thus, cytochrome c and KDEL protein 
levels in the cytosolic compartment were corrected for 
relative tyrosine hydroxylase or SNAP-25 immuno- 
density. 

Cytochrome c Oxidase Assay 

A colorimteric assay (Wharton and Tzagoloff, 1967) 
was used for biochemical measurements of cyto- 
chrome c oxidase (COX) activity in homogenates of 
control striatum (n = 3) and HI piglet (n = 2 or 3/time 
point) striatum at 3, 6, 12, and 24 h after reprefusion. 
Reduced cytochrome c (ferrocytochrome c) was pre- 
pared freshly for each experiment by mixing 1% cyto- 
chrome c (Sigma) with sodium hydrosulfite in potas- 
sium phosphate buffer. Samples (20 jug protein) of 
mitochondrial-enriched membrane fractions were re- 
acted with ferrocytochrome c in potassium phosphate 
buffer (10 mM, pH 7.0) at room temperature. The 
decrease in absorbance was measured spectrophoto- 
metrically at 550 ran every 15 s. The activity of COX 
was defined in terms of the first-order velocity con- 
stant. 

Acid Phosphatase Assay 

HI and reperfusion are known to effect the stability 
and permeability of lysosomes (Frederiks and Marx, 
1989). As an index of lysosomal membrane damage 
and destabilization of lysosomes (Frederiks and Marx, 
1989; van Noorden, 1991), acid phosphatase activity 
was measured in cytosolic protein fractions of control 
striatum (n = 3) and HI piglet (n = 2 or 3/time point) 
striatum at 3,6,12, and 24 h recovery. In 2.5-ml plastic 
cuvettes, samples of soluble protein fractions (500 or 
1000 jug total protein) were mixed at room tempera- 
ture with 15 mM o-carboxyphenyl-phosphate in 150 
mM sodium acetate buffer (pH 5.0) in a final reaction 
volume of 1.5 or 2.0 ml. The AAbs was measured with 
a spectrophotometer (Pharmacia) over 2 min at 300 
nm. Purified potato acid phosphatase (Boehringer- 
Mannheim) was used as a positive control (0.6-6 
U/ml). Reactions were run in the absence or presence 
of the acid phosphate inhibitor sodium fluoride 
(Sigma). Acid phosphatase activity, based on results of 
triplicate experiments, was expressed as percentage of 
control. 

Glutathione Assay 

The levels of glutathione (GSH and GSSG) in solu- 
ble protein fractions of control piglet striatum (n = 3) 
and HI piglet striatum at 3, 6,12, and 24 h reperfusion 
(n = 2 or 3/time point) were measured using a mod- 
ification of the method of Tietze (Tietze, 1969). Dispos- 
able cuvettes were loaded with 650 /xl of 100 mM 
potassium phosphate buffer (pH 7.5) containing 5 mM 
EGTA, 100 jug/ml 5,5'-dithiobis(2-nitrobenzoic acid), 
and 320 jug/ml NADPH. To this reaction mixture, 2 
U/ml of GSH reductase and striatal soluble protein 
(500 jug) were added (with a final reaction volume of 
1 ml), and the AAbs was measured immediately with a 
spectrophotometer (Pharmacia) over 4 min at 412 nm. 
GSH levels, based on results of duplicate experiments, 
were expressed as percentage of control. 

Immunocytochemical Analyses of Organelles and 
Oxidative Damage 

Brain sections from perfusion-fixed control piglets 
(n = 3) and HI piglets at 3, 6,12, and 24 h reperfusion 
(n = 2 or 3/time point) were removed from antifreeze 
buffer and washed in TBS. Free-floating sections were 
pretreated with H202/methanol (to eliminate endog- 
enous peroxidase activity), rinsed, and then with so- 
dium borohydride (for antigen retrieval), and blocked 
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in NGS. Sections were incubated for 48 h at 4°C with 
primary antibodies (see below). After primary anti- 
body incubation, sections were incubated sequentially 
with affinity-purified F(ab)2 fragments of goat anti- 
rabbit or anti-mouse IgG (Cappel) and then affinity- 
purified monoclonal goat anti-rabbit or goat anti- 
mouse antibody conjugated to horseradish peroxidase 
(Sternberger Monoclonals). Sites of antibody binding 
were visualized with H202 and diaminobenzidene as 
a chromogen. 

Several different antibodies were used as immuno- 
cytochemical probes to identify the progression of 
subcellular abnormalities in striatal neurons after HI. 
As organelle probes, we used monoclonal antibody to 
Golgi 58K protein (15 fxg IgG/ml) for the Golgi appa- 
ratus, monoclonal antibody (1 pg IgG/ml) to COX 
subunit I for mitochondria, polyclonal rabbit antibody 
(200 ng IgG/ml, Santa Cruz) to Rab5A for early endo- 
somes (Simons and Zerial, 1993), and polyclonal rabbit 
antibody (10 \xg IgG/ml, Affinity BioReagents) to 
KDEL sequence-containing proteins for the ER. To 
determine if striatal neurons undergo oxidative stress, 
peroxynitrite-mediated damage to proteins was iden- 
tified using antibodies to nitrotyrosine (3 /xg IgG/ml), 
and hydroxyl radical damage to DNA and RNA was 
detected with monoclonal antibody (30 ;u,g IgG/ml) to 
8-hydroxy-2'-deoxyguanosine (QED Bioscience, Inc 
and PharMingen, San Diego, CA). These antibodies 
react with hydroxyl radical modified DNA and RNA 
(Al-Abdulla and Martin, 1998; Martin et al, 1999). For 
competition controls, sections were reacted with anti- 
body to 8-hydroxy-2'-deoxyguanosine (OHdG) that 
was incubated at 4°C for 24 h with 1000-fold concen- 
trations of OHdG, 8-hydroxyguanosine (OHG) or 
guanosine (Cayman Chemical, Ann Arbor, MI). As 
additional controls, sections were digested with 
DNase (5-10 mg/ml) or RNase (11-50 mg/ml) prior to 
incubation with OHdG antibody. 

Cytochrome c Oxidase Enzyme Histochemistry 

To assay for mitochondrial function with spatial 
resolution, the COX histochemical method of Wong- 
Riley (1979) was used as described previously (Martin 
et al, 1997a,b). Forebrain sections from control piglets 
(n = 3) and HI piglets (n = 2 or 3/time point) were 
incubated concomitantly with freshly prepared enzy- 
matic reaction medium consisting of 100 mM phos- 
phate buffer (pH 7.4), 0.1% horse heart cytochrome c, 
117 mM sucrose, and 1.4 mM diaminobenzidine tetra- 
hydrochloride (Wong-Riley, 1979). The enzymatic 
specificity of this reaction in piglet brain has been 

TABLE 1 

Progression of Neuronal Degeneration in the Striatum after HI" 

Percentage Neuronal density 
Group neuronal damage (cells/mm2) 

Control 0.4 ± 0.4 572.9 ± 22.3 
3-h 15.7 ± 3.3b'c 515.5 ± 14.0 
6-h 30.9 ± 4,7bx 

550.0 ± 14.1    4 

12-h 47.2 ± 7.6"'c 535.0 ± 23.4 
24-h 78.8 ± 3.9"'c 395.2 ± m* 

" Percentage of principal neurons with damage and neuronal 
density in the putamen of control and ischemic piglets at 3, 6, 12, 
and 24 h after HI. Measurements were made in H&E-stained sec- 
tions. Percentage neuronal damage was estimated by identifying the 
fraction of neurons with ischemic cytopathology relative to the total 
number of neurons in microscopic fields of the striarum. All values 
are mean ± SEM. 

6 Significantly different (P < 0.05) from control. 
' Significantly different (P < 0.05) from preceding recovery time. 

shown (Martin et al, 1997b). After the reaction, sec- 
tions were rinsed in phosphate buffer, mounted on 
glass slides, and coverslipped. Histochemical COX en- 
zyme activity was quantified densitometrically using 
an image-processing system as described (Martin et 
al, 1997a,b). 

Statistical Analysis of Data 

All histological and biochemical measurements 
were made in duplicate or triplicate. Statistical analy- 
sis of measurements for percentage neuronal damage 
and neuronal and TUNEL-positive cell densities were 
performed using one-way analysis of variance. If there 
were significant differences among the group means 
as indicated by the F test, group means were further 
analyzed using Newman-Keuls test. Protein levels de- 
termined by immunoblotting were expressed as per- 
centage of sham-control piglets. Mean percentages 
were compared among 3, 6, 12, and 24 h recovery 
groups by a Wilcoxon signed rank test. The level of 
significance was P < 0.05 in all tests. 

RESULTS 

Striatal Neuron Death after HI in Newborns Is 
Rapid and Progressive over 24 h 

Prominent neuronal degeneration in the striatum of 
HI piglets occurred during 3 to 24 h recovery (Table 1; 
Fig. 1). Neurons were distinguished from glial and 
inflammatory cells by strict perikaryal and nuclear 
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FIG. 1. DNA fragmentation begins by 3 h after HI and is progressive 
and consistent with cellular necrosis. (A) Striatal neuron death (in 
putamen) in control piglets (C) and piglets at 3,6,12, and 24 h after HI. 
TUNEL-positive cell densities (cells/mm2) are mean + SEM. Asterisk 
indicates significant difference (P < 0.05) from control. Double asterisk 
indicates significant difference (P < 0.05) from control, 3 h and 6 h after 
HI. (B) Agarose gel fractionation of DNA isolated from the striatum of 
sham control piglets (S) and piglets at 3, 6, 12, and 24 h after HI. 
Maximal, random digestion of DNA occurs between 3 and 12 h recov- 
ery. At 24 h, most of the DNA digestion has advanced to small 
fragments that are not retained in agarose gels, but these DNA frag- 
ments are detectable by TUNEL in individual cells in striatal sections. 

morphological criteria in H&E-stained sections (Mar- 
tin et al, 1997b,c). Neuronal injury was progressive, 
with percentage neuronal damage correlating signifi- 
cantly with time after HI (Table 1). In contrast, during 
early recovery, astroglia may be uninjured (Martin et 

al, 1997c; Natale et al, 1999). At 24 h after HI, neuronal 
density was reduced significantly, and —79% of re- 
maining principal neurons within the putamen were 
degenerating (Table 1), consistent with our previous 
findings at 24 h after HI (Martin et al., 1997c). 

The progression of striatal neuron injury revealed 
by H&E staining was paralleled by the occurrence of 
DNA fragmentation (Fig. 1). In TUNEL preparations 
counterstained with cresyl violet, nuclear DNA frag- 
mentation in striatal neurons was progressive over 
3-24 h after HI (Fig. 1A). During this time course, the 
majority of TUNEL-positivity was associated with 
neurons, because most glial cell death in striatum 
occurs after 24 h in this model, and the DNA conden- 
sation patterns in neurons and glia are distinct mor- 
phologically (Martin et al, 1997c). By gel electrophore- 
sis, the pattern of fragmentation in genomic DNA 
extracts of the striatum of HI piglets was consistent 
with cellular necrosis, with prominent random diges- 
tion of DNA occurring at 6 and 12 h after HI (Fig. IB). 

The infrastructure of Striatal Neuron Death after 
HI Is Necrosis 

The structural progression of principal striatal neu- 
ron death in 1-week-old HI piglets was determined by 
EM (Figs. 2 and 3). The degeneration of these neurons 
was not apoptosis or a hybrid form of apoptosis and 
necrosis, based on previously established criteria for 
neuronal death (Portera-Cailliau et al, 1997a,b; Al- 
Abdulla et al, 1998; Al-Abdulla and Martin, 1998; 
Martin et al, 1998a, 1999,2000). Striatal neuron degen- 
eration in newborn piglet brain during the first 24 h 
after HI is necrosis (Figs. 2 and 3). Both the cytoplasm 
and the nucleus undergo ultrastructural changes typ- 
ical of cellular necrosis, with the main features being 
swelling of the cell body, swelling and degeneration of 
organelles, extensive cytoplasmic vacuolation, irregu- 
lar clumping of chromatin and nuclear membrane dis- 
integration, destruction of plasma membrane integ- 
rity, and eventual dissolution of the cell (Fig. 2). By 3 h 
reperfusion, the cell body of striatal neurons swells 
and many vacuoles are formed in the cytoplasm (Fig. 
2B). Morphometric analysis showed that the volume 
of striatal neuron cell bodies (cytoplasm and nucleus) 
was 1265.7 ± 98.9 jiim3 (mean ± SEM) in control 
piglets, while, at 3 h after HI, striatal neuron cell body 
volume was 1716.4 ± 129.9 /urn3 (corresponding to a 
significant 36% increase in cell body volume). In con- 
trast, the volume of striatal neuron nuclei was 527.6 ± 
37.6 ju,m3 (mean ± SEM) in control piglets, and, at 3 h 
after HI, striatal neuron nuclear volume was 388.2 ± 
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52.8 urn3 (corresponding to a significant 26% decrease 
in nuclear volume). These measurements demonstrate 
that the cell body swelling is due the cytoplasmic 
swelling. Shrinkage of the nucleus coincides with in- 
cipient condensation of the nuclear matrix at 3 h after 
HI (Fig. 2B). The condensation of the nuclear matrix 
progresses during 6-12 h (Fig. 2), consistent with the 
progression and pattern of DNA fragmentation (Fig. 
1). By 6 h, the rough ER dilates severely (Fig. 2C). 
Progressive cellular condensation commences by 12 h 
(Figs. 2D-2F). Between 6 and 12 h, the neurons become 
dark (osmophilic) and assume 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. While 
nuclear pyknosis and chromatin condensation into ir- 
regular clumps is observed in these dying neurons, 
this pattern was very dissimilar to that found in neu- 
ronal apoptosis (Portera-Cailliau et al, 1997a,b; Al- 
Abdulla et al, 1998; Martin et al, 1998a, 1999, 2000). 
During this process, the nucleolus remains obvious 
(Fig. 2, asterisks), this feature is distinct from the early 
disassembly of the nucleolus in apoptosis (Martin et 
al, 1998a). Subsequently, the condensed cell body and 
nucleus disintegrate between 12 and 24 h, as cellular 
debris is dispersed into the extracellular compartment 
(Figs. 2F and 2G), consistent with the loss of neuronal 
density observed at 24 h (Table 1) and severe tissue 
inflammation thereafter (Martin et al, 1997c). 

Striatal neuron necrosis after HI evolves as a se- 
quence of organelle abnormalities (Fig. 3), similar to 
the sequence found with NMDA receptor-mediated 
excitotoxic neuronal necrosis (Portera-Cailliau et al, 
1997a). By 3 h and progressing through 12 h after HI, 
neurons accumulate many, clear, round, membrane- 
bound vacuoles (Figs. 3B-3E) that may be derived 

from vesiculation of the Golgi apparatus (Donaldson 
et al, 1990; Pavelka and Ellinger, 1993) or from in- 
creased formation of plasma membrane-derived endo- 
somes (Simons and Zerial, 1993). By 6 h, the ER dilates 
severely, resulting in the formation of large cisterns, 
and the potential space between the apposing mem- 
branes of the nuclear envelope also dilates due to its 
continuity with the ER (Fig. 3C). ER swelling is asso- 
ciated with release of ER-bound ribosomes, and dis- 
aggregation of cytoplasmic polyribosomes to form 
monosomes. Between 6 and 12 h after HI, the ER 
collapses and becomes fragmented, and the nuclear 
membrane becomes discontinuous (Figs. 3C and 3D). 
ER collapse and fragmentation, ribosome release, and 
polysomal disaggregation coincide with the homoge- 
nization and darkening of the cytoplasmic matrix. 
During the first 12 h after HI, mitochondria appear to 
acculumate within the cell bodies of striatal neurons, 
and most mitochondria remain intact until about 6-12 
h (Figs. 3B-3D), and then they swell and vacuolate and 
undergo cristaeolysis. At the time when most mito- 
chondria show ultrastructural damage (i.e., at 12-24 h 
after HI), the plasma membrane ruptures and the con- 
densed cytoplasm and fragmented nucleus are dis- 
persed into the neuropil (Figs. 3F-3I). 

Damage to the Golgi Apparatus and ER Occur 
Early after HI 

We performed immunoblot and immunocytochem- 
ical experiments with specific organelle protein anti- 
bodies to identify the subcellular origin of the numer- 
ous vacuoles that accumulate in striatal neurons after 
HI and to identify possible molecular correlates of the 
structural abnormalities in organelles found by EM. 
To determine whether the Golgi apparatus or plasma 

FIG. 2. EM analysis of striatal neuron degeneration in HI piglets. A normal principal striatal neuron from control piglet (A) is shown for 
comparison with neurons from piglets at 3, 6, 12, and 24 h after HI (B-I) arranged in a temporal sequence to show the predominant 
ultrastructural evolution of ischemic neuron necrosis. This neuronal death is not completely synchronized, because dying neurons can be found 
at different stages of degeneration at most times after HI; however, the neuronal profiles shown for each time represent the predominant stage 
of degeneration. Asterisks identify the nucleolus (when present in the plane of section). By 3 h after HI (B), the neuronal cell body swells (see 
text for measurements) and numerous, clear vacuoles are formed within the cytoplasm, increasing progressively over 9-12 h (C-E). At 6 h after 
HI (C), the arrays of rough ER are severely dilated (D, E) and then 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-C) to a fusiform or angular shape (D, E), as the neurons become shrunken 6-12 h after HI (F). Concurrently, during the first 12 h 
after HI, the nucleus shrinks (see text for measurements at 3 h) and the nuclear matrix progressively becomes uniformly dark (C-E) as 
numerous small, irregular clumps of chromatin are formed throughout the condensing nucleus (F). The nucleolus (asterisks) still remains 
prominent throughout this process (B-D), even until ultimate neuronal disintegration (G-I). Between 12 and 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 structurally necrotic. Scale bar (A), 1.3 ^m (same for B-I). 
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FIG. 3. Death of striatal neurons after HI progresses as a sequence of organelle abnormalities. (A) In control piglet, normal, principal, striatal 
neurons have abundant polyribosomes distributed throughout the cytoplasmic matrix, intact arrays of rough ER (rer) and Golgi stacks (g) and 
uniformly shaped mitochondria (m) with intact cristae. The nucleus (Nu) has a predominantly pale matrix and is surrounded by a continuous 
bilaminar nuclear membrane (arrow). (B) By 3 h after HI, many clear vacuoles (asterisks) appear to be derived from swelling and vesiculation 
of the Golgi apparatus. The rough ER appears relatively normal, and the mitochondria are intact structurally but appear condensed. (C-E) By 
6 h after HI, numerous vacuoles accumulate (asterisks) as the surrounding cytoplasmic matrix becomes progressively granular and dark. The 
rough ER becomes severely dilated, and ribosomes become unbound from the rough ER membrane. Polyribosomes disaggregate into 
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FIG. 4. The Golgi apparatus fragments early after HI. (A) Immu- 
noblot analysis of the Golgi membrane protein (58K P) in subcellu- 
lar membrane fractions of striatum from control (c) and HI piglets at 
3, 6,12, and 24 h postinsult. The levels of 58K protein are maintained 
until 24 h after HI. (B) Immunolocalization of Golgi 58K protein 
(black immunoperoxidase staining) shows the normal perinuclear 
location of the Golgi apparatus in control striatal neurons (1, ar- 
rows) and the prominent fragmentation of the Golgi apparatus and 
formation of vesicles in striatal neurons by 6 h after HI (2, arrows). 
Scale bar (Bl, same for 2), 10 ;u,m. 

membrane endosomes are sources of the cytoplasmic 
vacuoles, antibodies to Golgi 58K protein and Rab5A 
were used. Golgi 58K protein levels in striatum re- 
mained unchanged (P < 0.05) until 24 h after HI (Fig. 
4A), at which time levels were reduced significantly 
(P < 0.05) to -50% of control, consistent with loss of 
striatal neurons (Table 1). However, despite main- 
tained levels of protein at 3-12 h after HI, immunolo- 
calization of Golgi 58K protein revealed that the Golgi 
apparatus in striatal neurons is dispersed and frag- 
mented early after HI (Fig. 4B). In contrast, intracellu- 
lar Rab5A immunoreactivity was lost in striatal neu- 
rons early after HI, while Rab5A immunoreactivity 
increased markedly in nonneuronal cells that ap- 

peared to be microglia (Fig. 5). Therefore, the numer- 
ous vacuoles that accumulate within striatal neurons 
early after HI are likely to be derived from the Golgi 
apparatus rather than from the plasma membrane. 

EM revealed that the ER undergoes massive swell- 
ing prior to its fragmentation (Figs. 2 and 3). We used 
antibodies to ER resident, KDEL sequence-containing 
proteins to track the progression of damage to the ER. 
In soluble protein fractions of control piglet striatum, 
protein disulfide isomerase (PDI), a lumenal ER-resi- 
dent ~57 kDa protein (Munro and Pelham, 1987; Jiang 
et al., 1999), is undetectable or at very low levels (Fig. 
6A). In contrast, as early as 3 h after HI, PDI levels in 
soluble protein fractions are detected at high levels 
compared to control piglet striatum (Fig. 6A). PDI 
levels remain high through 12 h after HI and then 
levels begin to dissipate by 24 h, consistent with the 
conclusion that active neuronal necrosis has tapered- 
off by 24 h. Immunolocalization of KDEL-proteins 
showed faint cytoplasmic labeling of striatal neurons 
in controls (Fig. 6B, 1); in contrast, the cytoplasm of 
striatal neurons was intensely immunoreactive at 6 
and 12 h after HI (Fig. 6B, 2, 3). These results are 
consistent with the EM observations of ER dilatation 
and fragmentation at 6-12 h after HI, and they suggest 
that these structural changes are associated with ER 
membrane damage and release of ER resident proteins 
into the cytosol or increased accessibility of antibodies 
to KDEL proteins within ER fragments. 

Striatal Mitochondria after HI Show Early 
Functional Suppression Followed by Transient 
Activation and Then Failure 

EM showed that at 3 h after HI most mitochondria 
appear structurally intact, but at 6 h a subset of mito- 
chondria swells and lyses while others appear to re- 
main intact, and at 12 h most mitochondria are swol- 
len and lytic (Figs. 2 and 3). Biochemical assay of COX 
in mitochondrial-enriched organelle fractions of piglet 

monosomes, and these free ribosomes are dispersed in the cytoplasm causing the matrix to become granular. Most mitochondria appear 
condensed but a subset is very swollen and exhibits cristaeolysis. The nucleoplasmic matrix progressively becomes darker and the chromatin 
undergoes condensation into small clumps of various sizes (asterisks, D, E), while the nuclear membrane (solid black arrow) becomes less 
discernible and is breached in some locations (C and D, open arrows). (F) At 12 h after HI, the cytoplasmic matrix is homogeneously dark and 
most organelles are no longer discernible, 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 clumps of various shapes and sizes, as the surrounding nucleoplasmic matrix becomes uniformly dark and the nuclear 
envelope looses integrity. (G, H) At 12-24 h after HI, the dark and condensed cytoplasm, containing degenerated mitochondria, undergoes 
fragmentation as the plasma membrane ruptures. The nucleus, containing chromatin clumps (asterisk), is no longer surrounded by an intact 
nuclear membrane and undergoes karyolysis. (I) At end-stage degeneration, cytoplasmic debris and nuclear debris with chromatin clumps 
(asterisk) are dispersed into the surrounding neuropil. Scale bar (A), 0.5 /Mn (same for B-I). 
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amounts at 6 h and then were decreased at 12 and 24 h 
(Fig. 7B). In contrast, levels of the aggregated form of 
COX subunit I were increased at 6-24 h after HI 
compared to control (Fig. 7B). To visualize mitochon- 
dria in piglet brain sections, COX subunit I antibodies 
were used for immunocytochemistry. Immunolocal- 
ization of COX subunit I in control striatum showed a 
finely particulate distribution within the neuropil (Fig. 
7C, 1), consistent with a mitochondrial localization in 
cellular processes. After HI, the finely particulate COX 
subunit I immunoreactivity dissipated in the neuropil 
and many larger, swollen particles were formed (Fig. 
7C, 2,3). In addition, COX subunit I immunoreactivity 

B 

t 
r 

FIG. 5. Cell type-dependent changes in the endosomal compart- 
ment occur after HI as demonstrated by the immunolocalization of 
the plasma membrane early-endosome protein Rab5A. (A) In con- 
trol striatal neurons (arrowheads), Rab5A-labeled endosomes fill 
the cytoplasm, and in some neurons (upper left arrowhead) Rab5A 
immunoreactivity is present as discrete particles on or near the cell 
surface. Nonneuronal cells and their processes in control striatum 
are only faintly immunoreactive for Rab5A. Scale bar, 8 /j,m (same 
for B). (B) At 6 h after HI, endosomal labeling of striatal neurons is 
markedly deficient (arrowhead), and cells that appear to be micro- 
glia are intensely immunoreactive for Rab5A (open arrows). 

striatum revealed time-dependent functional changes. 
Activity was 37,163, 72, and 81% of control at 3, 6,12, 
and 24 h, respectively (Fig. 7A). COX subunit I levels 
were measured by immunoblotting in these same sub- 
cellular fractions. Piglet COX subunit I was detected 
as two major bands, corresponding to an —40 kDa 
monomer and a multimeric high molecular mass ag- 
gregrate, consistent with the migration pattern of pu- 
rified bovine COX (Fig. 7B). These forms of COX 
change differentially after HI. At 3 h, COX subunit I 
immunoreactivity (both monomeric and aggregated 
forms) was reduced markedly (Fig. 7B). The levels of 
the COX subunit I monomer returned to control 
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FIG. 6. The ER is damaged early after HI. (A) Immunoblot anal- 
ysis of the KDEL sequence-containing ER lumenal protein, protein 
disulfide isomerase (PDI), in nondetergent solubilized cytosolic 
fractions of striatum from control (c) and HI piglets at 3, 6, 12, and 
24 h postinsult. In control striatum, PDI levels are undetectable 
because it is retained with the lumenal compartment of the ER. At 
3, 6, and 12 h after HI, PDI levels are markedly elevated in the 
soluble compartment compared to control, but by 24 h PDI levels 
are dissipating. Blots were reprobed with antibody to tyrosine hy- 
droxylase (TH) as a protein loading control. (B) In control striatal 
neurons, immunolocalization of KDEL proteins (gray immunoper- 
oxidase staining) shows diffuse cytoplasmic labeling consistent with 
specific ER localization (1, arrows). Scale bar (Bl, same for 2 and 3), 
10 /im. At 3 h after HI, the cytoplasmic immunoreactivity (black 
immunoperoxidase labeling) for KDEL proteins is increased in stri- 
atal neurons (2, arrows) with the most intense staining occurring 
peripherally in the cell body, consistent with the ER redistribution 
seen by EM (compare with Fig. 2B). At 12 h after HI, immunoreac- 
tivity for KDEL proteins is enriched highly in striatal neurons with 
shrunken and angular morphologies (arrows) at a time when the ER 
undergoes fragmentation as shown by EM (compare with Figs. 2 
and 3). 
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accumulated transiently (notably at 6 h) in neuronal 
cell bodies, with some of this immunoreactivity ap- 
pearing to delineate swollen mitochondria (Fig. 7C, 2, 
3), consistent with the EM findings (compare Figs. 3D 
and 3E with Fig. 7C, 2, 3). To examine COX activity 
with greater spatial resolution in piglet brain sections, 
COX activity was assayed with a histochemical 

t method, and reaction product was quantified by den- 
sitometry. These results generally paralleled the data 
obtained by biochemical assay and were most notable 
because histochemical activity for COX in putamen 
was increased at 6 h (Fig. 7D), consistent with the 
biochemical assay for COX (Fig. 7A). 

Cytochrome c Is Depleted in Striatum after HI 

The EM showed progressive structural damage to 
mitochondria, and the COX assays showed a tem- 
poral profile of mitochondrial suppression (at 3 h), 
activation (at 6 h), and then suppression (after 6 h) 
during striatal neuron necrosis. Therefore, we mea- 
sured cytochrome c levels in piglet striatum as an- 
other marker for mitochondrial damage and meta- 
bolic impairment. Scant information is known about 
cytochrome c in pig brain. Under our assay condi- 
tions, we could detect amounts of cytochrome c as 
low as 500 pg (Fig. 8A). Procine brain cytochrome c 
migrated as a monomer of —12 kDa and as dimers 
and multimers, similar to purified horse heart cyto- 
chrome c (Fig. 8A). Piglet brain cytochrome c was 
measured in the range of 5 ng, corresponding to 
-0.05% of total soluble protein (Fig. 8A). Cyto- 
chrome c levels were normal at 3 h after HI, but by 
6 h after HI and thereafter, cytochrome c was re- 
duced to -55% of control (Fig. 8B). 

Lysosomal Membrane Integrity in Striatum Is 
Compromised by 6 h after HI 

To understand some of the possible mechanisms for 
striatal neuron necrosis after HI, acid phosphatase 
activity was measured in soluble protein fractions (un- 
exposed to detergent solubilization) of control and HI 
piglets (Table 2). This biochemical assay serves as an 
index of lysosomal membrane damage and destabili- 
zation and release of hydrolytic enzymes into the cy- 
tosol (Frederiks and Marx, 1989; van Noorden, 1991). 
In the presence of sodium fluoride (10 mM), acid 
phosphatase activity was inhibited —95% (data not 
shown). Acid phosphatase activity was increased sig- 
nificantly above control levels at 6, 12, and 24 h after 

HI (Table 2), demonstrating that damage to lysosomal 
membranes in striatum occurs between 3 and 6 h after 
HI. 

Glutathione Levels in Striatum Are Depleted by 
3 h after HI 

A potent stimulus for cellular necrosis is oxidative 
stress (McCord, 1985). GSH functions in antioxidant 
mechanisms as a free radical scavenger, and the 
levels of GSH are often used as an index of oxygen 
radical production (Mizui et ah, 1992). Therefore, we 
measured GSH levels in piglet striatum after HI 
(Table 3). GSH in soluble protein fractions was sig- 
nificantly reduced to —80% of control at 3 and 6 h 
after HI but returned to control levels by 12 h after 
HI (Table 3), demonstrating that oxidative stress 
occurs early (by 3 h) after HI newborn in piglets, but 
that this stress in the form of glutathione depletion 
is transient. 

Peroxynitrite Damage to Striatal Membrane 
Proteins Occurs after HI 

To determine if HI produces oxidative damage, stri- 
atal membrane fractions were immunoblotted for ni- 
trotyrosine-modified proteins as a marker for per- 
oxynitrite-mediated oxidative damage (Fig. 9A). An 
intensely reacting band of proteins at —50 kDa 
showed nitration in control striatum. The nitroty- 
rosine-modification of this ~50-kDa protein was in- 
creased at 6 h after HI. Immunoprecipitation experi- 
ments demonstrated that this nitrotyrosine-modified, 
—50-kDa protein is tubulin and that tubulin nitration 
is markedly increased by 6 h after HI (Fig. 9B) Another 
prominent band of nitrotyrosine immunoreactivity 
was detected at -68-70 kDa (Fig. 9A), probably cor- 
responding to nitration of the low molecular weight 
neurofilament (Strong et d., 1998). This -68- to 70-kDa 
protein band showed nitrotyrosine modification 
above control at 3,6,12, and 24 after HI, with maximal 
nitration occurring at 6 h (Fig. 9A). To identify directly 
that neurons in the striatum sustain peroxynitrite- 
mediated oxidative damage after HI, brain sections 
from perfusion-fixed piglets were reacted with nitro- 
tyrosine antibodies. In control piglet striatum, nitroty- 
rosine immunoreactivity was not detectable by immu- 
nocytochemistry (Fig. 9C, 1). Early after HI, striatal 
neurons showed intense nitrotyrosine immunoreactiv- 
ity (Fig. 9C, 2, 3). In many putaminal neurons at 3 and 
6 h after HI, nitrotyrosine immunoreactivity was lo- 
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FIG. 7. Mitochondria undergo functional, molecular, and structural abnormalities in HI piglet striatum. (A) In mitochondrial-enriched 
subcellular fractions of control and HI piglet striatum (n = 2-3 per group), biochemical assay for COX activity shows a transient suppression 
of mitochondrial function at 3 h after HI, followed by a large burst of activity at 6 h recovery, and then reduced mitochondrial function 
thereafter. Asterisk indicates significant difference (P < 0.05) from control. (B) Immunoblot analysis of COX subunit I in mitochondrial- 
enriched fractions of striatum from control (c) and HI piglets at 3, 6, 12, and 24 h postinsult (n = 2-3 per group). Purified bovine COX (right 
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calized at a perinuclear location (Fig. 9C, 2), and at 
12 h after HI this immunoreactivity was dispersed 
throughout the cytoplasm as small packets in subsets 
of neurons (Fig. 9C, 3). This localization of nitroty- 
rosine immunoreactivity was very reminiscent of the 
vesiculation and fragmentation of the Golgi apparatus 
observed by EM (Figs. 2 and 3) and light microscopy 
(Fig. 4B). To identify if Golgi apparatus-associated 
proteins are damaged by peroxynitrite radicals, we 
examined the possible colocalization of Golgi 58K pro- 
tein and nitrotyrosine immunoreactivities by immu- 
nofluorescence. Striatal neurons in HI piglets showed 
precise colocalization of nitrotyrosine and Golgi 58K 
protein immunoreactivities (Fig. 10). These results 
demonstrate that peroxynitrite-mediated oxidative 
damage to membrane proteins occurs in the piglet 
striatum early after HI and that proteins associated 
with the Golgi apparatus are targets of peroxynitrite 
radicals. 

Hydroxyl Radical Damage to DNA and RNA 
Occurs in Striatal Neurons after HI 

To identify other possible forms of oxidative stress 
and other macromolecular targets of oxidative stress 
during the progression of neuronal necrosis after HI, 
we determined if nucleic acids are damaged by hy- 
droxyl radicals using monoclonal antibodies that react 
with hydroxydeoxyguanosine (OHdG) and hydrox- 
yguanosine (OHG) (Fig. 11). The characterization of 
these antibodies has been shown previously (Al-Ab- 
dulla and Martin, 1998; Martin et al, 1999). These 
antibodies also weakly react with normal guanosine 
(Martin et al., 1999), consistent with the faint cytoplas- 
mic labeling suggestive of an RNA pattern in striatal 
neurons of control piglets (Fig. HA). However, the 
pattern and intensity of immunoreactivity for OHG 
and OHdG was very different in piglet striatum after 
HI (Figs. 11B-11E). The intensity of immunoreactivity 

in the cytoplasm of neurons and in the neuropil was 
much greater in striatum at 3 and 6 h after HI com- 
pared to controls. In addition, intense nuclear labeling 
occurred only in striatal neurons in HI piglets (Figs. 
11C and HD). Nonneuronal cells such as vascular 
endothelial cells also exhibited oxidative damage to 
DNA after HI (Fig. HD). Digestion of RNA in brain 
sections with DNase-free RNase eliminated the cyto- 
plasmic labeling of neurons and the neuropil labeling 
in HI piglet striatum, revealing the prominent nuclear 
immunoreactivity (Fig. HD). Digestion of DNA with 
DNase diminished the nuclear labeling of striatal neu- 
rons in HI piglets (Fig. HE). Preadsorption of OHdG 
antibodies with OHdG or OHG prior to the immuno- 
cytochemistry selectively competed the labeling in the 
different cellular compartments (data not shown), 
similar to experiments shown previously (Al-Abdulla 
and Martin, 1998; Martin et al, 1999). These results 
demonstrate that both RNA and DNA undergo prom- 
inent hydroxyl radical damage early after HI. 

DISCUSSION 

We studied striatal neurodegeneration in a newborn 
animal model of HI that causes brain damage very 
similar to the pattern of injury found in human new- 
borns that have experienced HI (Martin et al, 
1997a,b,c; Johnston, 1998). The clinical and neuro- 
pathological features of our piglet model are very 
different from those of the more commonly used new- 
born rat models (Martin et al, 1997a; Brambrink et al, 
1999). Using this model, we tested the hypothesis that 
striatal neuron death is necrosis and evolves with 
oxidative stress and selective damage to organelles. 
The early neurodegeneration in newborn piglet stria- 
tum after HI is cellular necrosis and evolves rapidly 
through mechanisms associated with oxidative stress. 
A major strength of this study is that it consolidates in 

lane) was used as a positive control. Molecular mass standards (in kDa) are indicated at right. Arrow identifies high molecular mass (> 200 
kDa) multimeric complexes containing COX subunit I. Blots were reprobed with antibody to synaptophysin (p38) as a protein loading control. 
(C) Immunolocalization of mitochondria using antibody to COX subunit I. In control putamen (Cl), mitochondria (grey immunoperoxidase 
staining) are localized as fine particles distributed diffusely throughout the neuropil without intense cytoplasmic labeling of striatal neuron cell 
bodies. Scale bar (Cl, same for 2 and 3), 8 /urn. At 6 h after HI, mitochondria accumulate within the cell bodies of striatal neurons (2, broad 
black arrowheads), as demonstrated by the cytoplasmic immunoreactivity (black immunoperoxidase labeling) for COX subunit I, while the 
neuropil immunoreactivity dissipates. Subsets of mitochondria within cellular processes in the neuropil (2, open arrows) and in neuronal cell 
bodies (2, broad black arrowheads) are dilated, consistent with the mitochondrial swelling seen by EM (compare with Fig. 3). At 12 h after HI, 
immunoreactivity for COX subunit I is reduced throughout the neuropil of putamen and many of the remaining mitochondria are swollen (3, 
open arrows), consistent with the disintegration of mitochondria found by EM. (D) Densitometric histochemical assay for COX enzyme activity 
in control and HI piglet putamen also revealed a transient elevation in mitochondrial function at 6 h recovery. Asterisks indicate significant 
difference (P < 0.05) from control followed by a loss of function at 24 h. 
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Lysosomal Destabilization in Striatum after HI 
132- 

78- 

46- 

32- 

• ftai JÜBj 
mm «M»^ 

18- 

SNAP-25— 
w^^w^p    TBWHBP    ^PPPl^^^ 

B 

E„ 

12 24 
Hours After Hl 

FIG. 8. Characterization of cytochrome c in pig brain and changes 
after HI: cytochrome c is depleted during striatal neuron necrosis. (A) 
Cytochrome c in piglet brain extracts was evaluated by immunoblot- 
ting and was compared to purified horse heart cytochrome c as a 
standard. Lanes were loaded with varying amounts of purified cyto- 
chrome c (0.5,1,5,10, or 20 ng) or with 10 fig total soluble protein from 
striatal extracts of control (C) and HI (3, 6, or 12 h recovery) piglets. 
Molecular weight standards (in kDa) are shown at left. Purified cyto- 
chrome c monomer is detected at a molecular mass of —12 kDa. The 
upper bands in the cytochrome c lanes are due to dimers or multimers 
of cytochrome c. Immunoreactive bands with similar mobilities are 
detected in piglet brain extracts. Blots were reprobed with synapse- 
associated protein-25 (SNAP-25) as a loading control for piglet extracts. 
(B) Densitometric analysis of cytochrome c protein levels in soluble 
fractions of striatum from piglets recovered for 3, 6,12, or 24 h after HI. 
Cytochrome c immunodensity (2-3 piglets per group) was corrected 
for nerve terminal marker immunodensity in the same sample, then 
expressed as percentage control. Values are mean ± SEM. Asterisk 
indicates significant difference (P < 0.05) from control and 3 h after HI. 

one set of experiments several observations previously 
reported as isolated fragments in less comprehensive 
papers. Furthermore, this study clarifies the contro- 
versial contributions of neuronal necrosis versus apo- 
ptosis to striatal degeneration after HI in newborns, 

Acid phosphatase 
activity (Percentage of 

Time after HI control)" 

3h 119.7 ± 20.5 
6h 143.7 ± 16.1" 
12 h 149.7 ± 15.91" 
24 h 181.0 ±   5.2" 

" See methods for assay. All values are mean ± SEM. 
b Significantly different (P < 0.05) from control. 

notably by demonstrating in piglets that neuronal 
apoptosis does not have a major contribution to this 
degeneration during the first 24 h after the hypoxic- 
asphyxic cardiac arrest. Apoptosis of neurons and 
neuroglia may, however, have a more prominent con- 
tribution to the neuropathology after HI in newborns 
as a form of delayed or secondary cell death that is 
related to target deprivation of interconnected brain 
regions (Martin et ah, 1997b, 1998a). 

Neuronal Death in Striatum Begins Rapidly after 
HI and Is Necrosis 

Striatal neuron degeneration begins before 3 h after 
HI and is progressive during the first 24 h after the 
insult. This degeneration is necrosis. Specific or- 
ganelles are not targeted selectively. The nucleus, 
Golgi apparatus, ER, lysosomes, mitochondria, and 
cytoskeleton are all damaged. Proteins and nucleic 
acids (both RNA and DNA) are damaged by ROS. 
Protein constituents of the Golgi apparatus and/or 
Golgi complex-associated proteins (e.g., cytoskeletal 
proteins) are direct targets of peroxynitrite radicals. 
Thus, the damage is indiscriminate at the subcellular 
level and is consistent with acute oxidative stress. This 

TABLE 3 

Glutathione Levels in Striatum after HI 

Glutathione level 
Time after HI (percentage of control)" 

3h 81.3 ± 1.7" 
6h 80.7 ± 0.61, 

12 h 91.0 ± 3.7 
24 h 95.0 ± 2.5 

' See methods for assay. All values are mean ± SEM. 
' Significantly different (P < 0.05) from control. 
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FIG. 10. Double-label immunofluorescence for nitrotyrosine (A, 
green FITC labeling) and Golgi 58K protein (B, red Texas red 
labeling) demonstrates that nitrotyrosine immunoreactivity (A, ar- 
rowhead) occurs at fragments of the Golgi apparatus (B, arrowhead) 
in striatal neurons at 6 h after HI. Scale bar in A, 4 /xm. 

FIG. 9. Peroxynitrite-mediated oxidative damage to proteins 
occurs early after HI. (A) Immunoblot of nitrotyrosine-modified 
membrane proteins in striatum from control (c) and ischemic 
piglets at 3, 6, 12, and 24 h after HI. Molecular mass markers (in 
kDa) are indicated at right. Prominent increases in nitration after 
HI occur in proteins at —50 and —68 kDa. Blots were reprobed 
with antibody to synaptophysin (p38) as a protein loading con- 
trol. (B) Immunoprecipitation demonstrated that tubulin (with a 
molecular mass of —50 kDa) is a nitrated protein in control 
striatum (c). After HI, nitrotyrosine modification of tubulin is 
increased in striatum at 6 h (HI). Nitrotyrosine modification of a 
low molecular mass fragment of tubulin or a protein that inter- 
acts with tubulin (lower panels) is unchanged after HI. (C) Im- 
munolocalization of nitrated proteins in striatal neurons after HI. 
In control striatum (Cl), nitrotyrosine immunoreactivity is not 
detectable, but, at 6 (2) and 12 h (3) after HI, striatal neurons 
(open arrows) are intensely immunoreactive for nitrotyrosine. At 
6 h after HI many neurons have a perinuclear localization of 
nitrotyrosine immunoreactivity, while at 12 h after HI, nitroty- 
rosine immunoreactivity is dispersed throughout the cytoplasm 
of striatal neurons. This pattern is reminiscent of the structural 
changes in the Golgi apparatus (see Figs. 2-4). Scale bar (Cl, 
same for 2 and 3), 8 (im. 

conclusion is further substantiated by the depletion of 
GSH by 3 h. This degeneration of striatal neurons after 
HI is very distinct structurally and biochemically from 
neuronal apoptosis (Martin et ed., 1998a). It is also 
distinct from non-NMDA glutamate receptor-medi- 
ated excitotoxic neuronal apoptosis, but it is very sim- 
ilar to NMDA receptor-mediated excitotoxic neuronal 
necrosis (Portera-Cailliau et al, 1997a). Based on the 
onset of neuronal damage, the rate of progression of 
neuronal death, and on the widespread subcellular 
damage, we conclude that early neurodegeneration in 
striatum after HI in newborns is oxidative stress-in- 
duced cellular necrosis. 

Our results demonstrating that neuronal death in 
the striatum of HI newborn piglets is necrosis differs 
from recent conclusions made by other groups using 
neonatal rats (Hill et al, 1995; Beilharz et al, 1995; 
Cheng et al, 1998). This discrepancy regarding the 
occurrence of neuronal apoptosis after HI is partly due 
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to differences in the criteria for apoptosis, differenes in 
the comprehensiveness of the EM analysis, and to 
differences in the animal species used for the experi- 
mental injury. It was reported that the ultrastructure 
of neuronal degeneration was apoptosis after HI in 
1-week-old rat (Cheng et al, 1998). However, this ul- 
trastructure would be interpreted as necrosis by us 
and others (present study and Martin et al, 1998a, 
2000; Ishimaru et al, 1999). The nuclear pyknosis with 
condensation of chromatin into many small, irregu- 
larly shaped clumps in ischemic neurons contrasts 
with the formation of few, uniformly dense and reg- 
ularly shaped chromatin aggregates which occurs in 
neuronal apoptosis (Portera-Cailliau et al, 1997a; Al- 
Abdulla et al, 1998; Martin et al, 1998a, 1999, 2000; 
Ishimara et al, 1999). Alternatively, the data from neo- 
natal rats may support our concept of the apoptosis- 
necrosis continuum for neuronal death (Portera-Cail- 
liau et al, 1997a,b; Martin et al, 1998a) in that this 
neuronal degeneration may be a hybrid of necrosis 
and apoptosis. DNA fragmentation analyses (Hill et 
al, 1995; Beilharz et al, 1995; Cheng et al, 1998) would 
support this interpretation, in view of a structure in- 
dicative of necrosis in the presence of internucleoso- 
mal laddering. Internucleosomal fragmentation of 
DNA was not found in HI piglets. Digestion of DNA 
in an internucleosomal pattern may not be specific for 
apoptosis, because it occurs in NMDA receptor-medi- 
ated excitotoxic neuronal necrosis in adult brain (Por- 
tera-Cailliau et al, 1997a) and in neuronal culture 
(Gwag et al, 1997), and in cells undergoing necrosis 
induced by calcium ionophores and heat shock (Col- 
lins et al, 1992). Moreover, in situ end-labeling meth- 
ods for DNA fail to discriminate among apoptotic and 

FIG. 11. Prominent hydroxyl radical damage to RNA and DNA 
occurs in striatal neurons after HI. (A) In control striatal neurons 
(open arrows) faint labeling of the cytoplasm is detected with 
OHdG/OHG antibodies, corresponding to RNA labeling, while the 
nucleus (asterisks) and the neuropil is free of immunoreactivity. 
Scale bar, 25 /im (same for B-E). (B) By 6 h after HI, the cell bodies 
and processes of striatal neurons (open arrows) have intense cyto- 
plasmic OHdG/OHG immunoreactivity. (C) By 12 h after HI, stri- 
atal neurons (open arrows) display intense OHdG/OHG immuno- 
reactivity within the cytoplasm and the nucleus. (D) RNase diges- 
tion abolished the prominent cytoplasmic and neuropil labeling for 
OHG in striatal neurons after HI, revealing the intense nuclear 
labeling for OHdG (open arrows). Hydroxyl radical damage to 
DNA also occurs in vascular endothelial cells at 6 h after HI (solid 
black arrow). (E) In striatal neurons (open arrows) at 12 h after HI, 
DNase treatment diminished the labeling for OHdG within the 
nucleus (asterisk). 
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necrotic cell deaths (Grasl-Kraupp et al, 1995; Portera- 
Cailliau et al, 1997a; Martin et al, 1998a) and can also 
detect DNA fragments during DNA synthesis (Lock- 
shin and Zakeri, 1994). Additional observations dem- 
onstrating that a pan-caspase inhibitor is neuroprotec- 
tive in neonatal rats after HI suggests a possible con- 
tribution of neuronal apoptosis (Cheng et al, 1998) to 
this neuropathology; however, many caspase family 
members function in the proteolytic processing of 
proinflammatory cytokines, thus neuroprotective ef- 
fects of pharmacological inhibition of all caspases may 
be mediated by mechanisms other than blocking 
apoptosis (e.g., anti-inflammation). 

Furthermore, the rat pup model of neonatal HI and 
our newborn piglet model of HI are different from 
physiological, clinical, and neuropathological stand- 
points and are likely to exhibit different responses to 
injury. Rat pups and piglets (and other artiodactylous 
ungulates) near the day of birth are at very different 
stages of maturation with respect to glutamate recep- 
tors and glutamate transporters (Martin et al, 1997c; 
Furuta et al, 1997; Martin et al, 1998b; Furuta and 
Martin, 1999; Northington et al, 1998). In both pig and 
human, the peak of the brain growth spurt occurs near 
term, whereas that of rat occurs at about 7 days post- 
natally (Dobbing and Sands, 1979). Moreover, in pig, 
the percentage of adult brain weight at birth is much 
closer to human compared to that of rat (Dobbing and 
Sands, 1979). These fundamental neurobiological is- 
sues are very important when considering the rele- 
vance of experimental animals as models for brain 
injury in human newborns. 

Striatal Neurons Undergo Widespread Organelle 
Damage after HI 

Most organelles in vulnerable neurons are damaged 
after ischemia. Organelles that function in protein syn- 
thesis and posttranslational modification (i.e., the ER, 
polysomes, and Golgi apparatus) become structurally 
abnormal early after ischemia and are persistently ab- 
normal during the process of neurodegeneration (Kirino 
et al, 1984; Petito and Pulsinelli, 1984; Rafols et al, 1995). 
Perturbations in the ER, ribosomes, and Golgi apparatus 
are consistent with the finding that total protein synthe- 

J sis is severely reduced by 6 h after transient global fore- 
brain ischemia and is reduced persistently in selectively 
vulnerable neurons (Thilmann et al, 1986; Araki et al, 

' 1990). The ER damage and release of lumenal chaperone 
proteins found in HI piglets suggests that appropriate 
protein folding is also likely to be compromised. Our 
findings that the Golgi apparatus is structurally abnor- 

mal and its protein constituents are possible targets of 
peroxynitrite radicals are consistent with other observa- 
tions. Golgi membranes in neurons undergo lipid per- 
oxidation after global ischemia (Rafols et al, 1995). Fur- 
thermore, the finding that lysosomal membranes be- 
come destabilized in striatum after HI is consistent with 
results showing that lysosomal membrane stability is 
disrupted in liver after ischemia-reperfusion (Frederiks 
and Marx, 1989). Lysosomal instability and release of 
hydrolytic enzymes into the cytosol may propagate cel- 
lular necrosis by further damaging membranous or- 
ganelles (Farber et al, 1981). 

Abnormalities in mitochondrial structure occur dur- 
ing cellular necrosis and can be produced when mito- 
chondrial ATP synthesis fails and plasma membrane 
function is impaired (Laiho et al, 1975). We found that 
mitochondrial function is suppressed at 3 h after HI, is 
sharply increased by 6 h reperfusion, and then mito- 
chondrial enzymatic activity is lost. COX subunit I 
protein levels drop abruptly by 3 h after HI, followed 
by a return to baseline, and then a loss of protein is 
sustained. The loss of enzyme function and immuno- 
logical delectability of protein at 3 h may reflect acute 
inactivation and epitope modification or proteolysis of 
mitochondrial proteins, possibly resulting from 
changes in intracellular pH and ionic strength, ther- 
modynamic stability, or changes in the interactions of 
COX with endogenous modifiers such as ROS or other 
proteins (Bolli et al, 1985; Wolff and Dean, 1986; Da- 
vies, 1987; Capaldi et al, 1990). Mitochondrial proteins 
undergo oxidative inactivation by peroxynitrite. COX 
is a target of peroxynitrite-mediated inactivation (Bo- 
lanos et al, 1995). In addition, H202 production can 
lead to formation of hydroxyl radicals and then lipid 
hydroperoxides that can damage mitochondrial mem- 
branes and inhibit mitochondrial functions (Ravin- 
dranath and Reed, 1990). The transient elevation of 
COX activity and reappearance of protein levels at 6 h 
suggests that the changes found at 3 h may be revers- 
ible. The enzyme complex may renature or undergo 
reversed modification or reversible inhibition, or rapid 
synthesis (COX subunit I is made intramitochondri- 
ally) (Capaldi, 1990; Bolli et al, 1995). Moreover, we 
found that COX subunit I protein aggregates, forming 
large multimeric complexes after HI. This change in 
COX may signify increased covalent protein-protein 
interactions due to sulfhydryl oxidation and perturba- 
tions in redox state and is possibly related to the 
depletion of GSH levels early after HI. Loss of protein 
thiols by oxidation can lead to abnormalities in mito- 
chondrial protein function and mitochondrial mem- 
brane permeability (Ravindranath and Reed, 1990). 
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Mitochondrial failure after HI is also suspected be- 
cause cytochrome c is depleted. Cytochrome c has 
been identified as an apoptotic protease activating 
factor. Its regulated release from mitochondria and 
interactions with other proteins participate in the 
mechanisms for programmed cell death (Li et ah, 
1997). However, cytochrome c translocation and cyto- 
plasmic accumulation alone are insufficient for neuro- 
nal apoptosis (Deshmukh and Johnson, 1998). Cyto- 
chrome c accumulation in CNS tissue soluble fractions 
is presumed to be a marker for neuronal apoptosis 
after ischemia (Fujimura et ah, 1998). However, in the 
presence of widespread structural and biochemical 
abnormalities in striatum after HI, release of cyto- 
chrome c from mitochondria after ischemia is unlikely 
to be a physiologically regulated event, nor is it likely 
that downstream effector mechanisms for apoptosis 
are operative in striatal neurons after ischemia. In- 
deed, we found that cytochrome c is depleted in stri- 
atal cytosolic extracts after HI. This abnormality is 
consistent with mitochondrial failure, impaired oxida- 
tive phosphorylation, and neuronal necrosis. Impor- 
tantly, the loss of cytochrome c may contribute to the 
oxidative stress by mobilizing iron from heme groups 
during its proteolysis. Overall, these changes point 
toward acute mitochondrial dysfunction contributing 
to the pathobiology of neuronal necrosis in the new- 
born striatum after HI. 

Tubulin Is a Target of Oxidative Stress after HI in 
Newborn Brain 

We found that tubulin is a target of extensive ty- 
rosine nitration after HI. Tubulin is the major cytoskel- 
etal protein in neurons that forms the microtubule 
network (Brady, 1991). Microtubules serve as tracks 
for the movement of mitochondria and lysosomes, 
and they are important in establishing and maintain- 
ing the shape, structural integrity, locations, and func- 
tions of the Golgi apparatus, ER, and mitochondria 
(Brady, 1991). Amino acid modification of tubulin by 
posttranslational nitrotyrosination causes microtubule 
dysfunction by a nitric oxide-dependent mechanism 
(Eiserich et ah, 1999), consistent with our finding that 
tubulin is a target of peroxynitrite. It is possible that 
nitrotyrosination of tubulin and microtubule dysfunc- 
tion participate in the mechanisms for the organelle 
abnormalities that occur in striatal neurons after HI, 
including dispersion of the Golgi apparatus, dilation 
of the ER, accumulation and swelling of mitochondria, 
and destabilization of lysosomes. When cells are ex- 
posed to agents that perturb microtubule assembly, 

the ER network redistributes, contracts, and then col- 
lapses towards the nucleus (Lee and Chen, 1988), and 
the Golgi apparatus fragments into small vesicles that 
are dispersed throughout the cytoplasm (Donaldson et 
ah, 1990; Pavelka and Ellinger, 1993). These changes 
are similar to those that we have found in striatal 
neurons after HI. Thus, oxidative damage to tubulin 
and microtubule dysfunction may provide a molecu- 
lar mechanism for some of the subcellular abnormal- 
ities occurring in striatal neurons after HI. 

Oxidative Stress Is a Mechanism for Striatal 
Neuron Necrosis in Newborns after HI 

We found evidence for an early loss of antioxidant 
capacity and oxidative damage to proteins and nucleic 
acids. By 3 to 6 h after HI, GSH was depleted, per- 
oxynitrite damaged membrane proteins (specifically 
Golgi-associated proteins), and nitration of tubulin 
increased. In addition, nucleic acids were damaged by 
hydroxyl radicals. Peroxynitrite oxidation of nucleo- 
sides may not be a major pathway (Uppu et ah, 1996). 
A more likely pathway for nucleoside oxidation by 
hydroxyl radical is from the transitional metal (iron)- 
catalyzed, Haber-Weiss- and Fenton-type reactions 
that use Superoxide and H202 as substrates, respec- 
tively, thereby producing hydroxyl radicals (Boveris 
and Cadenas, 1997). Interestingly, redox-active heme 
and nonheme iron from cytochrome c breakdown may 
support hydroxyl radical formation in the cytosol and 
RNA oxidation. 

The mitochondrial alterations that occur in dying 
striatal neurons after HI support our conclusion that 
oxidative stress participates in the mechanisms of neu- 
ronal necrosis. Mitochondria accumulated in the cell 
bodies of neurons by 6 h of reperfusion, and mito- 
chondrial function was increased transiently at 6 h 
after reperfusion. Mitochondrial accumulation could 
be due to interruption of mitochondrial trafficking 
because of tubulin/microtubule perturbations or to 
dendritic attrition because dendrites are damaged 
early after ischemia (Kitagawa et ah, 1989; Yamamoto 
et ah, 1990). Alternatively, mitochondrial accumula- 
tion may be due to cell body shrinkage after the initial 
swelling stage during 3 h recovery. A possible conse- 
quence of this accumulation is that mitochondria are 
in closer proximity to each other and to the nucleus 
and other organelles within the perikaryon. The mito- 
chondrial electron-transfer chain is a primary genera- 
tor of Superoxide and peroxide, and damaged mito- 
chondria are believed to produce even more Superox- 
ide   ion   (Boveris   and   Cadenas,   1997).   Excessive 
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generation of Superoxide occurs in piglet brain during 
asphyxia-reventilation (Pourcyrous et ah, 1993). In ad- 
dition, depletion of GSH has been shown to lead to 
mitochondrial swelling and lysis and then cellular 
necrosis (Meister, 1995), consistent with the abnormal- 
ities we observed by EM. We also found that depletion 
of GSH precedes mitochondrial swelling and lysis and 
loss of cytochrome c. Thus, mitochondrial accumula- 
tion and activation may be important mechanistically 
because peroxynitrite and hydroxyl radicals are 
highly reactive and short-lived (Boveris and Cadenas, 
1997) and, therefore, need to be generated at sites near 
target organelles and macromolecules. 

Conclusion 

In a piglet model of HI brain damage in newborns, 
striatal neuron necrosis evolves rapidly. It is likely that 
widespread oxidative damage to organelles and mac- 
romolecules is a primary mechanism for striatal neu- 
rodegeneration. Based on the observations made here 
with this piglet model, neuroprotection strategies for 
the amelioration or prevention of the acute striatal 
damage in HI newborns should be implemented im- 
mediately after HI, before depletion of glutathione, 
oxidative stress, and subcellular injury. This informa- 
tion is important for the management of basal ganglia 
damage and neurological abnormalities in HI human 
newborns. 
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ABSTRACT 

The mechanisms for injury-induced neuronal apoptosis within the CNS are not understood. 

We used a rodent model of cortical injury to induce retrograde neuronal apoptosis in thalamus. In 

this animal model, unilateral ablation of the occipital cortex in rat and mouse results in unequivocal 

neuronal apoptosis in the dorsal lateral geniculate nucleus (LGN) by 7 days postlesion. We tested 

the hypothesis that p53 and Bax regulate this retrograde neuronal apoptosis. We found using 

immunocytochemistry that p53 accumulates in nuclei of neurons destined to undergo apoptosis. By 

immunoblotting, p53 levels increase (-150% of control) in the LGN by 5 days after occipital cortex 

ablation. In nuclear-enriched fractions, p53 is activated (-3-fold) in the ipsilateral LGN at 5 days 

postlesion, as shown by DNA binding assay. The levels of procaspase-3 increase at 4 days 

postlesion, and caspase-3 is activated prominently at 5 days postlesion. To identify if neuronal 

apoptosis in the adult brain is dependent on p53 and Bax, cortical ablations were done on null 

\np53-'- mice, the severity of neuronal apoptosis is significantly attenuated (-34%), and in bax1' 

mice neuronal apoptosis in the dorsal LGN is blocked completely. We conclude that neuronal 

apoptosis in the adult thalamus after cortical injury is mediated by both p53-dependent and p53- 

independent cell death pathways and requires Bax. 

Key words: Alzheimer's disease, amyotrophic lateral sclerosis, DNA damage, programmed cell 

death, head trauma, thalamus 

mice. 
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Apoptosis is an organized form of cell death that is mediated by active, intrinsic mechanisms 

(Arends et al., 1990; Kerr and Harmon, 1991). Apoptosis in the nervous system is important for a 

variety of reasons. Apoptotic death of neurons and non-neuronal cells occurs normally in the 

developing nervous system (Glücksmann, 1951; Oppenheim, 1991), and defects in apoptosis can 

cause cerebral malformations (Kuida et al., 1996; Hakem et al., 1998). Apoptosis might also 

participate in the pathogenesis of abnormal neuronal death in chronic and acute neurodegenerative 

disorders. For example, the genes for neuronal apoptosis inhibitory protein and survival motor 

neuron protein are either deleted partially or are mutant in some children with pediatric forms of 

motor neuron disease such as spinal muscular atrophy (Roy et al., 1995; Lefebvre et al., 1995). The 

neuronal and glial degeneration in age-related neurological disorders such as Alzheimer's disease 

and amyotrophic lateral sclerosis also may be forms of apoptosis (Anderson et al., 1996; Kitamura 

et al., 1999; Martin et al., 2000a). In acute neurodegenerative disorders, apoptosis of neurons and 

nonneuronal cells may contribute to the neuropathology in animal models of cerebral ischemia 

(MacManus et al., 1997; Martin et al., 1998; Martin et al., 2000b) and spinal cord trauma (Liu et al., 

1997). Therefore, understanding the molecular regulation of apoptosis is relevant to not only 

nervous system development but also neurodegeneration in pathological conditions. 

Apoptosis can be induced by the oncosuppressor protein p53 (Vogelstein and Kinzler, 1992; 

Levine, 1997). This DNA binding protein functions in genome surveillance, DNA repair, and as a 

transcription factor. p53 commits to death cells that have sustained DNA damage from reactive 

oxygen species (ROS) and other genotoxic agents. The mechanisms by which p53 induces apoptosis 

are largely unknown. p53 is a direct transcriptional activator of the bax gene (Miyashita and Reed, 
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1995) and a transcriptional repressor of the Bcl-2 gene (Miyashita et al, 1994); thus, apoptosis is 

thought to be executed by molecular cascades involving expression or activation of p53, Bax, and 

caspases (Polyak et al., 1997). 

The understanding of the mechanisms for apoptosis in nervous system cells is less advanced 

compared to cells of non-nervous tissue origin. Seminal studies have shown recently that Bax is 

critical for apoptosis of neurons in cell culture (Deckwerth et al., 1996; Miller et al., 1997; Putcha et 

al., 1999) and is required for neuronal apoptosis during development (Deckwerth et al., 1996). 

However, the mechanisms for injury-induced neuronal apoptosis within the CNS are much less 

understood as compared to cell culture and developmental paradigms. We have developed and 

characterized recently an injury model of unequivocal neuronal apoptosis within the rodent brain. In 

this model, occipital cortex ablation reliably causes neuronal apoptosis in the dorsal lateral 

geniculate nucleus (dLGN) of thalamus (Al-Abdulla et al., 1998; Al-Abdulla and Martin, 1998). We 

used this model to test the hypothesis that injury-induced apoptosis of neurons in the adult brain is 

controlled by p53, Bax, and caspases. 

MATERIALS AND METHODS 

Animals 

Adult male rats and mice were used for these experiments. Sprague-Dawley rats (Charles 

River, Wilmington, MA) weighed -150-200 g. Mice (Jackson Labs) were genetically deficient in 

the bax gene (bax -\ n = 16) or the P53 gene (p53 -'; n = 10) and were 6-8 weeks of age when used. 

C57/B6 mice (n = 20) served as controls for bax-null mice, and 129/SV mice (n = 10) served as 



Martin et al 
5 

controls for p53-null mice. The animals were housed in a colony room with a 12 h:12 h-light/dark 

cycle and ad libitum access to food and water. The Animal Care and Use Committee of the Johns 

Hopkins University School of Medicine approved the animal protocol. 

Model of neuronal apoptosis in vivo 

A unilateral occipital cortex ablation served as the model for producing axotomy and target 

deprivation of neurons and subsequent apoptosis selectively in the dLGN (Al-Abdulla et al., 1998; 

Al-Abdulla and Martin, 1998). Rats and mice were anesthetized with a mixture of 

enflurane:oxygen:nitrous oxide (1:33:66) and placed in a stereotaxic apparatus. After a midline 

scalp incision, a craniotomy was made and the dura was incised using a sharp 22-gauge needle. The 

cortex underlying the craniotomy was then aspirated using a blunt-tipped 22-gauge needle 

connected to a vacuum line, without damaging the surrounding venous sinuses and the underlying 

hippocampus (Fig. 1, top). Postlesion survival times after occipital cortex ablation were 1, 2, 3, 4, 5, 

6, 7, and 14 days. 

Retrograde labeling of corticopetal projection neurons in mouse dLGN 

The retrograde tracer Fluorogold (FG, Fluorochrome, Inc., Englewood, CO) was injected 

into mouse visual cortex to identify corticopetal projection neurons in the dLGN. An occipital 

craniotomy was performed, and 100 nl of 5% FG in deionized-distilled H20 was injected slowly 

into the cortex over 10 minutes using a 25-gauge 0.5 ml blunt-tip syringe (Hamilton, Reno, NV). 

Three days later, mice (n = 5) were anesthetized and underwent an occipital cortex ablation as 
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described above. FG-injected mice with occipital cortex ablations recovered for 4 days before being 

perfused for light microscopic analysis. Identification of corticopetal projection neurons was done 

by direct fluorescence and by immunodetection of FG using a polyclonal antibody (diluted 

1:10,000; Chemicon, Inc., Temecula, CA) as described (Al-Abdulla et al., 1998; Martin et al., 

1999). 

Neuron counting 

At 7 and 14 days after occipital cortex ablation, Bax-deficient mice, p53-deficient mice, and 

respective control mice were anesthetized with an overdose of chloral hydrate and perfused intra- 

cardially with ice-cold phosphate buffer-saline (PBS, 100 mM, pH 7.4), delivered by a perfusion 

pump, followed by 4% paraformaldehyde in ice-cold PBS. After perfusion-fixation, brains were 

allowed to remain in situ for 1 hour before they were removed from the skull. After the brains were 

removed, they were cryoprotected in 20% glycerol-PBS, uniformly blocked, and frozen under 

pulverized dry ice. Transverse, symmetrical sections (40 urn) through the thalamus were cut using a 

sliding microtome. Sections (every 5th) from each mouse brain were mounted on glass slides and 

stained with cresyl violet for neuronal counting. 

The counting of neurons in the ipsilateral and contralateral dLGN was done at lOOOx 

magnification as described (Al-Abdulla et al., 1998). Three brain sections from each mouse were 

used to count neurons without apoptotic structural changes (using strict morphological criteria, see 

Fig. 1 top, a). These criteria included a round, open, pale nucleus (not condensed and darkly 

stained), granular Nissl staining of the cytoplasm, and a diameter of -20-25 urn. With these criteria, 
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astrocytes, oligodendrocytes, and microglia were excluded from the counts. The total number of 

neurons was counted in three, non-overlapping fields in the dLGN of ipsilateral and contralateral 

thalamus. Neuronal counts were used to determine group means and variances and comparisons 

among groups were performed using a one-way analysis of variance and a Student's f-test. 

Localization of p53 in dLGN after occipital cortex ablation 

We evaluated whether p53 is induced in dLGN neurons after cortical damage. Rats at 1, 3, 4, 

5, 6, and 7 days postlesion (n= 4 to 6 per time point) and mice at 5, 6, and 7 days postlesion (n= 4- 

10 per time point) were used for the immunocytochemical detection of p53. These animals were 

anesthetized and perfusion-fixed, and the brains were prepared as described above. p53 was detected 

in rat and mouse brain sections using a standard immunoperoxidase method with diaminobenzidine 

as chromogen and cresyl violet counter staining. Two different commercial antibodies were used: 

BMG-1B1, 1 |ag IgG/ml (Boehringer-Mannheim) and Pab240, 1 ug IgG/ml (Santa Cruz). The 

specificities of these antibodies were demonstrated by immunoblotting (see below). These 

antibodies are highly specific for detecting a major protein band at -53 kD that has the same 

mobility as purified p53. Furthermore, the immunoreactivity detected with this antibody is 

exclusively nuclear and is found only in subsets of cells. Negative controls were sections from p53- 

null mice and other sections with primary or secondary antibody omitted. 

Immunoblotting for p53 and caspase-3 

Rats were used to measure p53 and caspase-3 protein levels during the progression of 



Martin et al 
8 

neuronal apoptosis. Samples of LGN were collected for immunoblotting at 1, 4, 5, and 6 days after 

occipital cortex ablation (n = 9-17 rats per time point). Animals were deeply anesthetized with 

chloral hydrate, decapitated, and the brain was removed quickly and placed on ice. Under a 

stereomicroscope, the cerebral cortex was reflected to visualize the dorsal thalamus. The LGN is 

readily discernible by surface landmarks. Using iridectomy scissors, the LGN from ipsilateral 

(target deprived) and contralateral (control) thalamus was microdissected from each rat and frozen 

quickly on dry ice. LGN samples from target-deprived and control sides were pooled for each time 

point. We verified the accuracy of the LGN microdissection by removing LGN samples and then 

immersion-fixing the brainstems in 4% paraformaldehyde. Afterwards the brainstems were 

cryoprotected, cut, and rostral brainstem sections were stained with cresyl violet and viewed 

microscopically (data not shown). 

LGN samples were homogenized in cold 20 mM Tris HC1 (pH 7.4) containing 10% (wt/vol) 

sucrose, 20 U/ml aprotinin (Trasylol), 20 ug/ml leupeptin, 20 ug/ml antipain, 20 ug/ml pepstatin A, 

20   ug/ml chymostatin, 0.1 mM phenylmethylsulfonyl fluoride, 10 mM benzamidine, 1 mM 

EDTA, and 5 mM EGTA. Crude homogenates were centrifuged at 1,000 gav for 10 minutes (4C), 

and the resulting pellet consisting of the nuclear-enriched fraction was resuspended in 

homogenization buffer (without sucrose) supplemented with 20% (wt/vol) glycerol. The supernatant 

was then centrifuged at 54,000 gav for 20 minutes (4C) to yield soluble and membrane-fractions. 

This subcellular fractionation protocol has been verified (Martin, 2000). Protein concentrations in 

nuclear and soluble fractions were measured by a Bio-Rad protein assay with bovine serum albumin 

as a standard. 
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Immunoreactivities for p53 and caspase-3 (proenzyme and active forms) were measured in 

the LGN after occipital cortex ablation. Nuclear-enriched and soluble cell fractions from ipsilateral 

and contralateral LGN samples were subjected to 15% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred to nitrocellulose membrane by electroelution as 

described (Martin, 1999). The positive control for p53 was purified E. co/z'-expressed human p53 

(Oncogene Research Products). The positive control for active caspase was purified active caspase-3 

(BioVision Research Products). The reliability of sample loading and electroblotting in each 

experiment was evaluated by staining nitrocellulose membranes with Ponceau S before 

immunoblotting. Blots were blocked with 2.5% nonfat dry milk with 0.1% Tween 20 in 50 mM 

Tris-buffered saline (pH 7.4), then incubated overnight at 4C with antibody. Two different p53 

antibodies were purchased commercially and were a sheep anti-human recombinant p53 (BMG- 

1B1, Boehringer Mannheim) and a mouse monoclonal antibody to p53-ß glactosidase fusion protein 

containing the p53 domain corresponding to amino acids 156-214 (Pab240, Santa Cruz). The 

nuclear-enrichment of the LGN subcellular fractions was verified by the presence of NeuN (Martin, 

2000; data not shown), as detected with a mouse monoclonal antibody (Chemicon). Caspase-3 was 

detected with a rabbit polyclonal antibody that binds both the proenzyme and the active subunits 

(Santa Cruz). The antibodies were used at the following concentrations to visualize immunoreactive 

proteins within the linear range: 2-3 fig IgG/ml (BMG-1B1), 1-2 \xg IgG/ml (Pab240), 0.2-0.4 ug 

IgG/ml (NeuN), and 0.4 u.g IgG/ml (caspase-3). After the primary antibody incubation, blots were 

washed and incubated with horseradish peroxidase-conjugated secondary antibody (0.2 ng/ml), 

developed with enhanced chemiluminescence (Pierce), and exposed to x-ray film. The blots were 
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then reprobed with a monoclonal antibody to synaptophysin (Boehringer Mannheim) or synapse- 

associated protein-25 (SNAP-25) as controls for protein loading. 

To quantify P53, caspase-3, and synaptic protein immunoreactivities, films were scanned 

and densitometry was performed as described (Martin, 1999). Protein levels were expressed as 

relative optical density measurements, determined by comparing the density and area of the 

immunoreactive bands from ipsilateral LGN samples to corresponding bands in contralateral control 

lanes in the same blot. The immunodensities for p53 and caspase-3 were normalized to synaptic 

proteins. The values for each time point were replicated in triplicate or quadruplicate experiments. 

The group means and variances were evaluated by one-way analysis of variance, and subsequent 

statistical evaluations for significance were made using a two sample Student's f-test. 

p53-DNA binding assay 

We evaluated whether p53 in LGN samples had competent DNA binding activity. A p53- 

consensus, double stranded oligonucleotide (Santa Cruz, sc2579) was 3'-end labeled with 

digoxigenin-11-ddUTP using terminal transferase (Boehringer Mannheim), precipitated, and 

resuspended in TE buffer. DNA-p53 binding reactions were carried out at room temperature for 40 

minutes with 1 ng DNA probe and 20 Hg nuclear extract protein (from ipsilateral and contralateral 

LGN samples) in 10 mM Tris buffer (pH 7.5), 50 mM NaCl, 5 mM MgCl2, 1 mM dithiothreitol, 1 

mM EDTA, 5% glycerol, and 2 ug herring sperm DNA. For supershift assays, nuclear fractions 

were incubated (1 h at room temperature) with p53 antibody (10 p.g/ml) prior to the reaction with 

oligonucleotide. The samples were resolved by electrophoresis through a nondenaturing 4% 
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polyacrylamide gel (pre-run for 30 mins at 33 V) and transferred overnight to nylon membrane 

followed by UV-crosslinking. Membranes were incubated in 2% nucleic acid blocking reagent 

(Boehringer Mannheim) and then in blocking reagent containing 75 mU/ml antidigoxigenin Fab 

fragments conjugated to alkaline phosphatase (Boehringer Mannheim). After washing, membranes 

were reacted with CSPD detection reagent (Boehringer Mannheim) and exposed to Kodak X- 

OMAT film to visualize DNA. 

RESULTS 

Occipital cortex ablation in adult mouse causes neuronal apoptosis in the dLGN 

The development and characterization of this model of neuronal apoptosis in rat have been 

shown (Al-Abdulla et al., 1998; Al-Abdulla and Martin, 1998; Martin et al., 1998). We have 

adapted this model of occipital cortex ablation to the mouse brain (Fig. 1 top). The results in 

wildtype C57/B6 and 129/SV mice are similar to the data obtained in rat; therefore, they are 

described only briefly. The visual cortex was ablated in mouse, as verified by injecting occipital 

neocortex with FG and retrogradely labeling the projection neurons in the dLGN (Fig. 1 bottom). 

The lesion in mouse brain is consistent. The inter-animal variability is minimal in the extent of the 

cortical aspiration in the anterior-posterior and medial-lateral axes and in the depth of the lesion. It 

extends throughout the entire thickness of the cortex at the lesion site, but the underlying 

hippocampus is spared (Fig. 1 top). This model of occipital cortex ablation in adult wildtype 

C57/B6 and 129/SV mice causes significant apoptotic death of dLGN neurons (-90% loss of 

neurons, see below) over a period of 7 days (Fig. 1, top a-d). During this period the majority of 
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dLGN neurons pass consecutively through chromatolysis (Fig. 1 top, b), condensation of chromatin 

into several round mini-masses (Fig. 1 top, c), and then apoptosis (Fig. 1 top, d). This structural 

progression of neuronal apoptosis in vivo has been described previously (Martin et al., 1999). Tract- 

tracing with FG shows that these apoptotic neurons are geniculocortical projection neurons (Fig. 1 

bottom, inset). 

p53 accumulates in dLGN neurons after occipital cortex lesions 

In normal rat and mouse brain, the level of immunocytochemically detectable p53 is low. 

Immunoreactivity is observed mostly in the nuclei of some glial cells in the brain parenchyma and 

in ependymal cells lining the ventricular system. p53 immunoreactivity is rarely observed in 

neurons in control brain (Fig. 2A, E). After occipital cortex ablation, p53 immunoreactivity 

accumulates in the nucleus of neurons in the ipsilateral dLGN of rat (Fig. 2B) and mouse (Fig. 2F). 

At 1 day and 2 days postlesion, the localization of p53 in the ipsilateral dLGN does not differ from 

the contralateral dLGN. In ipsilateral dLGN neurons, p53 immunoreactivity is elevated at 3 days 

through 6 days postlesion and is most prominent at 5 days. This accumulation of p53 in neurons is 

much more conspicuous in the mouse brain compared to the rat brain (Fig. 2B,F). At 6 days 

postlesion, astroglia show an induction of p53 in both ipsilateral and contralateral dLGN (Fig. 

2C,D). 

p53 levels increase in the LGN after occipital cortex ablation 

p53 levels in rat LGN after occipital cortex ablation were measured by immunoblotting. p53 
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in rat brain tissue is resolved at -53 kD as two closely migrating immunoreactive bands (Fig. 3) by 

SDS-PAGE (15% gels), consistent with phosphorylated and dephosphorylated forms of p53 

(Levine, 1997). These immunoreactive bands migrate as a major single band in 10% gels (data not 

shown). The migration of these immunoreactive proteins from rat LGN coincides with the migration 

and detection of purified human-p53 by SDS-PAGE (Fig. 3). At 5 days postlesion, p53 levels are 

increased significantly (p < 0.05) in the ipsilateral LGN (150% ± 13% of control, mean ± sem). At 6 

days postlesion, p53 levels are not different (92% ± 3% of control, mean ± sem) from the 

contralateral LGN. Experiments with the two different antibodies to p53 showed similar results. 

p53-DNA binding is elevated transiently in the LGN after occipital cortex ablation 

Gel-shift analysis of p5 3-DNA binding proteins in nuclear extracts of target-deprived and 

control LGN samples revealed a broad band corresponding to the p53 oligomer-DNA complex (Fig. 

4). The specificity of p5 3-DNA binding was demonstrated by the disappearance of signal when 

labeled probe was omitted, when an excess of unlabeled oligonucleotide was included, and when 

nuclear protein fractions were omitted. Furthermore, this band was shifted to a higher molecular 

mass by p53 antibody (data not shown). p53-DNA binding was increased markedly (291.0% ± 

15.6% of control, mean ± SD) at 5 days in ipsilateral LGN compared to contralateral LGN, 

corresponding to a 3-fold increase in DNA binding of p53. In contrast, at 6 days when neuronal 

apoptosis is structurally advanced, the binding activity of p53 in ipsilateral LGN was decreased 

(68.5% + 1.0% of control, mean ± SD) compared to contralateral LGN (Fig. 4). 
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Caspase-3 is activated in the LGN after occipital cortex ablation 

Activation of caspase-3 is a major downstream event in most forms of PCD (Kuida et al., 

1996). The levels of procaspase-3 and active caspase-3 subunits were measured by immunoblotting 

soluble protein fractions of discrete LGN microdissections from rats at 1, 4, 5, and 6 days after the 

cortical lesion (Fig. 5). Procaspase-3 was detected as a prominent band of immunoreactivity at -32 

kD, and the active subunits were detected at -17-20 kD (Fig. 5A). At 1 day postlesion, the levels of 

procaspase-3 and active caspase-3 are unchanged; however, at 4 days, the levels of procaspase-3 and 

activated caspase are both significantly elevated (Fig. 5B). A prominent peak in caspase-3 activation 

occurs at 5 days as procaspase-3 levels return to control levels. At 6 days postlesion, caspase-3 

activation is attenuated significantly compared to 5 days, although levels of active caspase-3 remain 

higher than in the control LGN (Fig. 5B). 

Loss of the p53 tumor suppressor function protects neurons from retrograde neuronal 

apoptosis 

Mice with targeted deletions of the p53 gene (p53"/_) were used to test the hypothesis that 

neuronal apoptosis in adult brain is p53-dependent (Fig. 6). At 7 days after occipital cortex ablation, 

the number of neurons in the ipsilateral dLGN of wildtype 129/SV mice was 13.4% ± 2.9% (mean 

± sem) of contralateral dLGN; in contrast, the number of neurons in the ipsilateral dLGN of p53- 

deficient mice was 47.0% ±  11.0% (mean ± sem) of contralateral dLGN. Thus, loss of p53 

function protects neurons from neuronal apoptosis in the adult brain. 
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Bax is required for thalamic neuron apoptosis after cortical injury 

We used mice with targeted deletions of the bax gene (bax"'") to test the hypothesis that 

neuronal apoptosis in the adult brain is Bax-dependent (Fig. 7). At 7 days after occipital cortex 

ablation, the number of neurons in the ipsilateral dLGN of wildtype C57/B6 mice was 9.0% ±1.0% 

(mean ± sem) of contralateral dLGN; in contrast, the number of neurons in the ipsilateral dLGN of 

Bax-deficient mice was 88.0% ±  10.0% (mean ± sem) of contralateral dLGN. To determine 

whether this effect is sustained, mice were survived for twice as many days. At 14 days after 

occipital cortex ablation, the number of neurons in the ipsilateral dLGN of wildtype C57/B6 mice 

was 9.3% + 2.0% (mean ±  sem) of contralateral dLGN, whereas the number of neurons in the 

ipsilateral dLGN of Bax-deficient mice was 95.0% ± 9.0% (mean ±  sem) of contralateral dLGN. 

Thus, deletion of Bax results in sustained protection against neuronal apoptosis in brain. 

DISCUSSION 

These experiments demonstrate that neuronal apoptosis within the adult brain is modulated 

by p53 and requires Bax. Ablation of the occipital cortex in rat and mouse causes retrograde 

neurodegeneration in the dLGN. This neuronal degeneration in rat is apoptosis (Al-Abdulla et al., 

1998; Al-Abdulla and Martin, 1998). Similar neurodegeneration occurs in mouse as shown here. 

We now extend our understanding of the mechanisms of cortical damage-induced, retrograde 

neuronal apoptosis in brain by showing that it occurs in association with the induction and 

activation of p53 as well as induction and activation of caspase-3. Interestingly, however, this 
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neuronal apoptosis may occur by both p53-dependent and p53-independent mechanisms, while, in 

marked contrast, Bax is necessary for retrograde neuronal apoptosis in the adult brain. 

p53 is altered during the progression of neuronal apoptosis in the LGN, leading to the 

suspicion that p53 participates in mechanisms of this neuronal apoptosis. We found that p53 

accumulates in neuronal nuclei prior to apoptosis, p53 protein levels transiently increase, and p53 is 

activated (DNA-binding activity) in nuclear extracts of LGN. We have identified previously three 

stages of neuronal apoptosis in vivo. After axotomy and target deprivation, neurons pass 

consecutively through chromatolysis, somatodendritic shrinkage, and apoptosis (Al-Abdulla et al., 

1998; Al-Abdulla and Martin, 1998; Martin et al., 1999). We have hypothesized that some yet to be 

identified key events associated with DNA damage occur during chromatolysis that commit neurons 

to apoptosis (Al-Abdulla et al., 1998; Al-Abdulla and Martin, 1998; Martin et al, 1999). This fate 

contrasts with other models of axonal injury that induce chromatolysis followed by recovery, 

rescue, and regeneration of neurons (Martin et al., 1998). In our cortical ablation model, the nuclear 

accumulation and activation of p53 occurs during the chromatolytic stage of retrograde neuronal 

apoptosis at 3 to 5 days postlesion and was thus considered to be possibly a key signal for the 

transition of chromatolytic LGN neurons into apoptosis. 

Increased levels of p53 result primarily from increased stability of the protein (Levine, 

1997). In unstressed cells, the level of p53 protein is low. The half-life of p53 is short (-5-20 min) 

due to rapid degradation. p53 protein levels can be increased when the half-life of the protein is 

extended due to diminished degradation. Inhibition of the 26 S proteosome increases p53 levels 

(Maki et al., 1996). Alternatively, p53 levels can be increased because the rate of initiation of p53 
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mRNA translation is enhanced (Levine, 1997). p53 exists in a latent, inactive form that requires 

modification to become active. DNA damage can activate p53 (Levine, 1997). Increases in p53 

levels are proportional to the extent of DNA damage, with several different types of DNA lesions 

being potent signals for p53 activation, including double- and single-strand breaks and adduct 

formation (Levine, 1997). An induction and activation of p53 in the LGN is consistent with our 

earlier results showing that DNA damage occurs in LGN neurons during apoptosis (Al-Abdulla and 

Martin, 1998). 

p53 functions as a DNA transcription factor (Vogelstein and Kinzler, 1992; Levine, 1997; 

Miyashita et al., 1994; Miyashita and Reed, 1995). The carboxyl terminus of p53 is important for 

controlling p53-DNA binding functions in response to single strands of DNA (Jayaraman and 

Prives, 1995). Therefore, to determine whether there was a corresponding increase in transcription 

factor activity of p53, DNA binding experiments were performed. At 5 days after cortical damage, 

p53-DNA binding activity is increased markedly in the ipsilateral LGN, indicating that the p53 is 

functional. By binding to promoters, p53 activates the transcription of many genes. Box (Miyashita 

and Reed, 1995) and redox-related genes (Polyak et al., 1997) are transcriptional targets of p53. 

These targets are relevant to LGN neuron degeneration because this neuronal death is apoptosis and 

these neurons sustain oxidative damage to DNA (Al-Abdulla and Martin, 1998). 

We found that loss of p53 function by targeted mutations in the p53 gene attenuated 

significantly the magnitude of neuronal apoptosis; thus, p53 modulates the apoptotic process in 

neurons. However, p53 deficiency does not completely rescue LGN neurons from apoptosis, as does 

Bax deficiency. It is therefore evident from the partial rescue that this form of neuronal apoptosis 
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can occur independent of p53. A similar attenuation of neuronal apoptosis occurs in p53-deficient 

mice after adrenalectomy (Sakhi et al., 1998). Because LGN neuron apoptosis can occur in the 

absence of p53, changes in p53 during the chromatolytic stage of retrograde neuronal apoptosis 

cannot be solely the key signal for the transition of chromatolytic LGN neurons into apoptosis. 

Neurons can undergo p53-dependent and p53-independent apoptosis that appears to be dictated by 

the initiating stimulus that triggers DNA damage (Wood and Youle, 1995). Based on our 

observations it seems likely that both p53-dependent and p53-independent pathways for apoptosis 

are operative in the death mechanisms of LGN neurons. Further studies must therefore be conducted 

to identify the upstream signals that trigger this cortical damage-induced neuronal apoptosis in 

thalamus. 

Because deletion of the p53 gene protects only partially against neuronal apoptosis within 

the brain, the significance of the induction and activation of p53 during the progression of LGN 

neuron apoptosis becomes ambiguous. It is noteworthy however that two genes (p73 and p63) have 

been identified that have significant sequence homology to p53 (Mills et al., 1999). These p53 

homologues may participate in the mechanisms for neuronal apoptosis in the absence of p53. p73 

can activate p53-responsive promoters and can induce apoptosis when overexpressed in p53- 

deficient tumor cells (Fang et al., 1999). p63 isoforms contain transactivation domains that can 

transactivate p53 reporter genes and induce apoptosis (White and Prives, 1999). Deletion of p73 

appears to have greater effects in the nervous system as compared to p53 (Yang et al., 2000). 

Therefore, in the absence of p53, the possible contributions of p73 and p63 in neuronal apoptosis 

need to be explored. 



Martin et al 
19 

We found that LGN neuron apoptosis requires Bax. This conclusion is based on the finding 

the LGN neurons in Bax-deficient mice do not undergo apoptosis after occipital cortex ablation. By 

extending the postlesion survival time, we found that the rescue of neurons was sustained. This 

finding demonstrates, for the first time, that retrograde neuronal apoptosis within the adult brain is 

Bax-dependent, programmed cell death. 

Bax is a member of the bcl-2 protooncogene family (Merry and Korsmeyer, 1997). Bax is 

thought to function by forming channels in mitochondrial membranes (Antonsson et al., 1997). 

When active, these channels may allow the release of cytochrome c from mitochondria to the 

cytosol. In cell culture models of apoptosis, activation of caspase-3 occurs when caspase-9 

proenzyme is bound by apoptotic protease-activating factor-1 (Apaf-1) in a process initiated by 

cytochrome c and either ATP or dATP, which are required cofactors for cytochrome c-induced 

caspase activation (Liu et al., 1996; Li et al., 1997). Apaf-1, a 130 kD protein, serves as a docking 

protein for procaspase-9 and cytochrome c (Li et al., 1997). Apaf-1 becomes activated with the 

binding and hydrolysis of ATP and the binding of cytochrome c, promoting Apaf-1 oligomerization 

(Zou et al., 1999). This oligomeric complex recruits and activates procaspase-9 that disassociates 

from the complex and becomes available to activate caspase-3. In the LGN, we found a large 

increase in procaspase-3 levels at 4 days postlesion and then a prominent activation of caspase-3 at 

5 days postlesion. The activation of caspase-3 coincides with our previous demonstration that 

mitochondria accumulate in a perinuclear location at 3 to 5 days postlesion (Al-Abdulla and Martin, 

1998). The changes in caspase-3 that we found in our model of neuronal apoptosis with the adult 

brain are consistent with studies showing that activation of caspase-3 participates in the mechanisms 
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of retinal ganglion cell death after optic nerve transection (Kermer et al., 1998; Kermer et al., 1999). 

Once activated, caspase-3 cleaves a protein with DNase activity (DFF-45), and this cleavage 

activates a pathway leading to the fragmentation of genomic DNA. We have identified dLGN 

neurons undergoing nuclear DNA fragmentation at 6 and 7 days postlesion (Al-Abdulla et al., 1998; 

Al-Abdulla and Martin, 1998). 

Our findings on the requirement of Bax for injury-induced neuronal apoptosis in the adult 

brain are consistent with work in other neuronal death systems. Bax is important for developmental 

programmed cell death of neurons (Deckwerth et al., 1996). In cell culture, Bax deficiency blocks 

apoptosis of cerebellar granule neurons induced by low potassium (Miller et al., 1997). In addition, 

nerve growth factor (NGF) withdrawal induces neonatal sympathetic neurons to undergo apoptosis 

that is Bax-dependent (Deckwerth et al., 1996) and involves a subcellular redistribution of Bax 

(Putcha et al., 1999). As with adult LGN neurons, neonatal facial motor neurons from Bax-deficient 

mice survive after axotomy (Deckwerth et al., 1996). Furthermore, the cerebellar granule neuron 

apoptosis in Lurcher mice is thought to be induced by target deprivation and is Bax-dependent but 

P53-independent (Doughty et al., 2000). Thus the mechanisms of injury-induced neuronal death in 

the adult thalamus after cortical injury is consistent with neuronal apoptosis after trophic factor 

deprivation. 
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FIGURE LEGENDS 

Figure 1. Occipital cortex ablation causes apoptosis of geniculocortical projection neurons in mouse 

brain. 

Top image: Nissl-stained section through a lesioned mouse brain demonstrating the medial-lateral 

extent of the cortical ablation (asterisk). The depth of the lesion consistently reaches the corpus 

callosum, but the underlying hippocampus remains intact. The LGN ipsilateral to the lesion is 

identified (arrow). Scale bar = 1.5 mm. a-d. From the ipsilateral dLGN, neurons are shown at the 

different stages during the progression of neuronal apoptosis (Al-Abdulla et al., 1998; Martin et al., 

1999). A normal dLGN neuron (a); a neuron in the chromatolytic stage (b); a neuron in early 

apoptosis showing early chromatin condensation into mini-masses (c); and a neuron at endstage 

apoptosis with a least two, discrete, large round nuclear masses (d). Scale bar = 50 p.m. Bottom 

image: Corticopetal projection neurons undergo apoptosis in the dLGN following cortical ablation 

in mouse. After FG injection into the mouse occipital cortex, the dLGN is strongly labeled (yellow 

cells), showing that these cells are geniculocortical projection neurons. Scale bar = 200 urn. 

Prelabeling of neurons with FG prior to ablation identifies these apoptotic neurons as 

geniculocortical projection neurons (inset). By fluorescence microscopy, cytoplasmic FG labeling 

(yellow granules) is detected within a degenerating neuron and simultaneous staining with Hoechst 

33258 (light-blue) reveals the chromatin clumps consistent with apoptosis. 

Figure 2. p53 immunoreactivity accumulates in neuronal nuclei in the dLGN after occipital cortex 

lesions. In rat brain at 5 days postlesion, neurons in the contralateral dLGN are not immunoreactive 



Martin et al 
28 

for p53 (A), but in the ipsilateral dLGN, p53 immunoreactivity has accumulated in the nucleus of 

neurons (B, arrowheads). In rat brain at 6 days postlesion, subsets of small cells with an astroglial 

morphology (including an ellipsoidal pale nucleus and radiating processes) in the contralateral 

dLGN now have nuclear p53 immunoreactivity (C, dotted arrows). Reactive astroglia (D, dotted 

arrow) in the ipsilateral dLGN expresss p53, but endstage apoptotic neurons (small, double arrows) 

are not immunoreactive. In mouse brain at 5 days postlesion, neurons in the contralateral dLGN are 

not immunoreactive for p53 (E), but in the ipsilateral dLGN, p53 immunoreactivity has accumulated 

in the nucleus of many neurons (F, arrowheads). Scale bar (in A) = 10 urn (same for B-F). 

Figure 3. p53 increases transiently in rat LGN after occipital cortex ablation. 

Immunoblot analysis of p53 levels in the nuclear fractions of microdissected ipsilateral and 

contralateral LGN samples at 5 and 6 days postlesion. Purified, bacterially-expressed human p53 

was used as a positive control (far right lane). p53 is increased in the ipsilateral LGN at 5 days (5di) 

compared to the contralateral LGN (5dc). At 6 days postlesion, the ipsilateral LGN (6di) is not 

significantly different from control (6dc). In the contralateral LGN at 6 days (6dc), the levels of p53 

are significantly greater than in the contralateral LGN at 5 days (5dc). See test for quantitative 

measurements using densitometry. Synaptophysin (p38) was used as a loading control. 

Figure 4. p53 is activated transiently in rat LGN after occipital cortex ablation. 

Electrophoretic mobility shift assay for p53-DNA binding function in nuclear fractions of 

microdissected ipsilateral and contralateral LGN samples at 5 and 6 days postlesion. Nuclear 
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extracts were incubated with digoxigenin-labeled p53 consensus oligonucleotide and p53-DNA 

binding was detected with antibodies to digoxigenin. p53-DNA binding activity is greatly increased 

(~3-fold) in the ipsilateral LGN at 5 days postlesion (fp, free probe). See Results for measurements. 

Figure 5. Caspase-3 is increased and activated transiently in rat LGN after occipital cortex ablation. 

A. Immunoblot analysis of procaspase-3 and activated caspase-3 in the soluble fractions of 

microdissected ipsilateral (Ipsi) and contralateral (Contra) LGN samples at 1, 4, 5, and 6 days 

postlesion. Synaptophysin (p38) was used as a loading control. B. Densitometric quantification of 

procaspase 3 and activated caspase-3 levels. Values are mean ± standard deviation. The level of pro- 

caspase is increased significantly (p < 0.05) at 4 days poslesion. The levels of activated caspase-3 

are increased significantly (p < 0.05) at 4, 5 and 6 days postlesion, with peak activation occurring at 

5 days postlesion. 

Figure 6. Loss of p53 protects neurons from apoptosis after cortical damage. Occipital cortex 

lesions were done on p53+//+ (wildtype, n= 10) and p53_//" mice (n=10) that were survived for 7 

days. Neurons were counted in the ipsilateral and contralateral (control) dLGN. Values are mean ± 

standard deviation. p53 deficiency caused significant (asterisk, p < 0.05) protection against 

apoptosis of LGN neurons. 

Figure 7. Neuronal apoptosis in thalamus after cortical damage requires Bax. Occipital cortex 

lesions were done on bax+/+ (wildtype, n= 20) and bax~/~ mice (n=16) that were survived for 7 and 
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14 days. Neurons were counted in the ipsilateral and contralateral (control) dLGN. Values are mean 

± standard deviation. Bax deficiency completely blocked the apoptosis of dLGN neurons, and this 

effect was sustained (asterisk, p < 0.05). 
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ABSTRACT 

DNA-single strand breaks (SSB) are a major form of early DNA damage induced by 

oxidative stress. Reactive oxygen species (ROS) can directly damage DNA and are involved in the 

pathogenesis of motor neuron apoptosis in animal models and in patients with amyotrophic lateral 

sclerosis. We tested the hypothesis that DNA-SSB occur in adult motor neurons subjected to 

oxidative stress in vitro and to axotomy in vivo. We used single-cell gel electrophoresis (comet 

assay) which detects mainly DNA-SSB under alkaline elution conditions. We developed and 

characterized a motor neuron-enriched cell suspension from adult rat spinal cord ventral horn. This 

cell suspension is -84% neurons (by NeuN immunophenotyping), 86% of these neurons being 

motor neurons (by CAT immunoreactivity), and 72% of these motor neurons are a-motor neurons 

(by retrograde tracing). Adult motor neuron viability in suspension was -61% after 12 h incubation. 

Exposure of these cells to nitric oxide (NO) donor sodium nitroprusside (SNP), H202, or SNP plus 

H202 induced rapid DNA damage that was dose- and time-related, as represented by comet 

formation and cell loss. H202 at a nontoxic concentration potentiated the neurotoxicity of NO donor. 

Different forms of ROS caused distinct DNA damage fingerprints, indicating different target 

domains of DNA and different severities of DNA damage. In an in vivo model of motor neuron 

apoptosis (sciatic nerve avulsion), DNA-SSB accumulate very slowly in injured motor neurons prior 

to apoptosis and the comet fingerprint is similar to NO toxicity. Thus, adult motor neurons are 

vulnerable to genomic DNA instability after injury. 

Key words: amyotrophic lateral sclerosis, apoptosis, DNA damage, nitric oxide, programmed cell 

death, single-cell gel electrophoresis, spinal cord injury 
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Motor neuron degeneration is the cause of amyotrophic lateral sclerosis (ALS) (Martin et 

al., 2000). This degeneration may be a form of aberrantly-occurring apoptosis (Martin, 1999). 

Experimental injury to peripheral nerves in animal models also causes apoptosis of spinal motor 

neurons (Martin et al., 1999a). The signal transduction pathways and the molecular mechanisms 

mediating motor neuron apoptosis are not understood. Oxidative stress has been implicated in the 

pathogenesis of both ALS (Bradley and Krasin, 1982) and motor neuron apoptosis after 

experimental lesioning (Martin et al., 1999a). Oxidative damage to DNA is found in individuals 

with ALS (Bradley and Krasin, 1982; Fitzmaurice et al., 1996; Ferrante et al. 1997), but it is not 

known if DNA damage occurs specifically within motor neurons in these patients. Oxidative 

damage to DNA has been shown directly in motor neurons after axotomy (Martin et al., 1999a). 

Reactive oxygen species (ROS) by themselves or in combination with other species of free radicals, 

such as nitrite or nitric oxide (NO), can directly damage genomic DNA (Szabö and Ohshima, 1997). 

Cells that have sustained DNA damage from ROS and other genotoxic agents undergo apoptosis by 

engaging molecular cascades involving expression or activation of p53, Bax, and caspases (Polyak 

et al., 1997). Several different types of DNA lesions are potent signals for p53 activation, including 

double- and single-strand breaks, adduct formation, as well as insertion/deletion mismatches 

(Levine, 1997). The earliest and major type of DNA damage among these forms of DNA lesions is 

DNA-single strand breaks (SSB). It is possible that motor neurons in the adult brain and spinal cord 

are particularly sensitive to ROS and that cumulative DNA damage in the form of DNA-SSB is a 

signal for motor neurons to undergo apoptosis. We therefore tested two related hypotheses. 

Oxidative stress produces DNA-SSB in adult motor neurons in vitro, and early DNA damage occurs 

in adult motor neurons that undergo apoptosis in vivo. 
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Suitable motor neuron model systems and DNA damage assays need to be identified to 

study the possible role of DNA-SSB in the mechanisms for motor neuron apoptosis. To evaluate 

oxidative stress-mediated DNA damage in adult motor neurons, we developed and characterized a 

short-term, motor neuron-enriched cell suspension system prepared from spinal cord ventral horn 

enlargements of adult rat. These cell suspensions were treated with hydrogen peroxide (H202) and a 

nitric oxide (NO) donor in vitro to identify if these oxidants cause DNA-SSB in adult motor 

neurons. To assay for DNA damage at early stages (i.e., DNA-SSB) directly in motor neurons, we 

used the single-cell gel electrophoresis method, also known as the 'comet' assay. The comet assay is 

an established method for identifying strand breaks in DNA (Singh et al., 1988; Kindzelskii and 

Petty, 1999; Morris et al., 1999). The comet assay detects DNA-SSB in individual cells, based on 

the principles of alkaline elution. We applied this assay to the sciatic nerve avulsion model in adult 

rat (Martin et al., 1999a), to determine the kinetics of DNA-SSB in vivo prior to motor neuron 

apoptosis. 

MATERIALS AND METHODS 

Animals and tissues. 

Male Sprague-Dawley rats (Charles River, Wilmington, MA), weighing ~150-200 g, were 

used for these experiments. The animals were housed in a colony room with a 12 h:12 h-light/dark 

cycle and ad libitum access to food and water. The animal protocol was approved by the Animal 

Care and Use Committee of the Johns Hopkins University School of Medicine. Naive rats without 

experimental manipulations and rats with experimental manipulations were used in these 

experiments. The manipulations used were retrograde tracing of motor neurons and sciatic nerve 
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avulsions. 

Spinal cord tissues for motor neuron cell suspension preparations were harvested from 

animals that were anesthetized deeply with a mixture of enflurane/oxygen/nitrous oxide (1:33:66) 

and then decapitated. The cervical and lumbar enlargements from rats without experimental lesions 

were removed. The entire lumbar enlargements (divided into ipsilateral and contralateral sides) were 

used from rats exposed to tracers and from rats with sciatic nerve avulsions. After removing the pia, 

lumbar/cervical enlargements were dissected under a surgical microscope segment by segment, and 

then the segments were microdissected into gray matter columns of ventral horn without appreciable 

contamination of dorsal horn and surrounding white matter funiculi. 

For retrograde labeling of motor neurons, rats were anesthetized deeply with 

enflurane/oxygen/nitrous oxide (1:33:66), and, under sterile conditions, the sciatic nerve was 

exposed within the middle of the upper hindlimb. The nerve was transected by cutting, and either 50 

ul of 2% nuclear yellow (NY) or 2.5% DAPI was applied to the proximal nerve stump for 1 h using 

tracer-saturated Gelfoam placed in a sterile Eppendorf tube. The animal incision was closed with 

the bottom of Eppendorf tube containing NY or DAPI remaining applied to the proximal stump of 

the sciatic nerve. Two animals were used for each tracer. The animals were allowed to survive for 

48 h before they were killed. 

The unilateral sciatic nerve avulsion model was used as an in vivo model for apoptosis of 

spinal motor neurons (Martin et al., 1999a). Rats were anesthetized deeply with 

enflurane/oxygen/nitrous oxide (1:33:66). A midline incision was made in the lateral aspect of the 

left pelvis and upper hindlimb. The sciatic nerve was located by blunt retraction of the biceps 

femoris and gluteus muscles and was tracked proximally to an extravertebral location deep within 



Liu and Martin 
6 

the pelvis. A steady, moderate traction was applied to the sciatic nerve with forceps until the nerve 

separated from the spinal cord, resulting in a mixed motor-sensory root avulsion. Muscle retraction 

was released and the overlying skin was sutured. Postlesion survival times following sciatic nerve 

avulsion were 5, 7, 10, 14, and 28 days (n = 2-4 rats per time point). Sham control rats (n = 3) were 

subjected to the anesthesia, muscle retraction, and sciatic nerve visualization, but the nerve was not 

avulsed. 

Preparation, sorting, characterization, and counting of spinal motor neuron-enriched cell 

suspensions. 

Preparation of cell suspensions from spinal cord ventral horns. After quick isolation, gray matter 

tissue columns from spinal cord ventral horns of lumbar/cervical enlargements were collected and 

rinsed in a cell culture dish on ice containing dissection medium (lx Ca2+ and Mg2+ free Hanks' 

balanced salt solution, GibcoBRL, Grand Island, NY, supplemented with glucose and sucrose). 

After cutting into smaller pieces, ventral horn samples were digested (20 min) with 0.25% trypsin- 

EDTA (Gibco) in a tissue culture incubator (5% C02 and 95% air, at 37°C). This mixture was 

titurated gently with a transfer pipet. The cell suspension was transferred to a 5 ml-centrifugation 

tube on ice, and the remaining small pieces of ventral horn gray matter were further digested in 

trypsin-EDTA (16 min). The total cell suspension was then centrifuged at different speeds for cell 

sorting. 

Sorting of cell suspensions. To isolate a spinal motor neuron-enriched fraction, cell suspensions 

were centrifuged (Beckman GPR model centrifuge) at 200 rpm for 5 min (4°C). The supernatant 
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was collected and then centrifuged at 400 rpm, 800 rpm and then 2,500 rpm. After each spin (for 5 

min), the pellet was resuspended in 100 jil phosphate-buffered saline (PBS, pH 7.4), fixed with 1 ml 

of 4% paraformaldehyde (4°C for 1 h) and then characterized using immunocytochemistry or cresyl 

violet staining. 

Characterization of sorted cell suspensions. Cell suspensions from the ventral horns of cervical and 

lumbar enlargements after sorting by differential centrifugation were characterized by 

immunofluorescence. After fixation the cells were repelleted, and each pellet was resuspended with 

250 \x\ PBS. An aliquot of cell suspension (50 \x\) was applied to a gelatin-coated slide and a 

coverslip (24 mm x 30 mm) was overlaid gently to form a monolayer of cells. The slides were then 

air-dried. The following antibodies were used: a mouse monoclonal anti-neuronal nucleus (NeuN, 

diluted 1:20), a neuron-specific marker (Chemicon International Inc., Temecula, CA); a mouse 

monoclonal anti-choline acetyltransferase (CAT, diluted 1:5), a motor neuron marker (Roche 

Molecular Biochemicals, Indianapolis, IN); a rabbit polyclonal anti-glial fibrillary acidic protein 

(GFAP, diluted 1:20), an astroglial marker (DAKO, Denmark); and a monoclonal mouse anti- 

CD 1 lb/c IgG2a (OX-42, diluted 1:20), a microglial/macrophage marker (Harlan Sera-Lab, 

England). 

Air-dried slides were rinsed (1 h) in PBS to separate the slides from the coverslips. The cells 

did not attach to the coverslips because they were not coated with adhesive; instead, the cells were 

attached to the gelatin-coated slides. The slides were permeabilized (30 min) in 1% Triton X-100 

and then treated (30 min) with 1% of bovine serum albumin (BSA). The diluted primary antibodies 

were applied to the slides, and the slides were incubated (24 h at room temperature) in a humidified 
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box. After primary antibody incubation, the slides were rinsed in PBS. Alexa conjugated anti-mouse 

IgG (diluted 1:100, Molecular Probes, Eugene, OR) was used to visualize NeuN, CAT and OX-42, 

and Cascade blue conjugated anti-rabbit IgG (diluted 1:100, from Molecular Probes) was used to 

visualize GFAP. The slides were incubated (4 h at room temperature) in a humidified, dark box. The 

slides were washed and coverslipped with propidium iodide/antifade (Ventana, Tucson, Arizona). 

The slides were observed and photographed under a Zeiss fluorescence microscope. The preparation 

of cell suspensions from rats used for retrograde tracing of motor neurons was identical to that 

described above. The slides were coverslipped with or without propidium iodide/antifade and were 

observed under the same fluorescence microscope but with UV emission. 

Counting of different cell types in cell suspensions. To identify the cell fraction that was enriched in 

motor neurons, the specific types of cells were identified by cell-specific markers and were counted. 

To estimate the total number of neurons, the number of NeuN positive cells were compared to the 

total number of cells identified by propidium iodide staining and by NeuN staining. The percentages 

of CAT positive cells relative to NeuN positive cells were calculated to determine the proportion of 

spinal motor neurons in the cell suspensions. The fraction of DAPI or NY positive cells relative to 

the total number of NeuN positive cells was also calculated to determine the proportion of spinal 

motor neurons issuing sciatic nerve axons. The numbers of labeled cells from 6 different 

microscopic fields (400x) were averaged from each case and then a total mean was derived from the 

preparations from three different cases. 

The viability of the cell suspensions was measured by the trypan blue assay and counting 

cells in a hemocytometer with phase contrast microscopy. Viability, as determined by exclusion of 
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trypan blue, was evaluated immediately after the cells were isolated and after incubation for 6, 12, 

and 24 h. 

Exposure of motor neuron-enriched cell suspensions to H202 and/or NO donor. 

To determine whether oxidative stress causes DNA-SSB in adult motor neurons, motor 

neuron-enriched cell suspensions were exposed to H202 and the NO donor, sodium nitroprusside 

(SNP), or a combination of H202 and SNP. Motor neuron cell suspensions (the 400 rpm preparation) 

were prepared from naive rats. For the comet assay, motor neuron cell suspensions were exposed to 

different doses of H202 in a medium containing 90% Neurobasal-A (Gibco), 5% horse serum, 5% 

fetal bovine serum (both sera were heat inactivated) and lx glutamine (Gibco). The cells were 

exposed to H202 in a tissue culture incubator (containing 5% C02 and 95% air, 37°C) for the 

different times. For controls, cells were not exposed to H202 but were incubated for the same times 

in medium. After exposure, the treatment groups were collected into 5 ml centrifuge tubes and 

repelleted at 4°C for 5 min. Each pellet was resuspended and subjected to the comet assay. 

Motor neuron cell suspensions (400 rpm preparation) were prepared from naive rats and 

were exposed to SNP (Sigma, St. Louis, MO) for different durations ranging from 15 min to 4 h. 

Exposure concentrations of 10 \xM, 100 uM, 300 uM, and 800 pM were used. Motor neuron cell 

suspensions were also exposed to H202/SNP simultaneously for the same durations as exposure to 

SNP only. The exposure was done in a medium containing 90% Neurobasal-A (Gibco), 5% horse 

serum, 5% fetal bovine serum (both sera were heat inactivated) and lx glutamine (Gibco) in a tissue 

culture incubator (containing 5% C02 and 95% air, 37°C) for the different times. For controls, 

samples of the same cell suspensions were incubated in medium for the same time in the absence of 
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SNP. 

Comet assay. 

To detect DNA-SSB on an individual cell basis, motor neuron cell suspensions that were 

exposed to H202, SNP, and H202/SNP were analyzed by the comet assay. In addition, to identify 

DNA-SSB in motor neurons undergoing apoptosis in vivo, the comet assay was used on motor 

neuron cell suspensions prepared from rats with sciatic nerve avulsions. The 400 rpm cell 

preparations from ipsilateral or contralateral sides of ventral horns of lumbar enlargements of 

animals with unilateral sciatic nerve avulsions were subjected directly to comet assay immediately 

after they were sorted and repelleted. All the procedures for comet assay were done under low light 

to avoid DNA damage by strong light. 

Preparation of cell microgels on slides. The cell microgels were prepared as layers. The first layer 

of gel was made by applying 200 ul of regular melting point agarose (0.7%) on individual 

superfrosted glass microscope slides (3" x 1", thickness 1mm) and a coverslip was laid gently on the 

agarose. After gel solidification at 4°C, the coverslip was removed, and 50 ul of a mixture of cell 

suspension (containing ~ 4.4 x 104 motor neurons) and low-melting point agarose was applied to 

the first gel layer. The low-melting point agarose was prepared in 0.1 M PBS and kept at 37°C , 

and the cell suspension-agarose mixture was maintained at 37°C. The slides were then coverslipped 

and placed at 4°C for solidification of the cell suspension-agarose mixture. After the second layer 

solidified, the coverslips were removed and 100 pi of low-melting point agarose was added on top 

of the cell layer. The gels were recoverslipped, and the slides were placed on ice for gel 
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solidification. 

Lysis of cells, DNA unwinding, gel electrophoresis, and DNA staining. Coverslips were removed 

from the cell microgels and the slides were covered with 1.5 ml of lysis buffer (pH 10) containing 

2.5 M NaCl, 100 mM EDTA, 1% sodium lauryl sarcosine, 10 mM Tris, and Triton X-100 (final 

concentration 1%, freshly added immediately before use). Microgels of oxidant- and vehicle-treated 

cells were lysed for 30 min at room temperature. Microgels of cells prepared from avulsion rats 

were lysed for 1 h at room temperature. After draining, microgels were treated with DNA- 

unwinding solution (300 mM NaOH, 1 mM EDTA, pH 12) for 30 min. After DNA-unwinding, the 

microgels were placed in a horizontal gel electrophoresis chamber filled with DNA-unwinding 

solution and subjected to electrophoresis (300 raA) for 20 min (oxidant/control treated cell 

preparations) or 30 min (lesioned/unlesioned sciatic nerve avulsion samples). After neutralizing 

microgels with 0.4 M Tris-HCl (pH 7.5) for 20 min, they were stained (30 min) with 20 U-g/ml 

ethidium bromide. Subsequently, the gels were washed and coverslipped. The analysis and 

photography were performed using a Zeiss fluorescence microscope. 

Counting comets and intact cells in cell microgels. The number of cells with comets were counted 

in microgels prepared from motor neurons exposed to oxidants in vitro and from motor neurons 

isolated from in vivo avulsion experiments. For cell preparations exposed to H202, SNP, and 

H202/SNP, cells incubated for the same time in medium without oxidant were used as controls. 

Three to five separate experiments from different animals were done for each type of in vitro 

oxidant exposure experiment. For the unilateral sciatic nerve avulsion experiments, comet assays 
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were performed on 2-4 rats for each recovery time (5, 7, 10, 14, and 28 days). The contralateral 

(unlesioned) side of the spinal cord from rats with sciatic nerve avulsions was used as the control for 

each time point. The number of comets and large intact cell nuclei regarded as motor neurons 

stained by ethidium bromide were counted in 6 microscopic views at 200x from microgels of H202 

or/and SNP exposed cells and from sciatic nerve avulsion animals. The percentage of comets 

relative to the total number of cells (total number of comets and total number of intact cell nuclei) 

were determined and group means were calculated. The data were analyzed using a Student's t test. 

DNA fragmentation analysis of motor neuron-enriched cell suspensions exposed to oxidative 

stress. 

Immediately after sorting the ventral horn cell preparations, the 400 rpm cell suspension 

from both cervical and lumbar enlargements (n = 13 rats) were divided into wells. These motor 

neuron-enriched cell suspensions were treated at room temperature with either 10 raM H202, 10 uM 

SNP or vehicle in medium for 60 min and 90 min. The cells were then collected and repelleted. 

Samples with the same treatments were pooled, and genomic DNA was extracted. Three separate 

experiments were performed. 

Agarose gel electrophoresis for DNA fragmentation. To identify the pattern of DNA fragmentation 

after oxidative stress, DNA was extracted from motor neuron-enriched cell suspensions exposed to 

H202 and/or NO donor and their vehicle/time controls. Immediately after the exposure, the cells 

were pelleted, washed in PBS, repelleted and then lysed with 1% SDS in lysis buffer. The samples 

were treated with Proteinase K overnight and then genomic DNA was extracted with 
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phenol:chloroform:isoamyl alcohol. After digesting RNA with DNase-free RNase followed by 

repurification, DNA (10 ug) from each sample was end-labeled with digoxigenin as described 

(Portera-Cailliau et al., 1997; Martin, 1999). DNA was fractionated in a 1.5% agarose gel, 

transferred to nylon membrane, UV-crosslinked, incubated with a digoxigenin antibody conjugated 

to alkaline phosphatase, and detected with Lumi Phos 530 (Boehringer Mainnheim) followed by 

exposure to Kodak X-Omat AR film (Eastman Kodak, Rochester, NY). 

Structural analysis of motor neuron-enriched cell suspensions. 

We evaluated the structure of adult motor neuron cell suspensions and the structural changes 

in these cells exposed to H202 and NO donor. After sorting, control and treated motor neurons 

(prepared from 3 rats for each condition) were fixed with 1 % glutaraldehyde and 2% 

paraformaldehyde, and processed for plastic embedding. Motor neuron cell pellets were cut at 1 pm 

and stained with toluidine blue for high-resolution light microscopy and were also thin-sectioned for 

electron microscopy. 

RESULTS 

A motor neuron-enriched cell suspension can be isolated from adult spinal cord 

To study the kinetics of DNA damage induced by oxidative stress in adult motor neurons in 

vitro and DNA damage in adult motor neurons undergoing apoptosis in vivo, model systems for 

isolating adult motor neurons and for detecting early DNA damage in individual motor neurons 

needed to be developed. When ventral horn samples are exposed to mild digestion and then 

fractionated by differential low speed centrifugation, a cell suspension comprised mostly of motor 
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neurons was isolated. Most of the spinal motor neurons are found in the 400 rpm pellet and most of 

the cells in this fraction are motor neurons (Fig. 1). 

After resuspending the 400 rpm pellet, the cell suspension was even, without visible tissue 

pieces. Microscopically, most cells were uniformly round and large (volumes of -98-653 urn3) or 

middle-sized (volumes of -32-63 um3). These cells were identified as neurons by NeuN staining 

(Fig. 1 A,B) and were identified as motor neurons by CAT immunofluorescence (Fig. IE, F) and 

retrograde labeling with NY and DAPI (Fig. IG). Motor neuron nuclei showed strong labeling for 

NeuN. The NeuN reactivity was very strong in nuclei and blocked the staining with propidium 

iodide. Only very small cells without NeuN reactivity (glial cells) could be counterstained with 

propidium iodide (Fig. 1C,D). CAT staining was localized in cell perikarya and thus the nuclei were 

counterstained with propidium iodide (Fig. 1E,F). A few large cells were entirely or partially 

surrounded by astroglial processes as revealed by GFAP staining (Fig. 1H). A small population of 

glial cells was scattered throughout the motor neuron-enriched cell suspension, with only occasional 

OX-42-positive microglial cells being identified. 

Cell counting confirmed that -84% cells in this suspension of the 400 rpm pellet from 

cervical and lumbar ventral horns were neurons (Fig. 1A). Of these neurons, -86% were spinal 

motor neurons by CAT positivity (Fig. IE). Retrograde tracing revealed that -72% of cells in the 

400 rpm cell suspensions from lumbar enlargements were DAPI labeled (Fig. IG), thus identifying 

these cells as a-motor neurons with axons in the sciatic nerve. We estimated that the total number of 

medium and large cells, which are most likely motor neurons, in the 400 rpm cell suspension from 

spinal cord enlargements was 4.0 x 106 ± 0.22 x 106. 

The cell suspension compositions of the fractions yielded by the other centrifugation speeds 
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were distinctly different from that found at 400 rpm. Mostly small-sized cells and fewer middle- 

sized cells were found in the cell suspensions made from the 800 rpm pellet. Individual glial cells 

and small cell clusters formed by 3-5 glial cells were observed. Cell sizes ranged from 10 um3 to 51 

urn3. The smaller cells were found to be mostly glia. The larger cells in the 800 rpm fractions were 

similar in size to the smaller cells in the 400 rpm fraction. These cells of -50 urn3 were mostly 

smaller neurons. Only rarely were large, CAT-positive or DAPI-labeled cells observed in the cell 

suspensions from the 800 rpm fraction. In the cell suspensions from the 2500 rpm pellets, the largest 

cell bodies were -11 urn3 (which is similar in size to the smallest cells in the 800 rpm fraction). 

Tiny cell bodies and cellular processes were observed within the 2500 rpm cell suspensions. The 

composition of the 200 rpm fraction (it was too loose to be a pellet) was heterogeneous and 

contained partially digested white matter with aggregates of glial cells. This fraction contained 

many microvessel fragments composed of endothelial cells (cell body diameters -2.5 um x 15 |im) 

and attached perivascular cells. Most of these cells had small cell bodies (volumes -36.8-50.1 um3) 

and appeared to be astroglia as revealed by cresyl violet and propidium iodide staining (for nuclei). 

Isolated cells that appeared to be neurons were rarely found in the 200 rpm fraction, indicating that 

the mild tissue digestion was effective and that neurons were liberated from the tissue but did not 

pellet after very low speed centrifugation. 

To evaluate the viability of the motor neuron cell suspensions, we used the trypan blue assay 

(Fig. 2). Immediately after the preparation of the cell suspension, isolated motor neurons excluded 

trypan blue. At 6 h and 12 h incubation 74% and 61% of motor neurons remained viable, 

respectively. At 24 h incubation, 37% of the motor neurons still remained viable. 
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Oxidative stress rapidly causes DNA-SSB in motor neurons 

To identify DNA-SSB in motor neurons after oxidative stress, the comet assay was used 

(Fig. 3). The alkaline conditions for cell lysis, DNA unwinding, and gel electrophoresis dictate the 

specificity of this assay for DNA-SSB (Singh et al., 1988; Kohn, 1991). Control and experimental 

motor neuron-enriched cell suspensions were cast into microgels, and then were lysed, followed by 

DNA unwinding treatment and gel electrophoresis. In gels stained with ethidium bromide, cells 

with intact genomic DNA have an evenly stained, smooth round nucleus without a tail (Fig. 3Ba). 

In contrast, cells with DNA-SSB have a tail and a stained nucleus, with both the tail and the head 

comprising the comet (Fig. 3Ba,b). Comets were classified as new comets or matured comets. New 

comets had a very large, round and brightly stained head and a very short tail formed by DNA 

granules very close to the head (Fig. 7b). Matured comets had longer tails and smaller heads (Fig. 

3Ca-d,f). The new comets are cells with incipient, very early DNA damage, presumably consisting 

of very large DNA fragments. The matured comets have progressive DNA damage in these cells, 

although the DNA damage in these cells is still at an early stage, because the alkaline condition is 

favorable for the unwinding and electrophoresis of only DNA-SSB. Generally, the sizes of comet 

heads are larger than intact cell nuclei, indicating that the packaging of genomic DNA was loose 

because of DNA-SSB and unwinding. 

In control groups (i.e., motor neuron enriched cell suspensions incubated in medium only), 

the majority of large cells was intact, although a background number of comets was observed (Fig. 

3A,B). The number of background comets was significantly higher (p < 0.05) at 30 min, 60 min, 

and 90 min compared to 15 mins (Fig. 3 A), although from 15 min to 90 min in medium, this value 

remained at -10% or fewer (Fig. 3A). Control samples were also evaluated at 4 h, 6 h, 8 h and 12 h 
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of incubation. Even at 12 h, most of the cells embedded in the microgels were intact. The overall 

cell density in the microgels did not change appreciably over 12 h incubation (Figs. 4B, 5B). 

Meanwhile, the comet patterns changed slowly with increased time in medium, indicating that DNA 

damage was progressing very slowly (Fig. 3B). In controls at 15 min, with the background percent 

of comets -4.4% (Fig. 3A), most of the comets were new comets or early mature comets (Fig. 

3Ba,b). At 0.5 h, 1 h, 1.5 h, and 2 h and even longer incubation times (4 h, 6 h, 8 h and 12 h), the 

comet heads were still large and brightly stained and the tails consisted of scattered, granular DNA 

fragments (Fig. 3Bc,d,e). 

With 15 min exposure to 10 mM H202, the number of comets in motor neuron cell 

suspensions increased significantly (p < 0.05) to 19%, compared to control (Fig. 3A). These comets 

had a large, round and densely stained head with a tail shorter than 310 urn (but much longer than 

the tail of comets in 15 min controls, see Fig. 3Bb). The tails were formed by fine DNA granules 

and were distinctly different from the control comet tails formed by large DNA granules (Fig. 3Bc). 

This pattern reveals that by 15 mins exposure to H202 the extent of DNA damage in motor neurons 

is already greater than control comets, as indicated by the longer tails representing smaller DNA 

fragments. 

With 30 min of exposure to 10 mM H202, the number of comets increased compared to 

control and 15 min H202 exposure (Fig. 3 A). About 26% of the motor neurons had DNA damage. 

Two comet patterns predominated. Some comets had a small head and a long (about 620 urn), thin 

tail (Fig. 3Ca), and other comets had a head with an intensely stained core and a halo as well as a 

tail longer than 310 urn (Fig. 3Cb). The tails were still visibly granular with finer granules than 

those motor neurons treated 15 min with H202. 
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The DNA damage in motor neurons treated with H202 progressed with longer exposure. 

With 60 min exposure to 10 mM H202, the percentage of motor neurons with comets was 31% (Fig. 

3A). The comet heads were small and irregular or were loosely-stained 'ghost' heads (Fig. 3Cc,d), 

and the tails were generally very long (> 620 um) compared to 30 min exposure. These tails had a 

finely particulate DNA pattern. Motor neuron comets with discontinuous tails comprised of two 

separate parts (with a total length longer than 1 mm) could be seen frequently, though both parts 

still had very fine DNA granules. With 90 min exposure to 10 mM H202, the percentage of comets 

decreased significantly compared to control and 60 min H202 exposure (Fig. 3 A), although the 

number of comets in the control group at 90 min incubation was similar to controls at 30 mins (Fig. 

3A). Comets observed with 90 min exposure to 10 mM H202 had loosely packed and reticulated 

DNA in the head and a faint, short tail (Fig. 3Ce), indicating that the DNA damage was more severe 

than only DNA-SSB. 

Exposure of motor neuron cell suspensions to 150 mM H202 generated many comets at 30 

min, essentially all motor neurons had comets at 45 min, and most cells were fragmented at 60 and 

90 min. The comets formed by exposure to very high concentrations of H202 were characterized by 

an irregularly-shaped head with a broad tail consisting of very fine granules (Fig. 3Cf). This pattern 

reflects rapid, severe DNA damage in motor neurons, with the smaller irregular head generated by 

appreciable DNA elution from the nucleus to form the broad, long tail composed of fine DNA 

fragments that are small and quickly eluted from nuclei. Motor neurons displayed DNA damage 

earlier (after 30 mins) than smaller neurons and glial cell (after 45 mins and longer exposure to 150 

mM H202, indicating that motor neurons are more vulnerable than smaller neurons and glial cells to 

oxidative stress. 
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Exposure of motor neuron cell suspensions to low concentrations of H202 gave surprising 

results (Fig. 4A). After exposure cells to 1 raM H202, the percentage of comets decreased 

significantly to a very low level at 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8 h (data are not shown for 4 h, 

6 h, 8 h) compared to control (Fig. 4A). The few comets observed had a specific pattern. These 

comets had a large, round head and a wide tail with a neck (Fig. 6a,b). The tail was composed of 

very fine granules. 

NO induces DNA damage in motor neurons and synergies with H202 in killing motor neurons 

NO has been implicated in the toxicity of motor neurons in individuals with ALS (Beckman 

et al., 1993) and in experimental models in vitro (Estevez et al., 1998) and in vivo (Wu and Li, 

1993; Martin et al., 1999a). Using our cell suspension preparation and the comet assay, we tested 

the hypothesis that NO causes DNA damage in motor neurons. The NO donor SNP induced dose- 

and time-related DNA damage in motor neurons. Exposure to different concentrations of SNP for 

different durations induced DNA-SSB. 

Exposure to 10 \im SNP caused a time-dependent increase in the percent comets from 15 

min to 60 mins (Fig. 4A). Some of the early appearing comets most likely disappeared between two 

successive times according to the comet pattern analysis (Fig. 4C). At 15 mins, most of the comets 

had large heads, being either packed densely or displaying a very bright granular coma around the 

head (Fig. 4Ca,b). The tails, when present, blended with the coma and were granular, short, and 

broad. At 30 mins, the cores of most of the comet heads were smaller and the tails were longer than 

those at 15 min (Fig. 4Cc,d). The number of comets in the 30 min SNP exposed cells was 

significantly greater than that at 15 min, thus new comets were formed. After 1 h exposure, the 



Liu and Martin 
20 

number of comets further increased (Fig. 4A) and their tails were long (Fig. 4Ce,f). At 2 h after 

exposure, the percentage of comets decreased compared to 1 h but was still greater than control 

(Fig. 4A). Interestingly, most of these comets had a dense core head with a coma, and a broad, short, 

granular tail, indicating they were new comets, instead of matured comets from 60 min (Fig. 4Cg,h). 

The absence of significant change in motor neuron number from 15 min to 2 h exposure to 10 u,M 

(Fig. 4B), indicates that many of these cells remained in the cell suspension after they transiently 

displayed their comet. 

Motor neurons treated with 100 uM SNP showed an abrupt increase in the percentage of 

comets at 15 min, but the number of comets did not change over 2 h (Fig. 5 A). The comet patterns 

were similar to those observed with 10 uM SNP exposure. With brief exposure (15 min), many of 

the comets were new comets (Fig. 5Ca,b). With longer exposure times, mature comets prevailed 

(Fig. 5Cc,d). The heads of these long-tailed comets had a very specific appearance (Fig. 5Cd), 

notably they possessed DNA-poor compartments in the core. No significant change occurred in 

motor neuron number between 15 min to 2 h exposure compared to time-matched controls (Fig. 

5B), further indicating that comet formation is transient and reflects early DNA damage in the form 

of DNA-SSB. With 2 h of exposure to 100 um SNP comets had large heads and diffuse comas and 

short granular tails (Fig. 5Ce), indicating DNA damage is at an earlier stage. Some nuclei were 

large, swollen, and vacuolated (Fig. 5Ce). These two patterns may reflect different stages of DNA 

damage. 

After exposure to 300 uM or 800 uM SNP, the number of comets decreased compared to 

lower concentrations of SNP, and the decrease in cell density with longer incubation was more 

obvious than with lower dose exposures (data not shown). With these higher concentrations of SNP 



Liu and Martin 
21 

an entirely different type of comet pattern emerged. The DNA staining of the heads was faint and 

loosely granulated or clumped, and the heads manifested a range of sizes from either large to very 

small (Fig. 5Cf, g, h). The tails were usually broad and very granular, particularly for the comets 

with the smaller heads (Fig. 5Cf, g, h). 

Combined exposure to SNP and H202 was potently neurotoxic to motor neurons. Because 

H202 at a concentration of 10 mM caused prominent DNA damage (Fig. 3A,C), while, in contrast, 1 

mM H202 seemed to protect against spontaneous, background DNA damage in motor neurons (Figs. 

4A, 5A) we used 1 mM H202 in combination with SNP. Exposure to 10 U.M SNP and 1 mM H202 

induced a sudden and prominent loss of cells by 15 min (Fig. 4B). This loss of motor neurons was 

found consistently through 2 h. Many nuclear fragments of motor neurons were found throughout 

the microgels (Fig. 6c,d,e,f); therefore, it is likely that the magnitude of cell loss is underestimated. 

Some motor neurons had characteristic new comets, while the DNA in other nuclei was condensed 

and marginated at the periphery with the center of the nucleus low in DNA (Fig. 6d). The heads of 

other comets were very small with tightly packed DNA, while their tails were comparatively large 

and smear-like with a spindle shape and a narrow neck between the head and the tail (Fig. 6e,g,h). 

These comets were considered to be from contaminating glial cells. 

In the 100 uM SNP and 1 mM H202 exposed groups, the loss of cells was rapid (Fig. 5B), 

and cellular fragmentation was more obvious (Fig. 6f); furthermore, the number of comets was 

greater than the number in each corresponding time in the 10 |iM SNP and 1 mM H202 groups 

(Figs. 4A, 5A). Most of these comets had a glial cell pattern, although at 15 min, irregularly shaped 

large heads typical of motor neuron comets were observed. 
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Different oxidants produce distinct patterns of DNA damage in motor neurons 

The DNA staining and comet patterns revealed that different forms of oxidative stress 

generally have different DNA damage fingerprints, with each chemical insult having its own major 

comet pattern. Furthermore, exposure of cells to different doses or different durations gave different 

patterns as well, though there was some overlap. The nuclei of healthy motor neurons were similar 

in size and DNA staining regardless of lysis, unwinding, and electrophoresis of DNA. However, 

some intact, round nuclei were much larger than the majority of healthy nuclei and were stained 

very brightly (Fig. 7a). This type of nucleus could be found in control groups at every time point 

and in groups treated with 1 mM H202 (early times, such as 15 min, 30 min, 1 h and 2 h), 10 mM 

H202 and 10 uM SNP (15 min and 30 min), and in motor neurons at 5 days after avulsion (see 

below for details). This nuclear pattern might reflect the presence of few DNA-SSB, because the 

DNA was unwound thoroughly by alkaline conditions and the chromatin packaging was very loose. 

The comet assay is sensitive enough for detecting one break per 2 X 1010 Daltons of DNA (Singh et 

al., 1988). The lack of a tail is probably because the single-strand DNA was too long (large) to be 

eluted from the motor neuron nucleus. A similar phenomenon occurred in glial cell nuclei after 

exposure to 100 uM SNP plus 1 mM H202 (Fig. 71). Some intact glial cell nuclei (Fig. 71), much 

smaller that neuronal nuclei (Fig. 7a), were stained more brightly and were larger that other smaller 

nuclei. 

New comets had different types of patterns. The most frequent pattern was a large, round, 

densely staining head with a short, granular tail consisting of large granules close to the head (Fig. 

7b). This pattern was observed in most of the control groups (even at 12 h) and in motor neurons 

treated for short durations (15 min) with 10 mM H202 or 10, 100, 300, or 800 uM SNP. Another 
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pattern consisted of a head with a densely staining round core surrounded by a dense DNA halo 

(Fig. 7c) or large granules (Fig. 7e). The former type was found with H202 and was occasionally 

found in control groups. The latter type of new comet was characteristic of the SNP treated motor 

neurons and may represent incipient DNA damage at few sites with the formation of large DNA 

single strands surrounding the head and forming a short comet tail. 

Matured comets had longer or very long tails compared to new comets. Early matured 

comets had a large, densely stained head and a tail shorter than 620 urn formed by scattered large 

granules (Fig. 7d). This type of comet occurred in some untreated motor neurons incubated from 1 

to 12 h, and probably represents background dying cells after dissection from spinal cord and 

trypsin digestion. The SNP treated cells had a characteristic type of matured comet appearing with a 

large head and very bright halo, and a longer tail (-310 urn) consisting of very scattered large 

granules (Fig. 7f). This comet was found most frequently with 10 pM SNP at 30 min or 1 h. This 

pattern indicates that DNA damage progressed from the new comets, and the configuration of the 

genomic DNA changed, allowing the large single strands to elute from the nuclei more quickly. 

The morphology of matured comets was more diverse than with the new comets. We 

observed matured comets with medium-sized heads and densely staining, intermediate tail lengths 

(>310 pm). Some motor neuron comets had a head with a bright granular halo and a broad granular 

tail as broad as the heads' coma (Fig. 7g). This type of matured comet was also typical for SNP 

exposure, but the DNA damage was more advanced compared to the new comets observed with 

SNP. This matured comet was associated frequently with motor neurons exposed to 10 pM SNP for 

30 min, 1 h and 2 h, as well as 100 pM SNP for 30 min and occasionally with motor neurons 

exposed to 100 pM SNP plus 1 mM H202. Because the tail was very broad and there are many 
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granules, the extent of DNA damage and the configuration of the genomic DNA are very amenable 

for the comet assay, as DNA-SSB are much more prevalent in these motor neurons compared to 

motor neurons with new comets. Another type of comet typical for SNP exposure is a very 

progressed form (Fig. 7h). The head consists of only scattered large granules, and the tail is also 

composed of large granules and is long (-620 urn or longer). 

With motor neurons treated with 10 mM H202, characteristic comet patterns emerged. At 30 

min, motor neuron comets had a densely staining core in the head and a circular profile of DNA 

around the core (Fig. 7i). These heads were much smaller than the new comet heads with this halo 

pattern. The tails consisted of fine granules, indicating that the DNA-SSB are numerous and the 

lengths of the DNA single strands in the tail are shorter than those in the comets typically found 

with SNP. In motor neurons treated with 10 mM H202 for longer times (1 h), comets had a small 

densely stained head and thin, long tails (620 um or longer) consisting of fine granules (Fig. 7j). 

Apparently, the DNA damage progressed further, and the single strands of DNA fragments are more 

numerous and shorter. 

In motor neurons exposed to 1 mM H202, there was a specific neuronal comet pattern, in the 

presence of decreased comet numbers. The head was large and round, typical of neuronal comets. 

The tail of these comets had a narrow neck, and the broad part of the tail was short and consisted of 

very fine granules (Fig. 7m). The large part of the tail may consist of short DNA single strands 

because they appeared as fine dots rather than large granules. The DNA damage may have 

accumulated very rapidly and then the damaged ceased in keeping with the shape of the broad tail 

with a narrow neck. 

In cell suspensions exposed to SNP and H202, DNA damage occurred in both motor neurons 
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and glial cells. The neuronal comets had an irregular head, either blebbed (Fig. 7k) or fragmented 

(data is not shown). Glial cell comets had very small heads, and the tails were very long with a neck 

(Fig. 7p). Most of the comets associated with cells exposed to SNP plus H202 were stained 

incompletely and faintly with ethidium bromide. This comet pattern is similar to a pattern found 

under neutralized elution conditions (data not shown) and thus may reflect some double-stranded 

DNA breaks. 

DNA-SSB accumulate in motor neurons in vivo early after injury and the pattern is similar to 

DNA damage induced by NO donor exposure in vitro 

We applied the comet assay to an in vivo model of motor neuron degeneration. At 5 days 

after sciatic nerve avulsion, many (26%) lumbar motor neurons from the lesion side had comets 

(Fig. 8A), but very few motor neurons (1.8%) from the unleisoned side had comets. The heads of 

these motor neuron comets were large, round and bright, and the tails were very short and consisted 

of scattered large granules close to the heads (Fig. 8Ba,b). Many intact cells were stained with 

ethidium bromide in preparations from both ipsilateral and contralateral sides of lumbar 

enlargements, but these cells were not as brightly stained and as large as the comet heads, revealing 

that in the latter cells the DNA packaging was loose. The pattern of these comets was similar to 

motor neuron comets caused by 10 mM H202 exposure for 15 min (Fig. 7b). 

At 7 days after sciatic nerve avulsion, the number of motor neuron comets in the lesioned 

side of spinal cord was increased significantly (35%, p < 0.05) compared to 5 days (Fig. 8A). These 

comets had large heads (although not as intensely stained as those at 5 days) and short granular tails 

that were longer than those at 5 days (Fig. 8Bc,d). These comets appeared as intermediates between 
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control comets (Fig. 7b or 7d) and comets from SNP treated motor neurons (Fig. 7e or 7f), but they 

were most similar to SNP new comets (Fig. 7e). No comets were found with motor neurons from 

the unlesioned side at 7 days postlesion. Thus, both the number of motor neurons with DNA 

damage and the extent of DNA-SSB in these neurons increase between 5-7 days after sciatic nerve 

avulsion. 

Subsets of lumbar motor neurons (23%) on the lesioned side had comets at 10 days after 

sciatic nerve avulsion (Fig. 8A). Many of these comets had heads with a coma and a short granular 

tail (Fig. 8Be). Other comets had a small head or no head and a much longer tail (as long as 1240 

urn, Fig. 8Bg,h). The tails were still comprised of large granules, though they were finer than those 

at 5 and 7 days. These comet patterns (Fig. 8Be,g) are similar to the comets in motor neurons 

induced by SNP (Fig. 7f, h). The heads of some comets had a nucleus that was fragmented or 

blebbing (Fig. 8Bf), indicating the advanced progression of DNA damage in motor neurons at 10 

days after sciatic nerve avulsion. We therefore examined the 800 rpm cell suspension to identify 

motor neurons with comets, because these cells may be lighter after advanced DNA damage and are 

not precipitated at 400 rpm. Some comets were found in the 800 rpm cell suspensions (Fig. 8Bh). 

No comets were observed in the 400 rpm and 800 rpm cell suspensions from ventral horns of the 

unlesioned spinal cord at 10 days postlesion. At 14 days, 20 days, and 28 days after sciatic nerve 

avulsion, no comets were observed in motor neurons from either ipsilateral or contralateral lumbar 

ventral horns. 

DNA damage caused by H202 and NO donor is different. 

To identify relationships between DNA damage detected by the comet assay and DNA 
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fragmentation, motor neuron cell suspensions were exposed to 10 mM H202 or 10 uM SNP, and 

genomic DNA was extracted for gel electrophoresis. A hybrid of internucleosomal fragmentation 

and random fragmentation of DNA was observed in motor neurons exposed to H202 for 60 min and 

90 min (Fig. 9). The DNA fragmentation coincides with the comet assay for the cells exposed to 

H202 for 60 min which detected about 31% comets (Fig. 3A). For 90 min exposure, the number of 

comets decreased (Fig. 3A), while DNA gel electrophoresis showed a ladder-smear hybrid (data not 

shown). In contrast, no prominent DNA fragmentation as either smear or ladder patterns was 

detected with 10 uM SNP, although the band of genomic DNA was slightly smaller than control ( 

Fig. 9), consistent with the interpretation that the SNP comet pattern with large DNA granules 

corresponds to high molecular weight fragments caused by relatively few DNA-SSB. No obvious 

fragmentation was found in control samples incubated for the same time (Fig. 9). By the comet 

assay, a low level of spontaneous comets was found, but these were not reflected in DNA gels, thus 

confirming that the comet assay is a sensitive method for detecting early DNA damage in individual 

cells. 

Degeneration of adult motor neurons after oxidative stress in vitro mirrors the comet assay. 

We evaluated by light and electron microscopy the structure of adult motor neurons exposed 

H202 and NO donor (Fig. 10). The structure of control motor neuron cell bodies after 15 min and 90 

min incubation in culture medium is preserved (Fig. 10a,b,k). These cells are large and round with a 

large nucleus containing dispersed chromatin throughout nucleoplasmic matrix. The cell membrane 

and the nuclear membrane are intact. Most mitochondria are intact. A few large vacuoles are present 

in the cytoplasm in some motor neurons. These vacuoles appear to be derived from distended Golgi 
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cisterns or from swollen mitochondria. These observations show motor neurons appear healthy after 

isolation and even after brief incubation under culture conditions. 

Exposure to SNP and SNP plus H202 caused structural abnormalities in motor neurons that 

were dose- and time-related. After 15 min exposure to 10 uM SNP, motor neurons exhibited early 

chromatin condensation that was more prominent at 1 h exposure (Fig. 10b,c,l). SNP also induced 

massive swelling and degeneration of motor neuron mitochondria (Fig. 101). The nuclear 

condensation and chromatin clumping was much more prominent after exposure to 100 U.M SNP 

(Fig. 10e,f). After exposure to the combination of SNP plus H202, both cytoplasmic and nuclear 

condensation was obvious at 15 min, and, by 1 h, the nuclear condensation was very pronounced 

(Fig. 10g-j,m). 

DISCUSSION 

We studied DNA damage in motor neurons and have made several new findings. Oxidative 

stress to adult motor neurons by H202 and NO donor exposure in vitro causes rapid DNA-SSB. 

These ROS induce distinct DNA damage profiles; thus, comet patterns can serve as a fingerprint for 

different ROS-mediated insults to motor neurons. DNA-SSB also occur early in motor neurons in 

vivo prior to apoptosis induced by avulsion. The early DNA damage fingerprint in motor neurons 

destined to undergo apoptosis (Martin et al, 1999a) is similar to the fingerprint left by NO toxicity 

in vitro. 

Adult motor neurons can be studied in vitro 

We developed a new model system to study effects of ROS on DNA stability in motor 
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neurons. Motor neurons from adult spinal cord cannot be used to establish cell cultures; therefore, 

we developed a short-term, motor neuron-enriched cell suspension prepared from spinal cord 

ventral horn enlargements of adult rat. After trypsin digestion, adult motor neurons were 

fractionated by centrifugation, yielding a motor neuron-enriched cell suspension. The motor neuron 

enrichment of this cell system was characterized by immunophenotyping (e.g., CAT andNeuN), 

retrograde tracing, and electron microscopy. The majority of these motor neurons remain viable 

over short-term incubation (up to 12 h after isolation), and -40% of these cells are still viable at 24 

h incubation. This motor neuron system is very different from cultured embryonic motor neurons 

(Estevez et al., 1998). However, the purpose of our study was to evaluate whether ROS and axonal 

injury cause DNA instability in adult motor neurons, because of the relevance to ALS. 

Neurodegeneration can vary depending on neuronal maturity (Portera-Cailliau et al., 1997). We 

were interested specifically in determining how quickly ROS cause DNA-SSB in mature motor 

neurons and if DNA-SSB occur early during the in vivo progression of motor neuron apoptosis in 

the adult spinal cord. 

ROS cause DNA-SSB in motor neurons 

To assay for DNA damage at early stages, we used the single-cell gel electrophoresis 

method (comet assay). This assay is an established method for identifying strand breaks in DNA 

and, based on the principles of alkaline elution (Kohn, 1991), is the most sensitive method for 

detecting DNA-SSB in individual cells (Ostling and Johanson, 1984; Singh et al., 1988; Kindzelskii 

and Petty, 1999; Morris et al., 1999). We demonstrate the usefulness of this technique for 

identifying the occurrence and progression of early DNA damage in individual motor neurons that 
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are injured by ROS in vitro and axotomy in vivo. 

H202 has dose- and time-related effects on adult motor neurons. H202 (10 mM) induces 

prominent DNA-SSB, evidenced by the increase in comet percentage and the comet patterns. 

Previous studies have shown that H202 induces DNA damage in leukocytes (Singh et al., 1988; 

Kindzelskii and Petty, 1999) and HeLa cells (Szmigiero and Studzian, 1988). The predominant form 

of DNA damage produced by H202 is SSB, with the ratio of double-strand to single-strand DNA 

breaks estimated to be 1 to 2000. Based on the comet patterns obtained at 15, 30 and 60 min of 

exposure to 10 mM H202, a progressive accumulation of DNA-SSB occurs in motor neurons. The 

heads become smaller and the tails become longer; thus, there is a shift to the mature comet pattern. 

At 90 min exposure, motor neurons with DNA-SSB have passed the comet moment, thus DNA-SSB 

are less frequently detected. Alternatively, motor neurons with DNA damage may disappear from 

the preparation because they are smaller and lighter or broken and thus are not captured by 

repelleting. These explanations may account for the decreased comet number and cell density after 

90 min exposure. 

A lower concentration of H202 caused an unexpected result. Motor neurons treated with 1 

mM H202 had lower DNA damage. The explanation for this finding is uncertain. DNA repair 

mechanisms may be stimulated in motor neurons exposed to 1 mM H202, so that fewer comets are 

observed compared to controls. DNA repair kinetics are very rapid, with significant repair of DNA- 

SSB in leukocytes occurring within 2 minutes after irradiation (Mendiola-Cruz and Morales- 

Ramires, 1999). DNA-SSB are repaired by DNA repair enzymes, some of which are enriched in 

motor neurons (Duguid et al., 1995). Thus, DNA-SSB induced by 1 mM H202 as well as those 

occurring spontaneously may be repaired. Perhaps only when levels of non-repaired or misrepaired 
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DNA damage are above a threshold level, motor neurons display comets. Alternatively, this 

concentration of H202 may be insufficient for inducing DNA damage in healthy motor neurons in 

suspension for a short time (possibly related to antioxidant enzymes in the medium), but it may 

enhance DNA damage in already dying or injured motor neurons that then disappear from the 400 

rpm preparation when repelleting after exposure. However, 1 mM H202 exposure for up to 2 h was 

not sufficient enough to cause a loss of cells compared to time-matched controls. Therefore, the 

activation of DNA repair pathways in motor neurons is a possibility that warrants further 

examination. 

NO may participate in the pathogenesis of motor neuron degeneration in ALS (Beckman et 

al., 1993) and in experimental models (Wu and Li, 1993; Estevez et al., 1998; Martin et al., 1999a). 

We tested the hypothesis that motor neurons exposed to NO donor accumulate DNA damage. Our 

results show that SNP is a potent inducer of DNA-SSB in motor neurons. Experiments with plasmid 

DNA have shown that NO and Superoxide in combination or peroxynitrite alone induce DNA 

damage (Salgo et al., 1995; Inoue and Kawanishi, 1995). NO per se does not cause breakage to 

plasmid DNA. However, peroxynitrite causes prominent single-stranded DNA breaks at 

concentrations as low as 1 uM, with much higher concentrations (> 1 mM) needed for double-strand 

DNA breaks (Szabö and Ohshima, 1997). NO competes effectively with Superoxide dismutase for 

Superoxide to form peroxynitrite (Beckman et al., 1993). After injury, motor neurons become 

metabolically activated (Martin et al., 1999a); thus, endogenous Superoxide production could be 

augmented in motor neurons because of injury related to dissection and digestion. These previous 

observations along with our recent results suggest that peroxynitrite may potently induce DNA-SSB 

in adult motor neurons. 
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Motor neurons exposed to NO donor develop DNA damage that is different from damage 

caused by H202. With SNP, DNA granules are prominent within the heads and tails of new comets 

and early mature comets and are very scattered in the heads of advanced comets. These ethidium 

bromide-positive large granules are likely to be very large single-strand fragments of DNA. With 

H202, DNA damage occurs first at peripheral chromatin domains and then the inner nuclear core 

chromatin, as reflected by comets with discrete halos and comets with very small heads and tails 

comprised of fine granules. The lengths of DNA fragments caused by H202 exposure are probably 

very different from the DNA damage caused by NO. This conclusion is supported by DNA 

fragmentation analysis. H202 induced a prominent smear-ladder hybrid of DNA fragments in motor 

neurons. This pattern is consistent with the comet assay finding showing tails consisting of very fine 

DNA granules. These tails are apparently internucleosomal and random fragments of DNA. Thus, 

H20 2 causes many smaller DNA fragments because of numerous SSB. In contrast, genomic DNA 

was mostly intact in motor neurons exposed to SNP for 60 mins. Therefore, the large DNA granules 

typical of the SNP comet patterns are likely to be very large fragments of DNA produced by fewer 

SSB. Thus, different oxidants may cause distinct DNA damage fingerprints, and different chromatin 

domains (Ferreira et al., 1997) in motor neurons may have differential vulnerabilities to ROS. 

When motor neurons are exposed to NO donor in the presence of H202 (at a concentration 

that is apparently subthreshold for DNA damage, or possibly even protective), the combination is 

potently cytotoxic. Exposure of motor neurons to both SNP (10 urn or 100 uM) and ImM H202 

induces DNA damage and cell loss that are much more severe than that caused by either SNP (10 

uM, 100 uM, 300 uM or 800 uM) or 1 mM H202 alone. The explanation for this toxic synergy is 

speculative. Peroxynitrite, formed by donated NO and endogenous Superoxide, may cause 
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membrane damage resulting in the mobilization of transitional metals that bind DNA and locally 

catalyze the formation of highly toxic hydroxyl radicals or hydroxyl-like intermediates from H202. 

DNA-SSB accumulate in motor neurons after axotomy with a fingerprint similar to NO 

toxicity 

We applied the comet assay to an in vivo model of motor neuron apoptosis in adult spinal 

cord. Sciatic nerve avulsion in adult rat causes apoptosis of lumbar motor neurons over 7 to 14 days 

(Martin et al., 1999a). These motor neurons exhibit oxidative stress in the form of hydroxyl radical 

damage to DNA and peroxynitrite damage. At seven days after the lesion, subsets of motor neurons 

are undergoing DNA fragmentation as detected by in situ end labeling. Here, we found early DNA- 

SSB in motor neurons at 5 days after the lesion. The comet assay revealed a slow progression of 

DNA damage in motor neurons during 5-10 days postlesion. As comet tails become longer, the 

granules become finer, while the comet head shape becomes irregular. The comets of motor neurons 

after avulsion and the comets of motor neurons exposed to SNP in vitro are similar. This finding 

supports the idea that NO toxicity participates in the mechanisms for motor neuron apoptosis in the 

adult spinal cord (Martin et al., 1999a). Accumulation of DNA-SSB could be a primary signal for 

motor neuron apoptosis, possibly through p53-mediated pathways (Jayaraman and Prives, 1995). 

p53 is induced in adult motor neurons prior to apoptosis (Martin et al., 1999b), apparently 

coinciding with early DNA damage. 
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FIGURE LEGENDS 

Figure 1: Characterization of the cell suspension of adult motor neurons. Scale bars: A (same for 

C), 100 |am; B (same for D), 25 |im; E (same for F). 18 urn; G, 10 um; H, 12 urn. A. The majority 

of cells (-84% of the total number of cells) in the 400 rpm preparation exhibit NeuN 

immunofluorescence (green), demonstrating that these cells are neurons (box delineates area shown 

in B). B. NeuN immunofluorescence (green) is intense in the nuclei of these neurons, while the 

cytoplasm was labeled weakly or not labeled. C. Propidium iodide (PI, red) counterstaining of cell 

suspensions immunolabeled for NeuN (identical field is shown in A) reveals that NeuN positive 

cells exclude PI. Smaller nonneuronal glial cells are labeled with PI but not for NeuN. D. PI staining 

identifies the glial cell nuclei in samples stained for NeuN (same field is shown in B). E and F. 

Most of the neurons (-86% of total NeuN positive cells and 72% of total cells in the 400 rpm cell 

suspension) show choline acetyltransferase (CAT) immunofluorescence (E). CAT immunoreactivity 

is localized in the perikarya of motor neurons and thus these cells have PI nuclear staining (E, 

arrows, and F, red). G. Prelabeling lumbar motor neurons with retrograde tracer DAPI (blue) shows 

that most of the a-motor neurons with sciatic nerve axons sort into the 400 rpm cell suspension, and 

they comprise -62% of the total cells. H. Only a few GFAP-positive astroglial cells and scattered 

GFAP processes (blue staining) are observed in the 400 rpm cell suspension. Some astroglial 

processes are attached to large neurons (red). 

Figure 2: Viability of adult motor neurons in cell suspension over 24 h incubation in supplemented 

Neurobasal A, as evaluated by trypan blue staining. The number of viable cells and the total number 

of cells (viable cells plus trypan blue-stained cells) were counted in a hemocytometer under phase 
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contrast microscopy. Double asterisk denotes significant difference (p < 0.01) and single asterisk 

denotes significant difference (p < 0.05) compared to the earlier time point. 

Figure 3: H202 causes DNA-SSB in motor neurons. A. Histogram of the percentage of comets in 

both control and 10 mM H202 treated motor neurons. Values are mean ± sem. Among the control 

groups, the background number of comets was significantly greater (+, p < 0.05) at 30 min, 60 min, 

and 90 min compared to 15 min. Exposure to 10 mM H202 increased significantly (**, p < 0.01) the 

percentage of comets in motor neurons at 15 min, 30 min, and 60 min compared to the respective 

time-control groups. With 60 min exposure to 10 mM H202, the number of comets was significantly 

increased (o, p < 0.05) compared to 15 min exposure. With 90 min of exposure, the number of 

comets decreased significantly compared to 90 min control (*, p < 0.05) and compared to 60 min 

H202 (oo, p < 0.05). 

B. Representative motor neuron comets in control groups. Scale bars: a, 190 um; b (same for c, d, 

e), 48 (am. a. Panoramic view of the cell distribution and a single comet in a microgel from a 400 

rpm cell suspension incubated for 15 min under control conditions. The cell nuclei and the comet 

are stained with ethidium bromide. Many large intact nuclei without comets are seen. b. Single 

motor neuron comet at higher magnification. The comet consists of a head and a short tail. c. A 

motor neuron comet in a 1 h control group with scattered large granules of DNA fragments in the 

comet tail. d. At 2 h in the control groups, the comet head is still large and the tail is still short and 

is comprised of fine DNA granules, e. An intact nucleus and a comet from a control group at 4 h. 

The comet head is still large and the tail is still short and granular. 

C. Representative motor neuron comets after exposure to 10 mM H202. Scale bars: a (same for c), 
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190 urn; e (same for b, d), 48 urn; f 110 urn. a. After 30 min exposure to H202, the comet heads are 

smaller and the tails longer than control comets, but the heads are more regular and the tails shorter 

than those comets seen after 1 h exposure (compare with Cc and Cd). A large intact nucleus is 

shown for comparison with the comets, b. Comets observed after 30 min exposure to H202. A dense 

DNA core is surrounded by a less dense and reticular halo or coma of DNA. c and d. After 60 min 

exposure to H202, the comet heads are more irregular and the tails are very long (> 620 \xm or even 

longer than 1 mm) and discontinuous, e . After 90 min exposure to 10 mM H202, DNA damage is 

very severe and nuclei have large, irregular reticular heads, indicating the unwinding and uncoiling 

of genomic DNA. The tail of this comet is short and stained faintly, indicating few DNA-SSB 

remaining, f. After 45 min exposure to 150 mM H202 the comets have irregular small heads, and 

much DNA is eluted from the nucleus forming long tails with broad ends. 

Figure 4. Comet assay on motor neuron cell suspensions exposed to 10 um SNP, 1 mM H202, or 10 

urn SNP plus 1 mM H202. A. Histogram of comet assay results. Values are mean ± sem. 

Compared to the untreated control groups, the percentage of comets decreased significantly (**, p < 

0.01) after exposure to 1 mM H202 for 30 min, 60 min and 90 min. In contrast, 10 urn SNP induced 

a marked increase (**, p < 0.01) in the number of comets at 15 min, 30 min, and 60 min exposure as 

compared to the control groups. This increase in comets was significantly ( ++, p < 0.01) time- 

related (e.g., 15 min vs 30 min, 30 min vs 1 h, and 15 min vs 1 h or 2 h). At 2 h, the percent comets 

in 10 u.m SNP exposed motor neurons decreased significantly (p < 0.01) as compared to 1 h. After 

exposure of motor neurons to 10 urn SNP plus 1 mM H202 the percent comets was decreased 

significantly (*, p < 0.05 or **, p < 0.01) at 30 min, 1 h, and 2 h compared to the corresponding 
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control groups. Among the 10 urn SNP plus 1 mM H202 exposure times, the percent comets 

increased significantly (+, p < 0.05) between 1 h and 2 h. The percent comets in the motor neurons 

exposed to 10 urn SNP was significantly higher (oo, p < 0.01) than the percent comets found with 1 

mM H202, or 10 urn SNP plus 1 mM H202 at 30 min, 1 h, and 2 h. There was no significance 

difference among corresponding groups exposed to 1 mM H202 or 10 urn SNP plus 1 mM H202. 

B. Histogram of the number of cells in the comet assay microgels. Value are mean ± sem. Cell 

number was not significantly different among the untreated control groups over 2 h. Decreases in 

cell number were found at 1 h (p < 0.05) and 2 h (p < 0.01) after 1 mM H202 compared to 15 min 

after H,02 and at 1 h and 2 h after 10 urn SNP compared to 15 min after SNP; however, no 

decreases were found relative to time-matched controls. The most prominent decrease in cell 

number was observed in motor neurons exposed to 10 um SNP plus 1 mM H202 as compared to the 

corresponding control groups and to treatments with either 1 mM H202 or 10 um SNP alone. 

C. Comets profiles after exposure to 10 [im SNP. Scale bars: a (same for c, e, and g), 275 um; h 

(same for b, d, and f), 70 urn. a. Comets in the cell suspensions exposed to 10 urn SNP for 15 min 

have bright, large heads and very short, broad tails formed by large granules of DNA. b. A typical 

comet (from C,a) observed with 10 urn SNP for 15 min. A nucleus with intact DNA is nearby. 

c. The comets in the motor neurons exposed to 10 urn SNP for 30 min are more numerous than at 

15 min, and their tails are longer, d. Typical comets (from C,c) observed with 10 urn SNP for 30 

min. e. After 1 h exposure to 10 urn SNP the tails of comets are longer than the earlier time points. 

f. The tail of a comet (from C,e) is much longer, but still granular, g. The comets of cells exposed to 

10 urn SNP for 2 h have a similar pattern as some of the comets in samples exposed to 10 um SNP 

for lh, but the nuclei appeared swollen in many cells compared to the lh exposed samples, h. 
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Comet (from g) after exposure to 10 jam SNP for 2 h showing a short tail that merges with the 

coma of the head. 

Figure 5. Comet assay for motor neuron cell suspensions exposed to 100 urn SNP, 1 raM H202, and 

100 urn SNP plus 1 mM H202. A. Histogram of the number of comets in microgels. Values are 

mean ± sem. The percentages of comets in all the groups exposed to 100 pm SNP are significantly 

higher than in the corresponding control groups, demonstrating that SNP at this dose induces DNA 

damage in many cells. The level of significance was greater in the 15 min, 30 min and 1 h groups 

(**, p < 0.01) compared to the 2 h group (*, p < 0.05). Exposure time-effects were not apparent with 

100 um SNP, reflecting that comet formation was transient rather than persistent, thus they 

appeared and disappeared. Comet percentages in cells exposed to 100 pm SNP plus 1 mM H202 

were increased significantly at 30 min (p < 0.01) and 1 h (p < 0.05), compared to untreated controls, 

with comet numbers peaking at 30 min. The increase of comets may involve DNA damage in glial 

cells, based on the comet patterns and the obvious fragmentation of most motor neurons (see Figure 

6). With 100 urn SNP plus 1 mM H202, the percentages of comets at most times (30 min, 1 h and 2 

h) were significantly higher (AA, p < 0.01) compared to the number of comets in cells exposed to 1 

mM H202, but cells exposed to 100 urn SNP plus 1 mM H202 for 15 min (o, p < 0.05) and 2 h (oo, p 

< 0.01) have significantly lower percentages of comets compared to the 100 urn SNP groups. At 2 h 

of exposure to 100 pm SNP plus 1 mM H202, the percentage of comets was significantly (#, p < 

0.05) lower compared to 1 h exposure to the same treatment. 

B. Histogram of cell number in the comet assay microgels. Values are mean ± sem. With 1 h 

exposure to 100 urn SNP alone, cell number was lower relative to 15 min; however compared to 
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time-matched control cells, cell number was unchanged after exposure to 100 um SNP alone. 

Control and 1 mM H20, exposure groups are the same as those shown in Figure 4B. A prominent 

loss of cells occurred at all times after exposure to 100 urn SNP plus 1 mM H202 (**, p < 0.01, for 

15 min and 30 min; *, p < 0.05 for 1 h and 2 h) as compared to their control groups. Comparison 

among groups exposed to 100 urn SNP plus 1 mM H202 and groups exposed to 100 urn SNP 

showed that cell number is significantly (oo, p < 0.01) lower in the former groups at 15 min and 30 

min. Comparison between groups exposed to 100 urn SNP plus 1 mM H202 and groups exposed to 

1 mM H202 showed that cell number is significantly lower (A, p < 0.05; AA, p < 0.01) in former 

groups at 15 min, 30 min and 2 h. 

C. Comets profiles in cells treated with 100 urn and 300 urn SNP. Scale bars: a, 215 um; d (same 

for b, c, e), 52 um; f (same for g, h), 60 urn. a. Panoramic view of cells and comets after 30 min 

exposure to 100 urn SNP. b. Two comets (from C,a) with large heads, conspicuous comas, and 

short granular tails, c. A comet after exposure to 100 (am SNP for 1 h displays a larger head and 

longer granular tail than those shown for 30 min exposure. An intact nucleus is seen at the left of the 

comet, d. Mature comet from cells exposed to 100 urn SNP for lh with a head containing a DNA- 

poor core and a very long tail. e. With 2 h of exposure to 100 urn SNP comets can be found with 

large heads and diffuse comas and short granular tails, indicating DNA damage is at an earlier stage. 

However, some nuclear profiles are large, swollen, and vacuolated. These two patterns may reflect 

different stages of DNA damage, f-h. With 4 h exposure to 300 um SNP, comet patterns were very 

distinct. The heads of the comets were different in their DNA quantities. The comet (in f) has a 

granular head and the comet (in g) has a smaller head than that in f, while the comet in h had almost 

no head. The tails of these comets are composed of large granules typical of the SNP pattern. 
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Figure 6. Comets in the samples exposed to 1 mM H,02 or 1 mM H202 with different doses of SNP 

(10 (im, 100 (im or 300 (im). Scale bars: a (same for e, g, h), 142 (im; c (same for b), 280 um; d 

(same for f), 68 (im. a. Most nuclei in the cells exposed to 1 mM H202 for 15 min are large and 

intact without DNA damage. The comets typically found after exposure to 1 mM H202 have a large 

head and short tail with a narrow neck. b. After exposure to 1 mM H202 for 6 h the comet patterns 

are similar to the pattern found at 15 min. c. After exposure of cells to 100 (im SNP and 1 mM H202 

for 15 min. cell density is low (see Fig. 5B). Large cells (i.e., motor neurons) are particularly 

sensitive to oxidants. Some large neuronal comets have irregular heads. Other comets appeared to 

originate from contaminating glial cells (see Fig. 1H). d. Two neuronal comets (shown at higher 

magnification from 6c) with one comet having a large round head with a prominent coma and a 

short, faint tail, and the other comet having an irregular head. e. Exposure of cells to 100 (im SNP 

and 1 mM H202 for 15 min also produced DNA damage in contaminating glial cells (see Fig. 1H). 

The heads of these comets are very small and the tails are very long with a narrow neck. The small 

heads (i.e., nucleus) and the narrow neck of the tail indicate that they are glial cell comets, f. After 

cells were exposed to 100 urn SNP and 1 mM H202 for 15 min, normal cell nuclei are observed 

rarely, but swollen nuclei and nuclear fragments containing DNA are observed frequently, g. Glial 

cell comets, based on the pattern and size, are found after exposure to 10 (im SNP plus 1 mM H202 

for 30 min. h. A glial cell comet (after exposure to 300 urn SNP plus 1 mM H202 for 4 h) with a 

head that is fragmenting, indicating a late stage of nuclear damage and severe DNA damage. 

Figure 7. Comet patterning as visualized by single-cell gel electrophoresis and ethidium bromide 

staining. Scale bars: a (same for b-i, k-m), 42 (im; p (same for j, n, o), 150 |im. 
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a. A large inlact neuronal nucleus. The DNA is stained brightly, but no comet is present, b. A 

typical new comet with a large head and a very short tail, consisting of a few large granules. This 

type of comet appeared as background comets in control cells, cells exposed to 10 uM SNP for 

short time (15 min), and in lumbar motor neurons at 5 days after sciatic nerve avulsion, c. A comet 

with a head surrounded by a halo and a very short tail. d. A comet with a longer tail consisting of 

scattered large granules. This comet type is observed in control samples incubated for >2 h, 

indicating slowly progressed DNA damage, e. Comets with a large intensely-staining head 

surrounded by a very bright coma. These comets were observed often in neurons exposed to 10 uM 

SNP and in lumbar motor neurons at 10 days after sciatic nerve avulsion, f. Comets with a bright 

head and coma and a longer tail formed by very scattered large granules. This is the typical pattern 

of comet in the samples exposed to NO donor, g. Comets with a dissipating head and broad tail 

composed of more densely distributed granules. This is a matured comet pattern (from the comets 

shown in e or f) observed in cells exposed to lower concentrations of NO donor (10 uM SNP). h. 

Typical comet pattern with cells exposed to higher doses of SNP (300 u.M, 800 uM) or to 100 u.M 

SNP for a longer time period (4 h). The heads are small and granular and the tails consist of very 

large granules, i. A comet with a distinct head consisting of a halo surrounding a core (from cells 

exposed to 10 mM H202 for 30 min), j. A comet with a small head and very long thin tail found in 

cells exposed to 10 mM H202 for 30 or 60 min. k. Comets with irregular heads and faintly staining 

tails were observed in cells exposed to 100 uM (or 10 uM) SNP plus 1 mM H202 for 15 min, 30 

min or lh. 1. A bright intact nucleus and a very small nucleus observed in cells exposed to 100 u.M 

SNP with 1 mM H202 for lh. The bright nucleus is much larger and stained more intensely than the 

smaller nucleus; both are glial cell nuclei (because even the larger nucleus is much smaller than the 
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nucleus shown in 7a). m. Comets from cells exposed to 1 mM H202 for 15 min show a typical 

pattern. This pattern is a large head and a short broad tail with a short neck. n. The comets from 

cells exposed to 150 mM H202 for 45 min show a distinct pattern. The tail is broad and long, and 

the head is still large, indicating the DNA damage is very severe and the unwinding of DNA is 

thorough, allowing for intense ethidium bromide staining, o. Two comets in cells exposed to 150 

mM H202 for 45 min. These cells were prepared as a total cell suspension from ventral horn 

enlargements without sorting. One comet is a large neuronal comet, and the other is a probable glial 

cell comet, p. A glial cell comet in a field of swollen cells or cellular fragments from cells exposed 

to 100 uM SNP and 1 mM H202 for lh. The head is very small and the tail is very long with a 

narrow neck and is stained faintly. 

Figure 8. DNA-SSB occur in motor neurons after unilateral sciatic nerve avulsion. 

A. Percent comets in lumbar motor neuron cell suspensions (400 rpm preparations) from the 

lesioned side of spinal cord. The percentage of comets (to total number of large cells embedded) 

increased significantly (p < 0.05) at 5 days (5D) and 7 days (7D) postlesion (with significantly more 

comets at 7 days compared to 5 days), and then decreased at 10 days (10D) postlesion. 

B. Motor neuron comets after unilateral sciatic nerve avulsion. Scale bars: a, h (same for c), 132 

pm; g (same for b, d-f), 60 p.m. a. At 5 days postlesion, the comet heads are large and round and 

the tails are very short, b. A typical 5 day comet (from Ba) with a short tail. c. At 7 days postlesion, 

the comet heads are large and the tails are longer than at 5 days, indicating the accumulation of 

DNA-SSB. d. A typical 7 day comet (from Be) with a tail that is formed by scattered, large DNA 

granules. These comets are very similar to those produced by SNP but not H202. e-g. At 10 days 
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the similarities between the comets produced by axotomy and those produced by SNP become much 

more prominent. The comets (shown in e) have heads with a granular coma and granular tails 

similar to the comets found in cells exposed to 10 uM or 100 uM SNP. Some comets have an 

irregular head and a granular tail (shown in f). Other comets (shown in g) have longer tails formed 

by scattered large granules, h. At 10 days after the lesion, motor neurons comets can be found in 

the 800 rpm cell suspensions. These comets have long tails, indicating accumulation of many DNA- 

SSB. 

Figure 9. Gel electrophoresis analysis of DNA damage in motor neuron cell suspensions. Motor 

neuron cell suspensions were treated as time-controls or were exposed to 10 uM SNP or 10 mM 

H202 for 60 min. Genomic DNA was extracted, end-labeled with digoxigenin, fractionated (1.5% 

gel), transferred to nylon membrane after which DNA was visualized with antibodies to 

digoxigenin. Genomic DNA was intact in control motor neurons. In motor neurons treated with NO 

donor, the genomic DNA band was slightly lower in size compared to control. In motor neurons 

exposed to H20:, genomic DNA was fragmented as a coexisting smear-ladder pattern. Molecular 

weight (MW) standards (in base pairs) are: from top to bottom- 2176, 1766, 1230, 1033, 653, 517, 

453, 394, 298, 234, and 220. 

Figure 10. Structure of adult motor neurons in suspension as revealed by high-resolution light 

microscopy and electron microscopy, a-j, 1 urn-think plastic sections; scale bar (shown in a): a, 4.36 

urn; b, 4.84 urn ; c,d,f, 3.6 urn ; e, 3.38 urn; g, 4.32 urn; h, 3.75 urn; i, 4.88 urn; j, 2.86 um. k-m; 

electron micrograph scale bars: k, 2.52 urn; 1, 3.27 urn; m, 4.68 urn. 
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a, b. Motor neurons incubated for 15 min (a) and 90 min (b) in medium under control conditions. 

The cells are round with a nucleus containing dispersed chromatin surrounded by mostly intact 

cytoplasm, although some vacuoles are present, c, d. Motor neurons incubated for 15 min ( c ) and 

60 min (d) in 10 pM SNP. At 15 min, the nucleus appears relatively normal; however, at lh the 

nucleus shows clumping of chromatin. Many more mitochondria are swollen compared to control, 

e, f. Motor neurons incubated for 15 min (e) and 60 min (f) in 100 uM SNP. At 15 min, the motor 

neurons are similar to those seen at 1 h with exposure to 10 pM SNP, and at 1 h the nucleus shows 

prominent chromatin clumping, g, h. Motor neurons incubated for 15 min (g) and 60 min (h) in 10 

u.M SNP plus 1 mM H202. Motor neurons undergo both cytoplasmic and nuclear condensation at 

15 min and at 1 h the nucleus is condensed and the cytoplasm then becomes paler, i, j. Motor 

neurons incubated for 15 min (i) and 60 min (j) in 100 uM SNP plus 1 mM H202. The cytoplasmic 

damage is more severe compared to 10 pM SNP plus 1 mM H202, particularly at 1 h it is 

fragmented, k. The ultrastructure of time-control (90 min) motor neurons is normal. Most of the 

mitochondria are intact and not swollen and the cytoplasmic matrix is enriched in ribosomes and 

rough endoplasmic reticulum. The nucleus has dispersed chromatin. 1. After exposure to 10 uM 

SNP for 1 h the cytoplasm is dark, severely vacuolated (corresponding to massively swollen 

mitochondria) and the nucleus is condensing, m. After exposure to 10 pM SNP plus 1 mM H202 for 

15 min, mitochondria are swollen and the chromatin is condensing at the periphery of the nucleus. 
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Abstract 
We used silver staining to demonstrate neuronal cell body, axonal, and terminal 

degeneration in brains from p7 rat pups recovered for 0,1.5,3,6,24,48,72 h, and 6 days following 

hypoxia-ischemia. We found that initial injury is evident in ipsilateral forebrain by 3h following 

hypoxia-ischemia, while injury in ventral basal thalamus develops at 24h. A secondary phase of 

injury occurs at 48h in ipsilateral cortex, but not until 6 days in basal ganglia. Initial injury in 

striatum and cortex is necrosis, but in thalamus the neurodegeneration is primarily apoptosis. 

Degeneration also occurs in bilateral white matter tracts, and in synaptic terminal fields 

associated with apoptosis in regions remote from the primary injury. These results show that 

hypoxia-ischemia in the developing brain causes both early and delayed neurodegeneration in 

CNS systems in which the morphology of neuronal death is determined by time, region and 

patterns of neuronal connectivity. 
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Introduction 

While acute perinatal brain injury does not account for the majority of cerebral palsy 

(Nelson and Grether, 1999), the neurologic handicaps caused by perinatal anoxia due to 

asphyxia and lack of cerebral blood flow are severe (Lorenz et al., 1998). The mechanisms for 

brain injury after hypoxia/ischemia are thought to include energy failure, free radical damage, 

cytokine and excitatory amino acid release and caspase-dependant cell death (Barks and 

Silverstein, 1992; Cheng et al., 1998; Hagan et al., 1996; Liu et al., 1996; Martin et 

al., 1997; McDonald et al., 1988). Yet, the mechanisms that underlie the overall pattern and 

timing of neuronal injury after neonatal hypoxia-ischemia remain unclear. Understanding the 

role of neuronal connections in the evolution of hypoxic-ischemic injury in the immature brain is 

necessary to fully explain the modes of neurodegeneration and the subsequent cognitive, motor, 

sensory and attentional disabilities that occur after perinatal brain injury (Lorenz et al., 1998). 

Necrosis is a likely cause of acute neuronal cell death in the ipsilateral cortex and basal 

ganglia after neonatal hypoxic-ischemic injury (Rice, 1981; Towfighi et al., 1995) but the 

structure of cell death in remote regions has not been investigated. Demonstration that caspase 

inhibitors provide neuroprotection in this model (Cheng et al., 1998), suggests that cell death 

can occur by both necrosis and apoptosis or by cytokine-mediated inflammatory reaction. 

Neuronal cell death following trophic factor withdrawal, as occurs after interruption of neuronal 

connectivity by axotomy and during brain development, also has characteristics of apoptosis 

(Eves et al., 1996; Li et al., 1998). 

During the perinatal period, neuronal connections are forming between brain regions (Bolz 

et al., 1990; Shatz, 1996). Developing neurons are highly dependent on trophic support. 

Interruption of neuronal connectivity and resultant target deprivation causes cell death in the 
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immature brain more rapidly and frequently than in the mature brain (Miller and Kuhn, 1997). 

Loss of connectivity from deafferentation is also a mechanism of injury in the developing brain 

(Kotak and Sanes, 1997; Miller and Kuhn, 1997). The potential for neuronal connectivity 

to dictate the selective distribution of brain injury in the neonate has been suspected (Martin et 

al., 1997). However, the role of neuronal connectivity in mediating the timing, pattern, and 

extent of delayed injury in newborns remains unknown. 

Thus, brain damage after hypoxia-ischemia in newborns could result from mechanisms 

directly related to the hypoxic-ischemic insult per se, (e.g. energy failure and acute cell necrosis) 

and from secondary mechanisms triggered by the resultant early-occurring neurodegeneration. 

In this study, we tested the hypothesis that selective regional vulnerability and mode of neuronal 

cell death after hypoxia-ischemia are dictated by the distribution of neuronal connections in the 

immature brain. 

Methods 

Hypoxia-ischemia in p7 rats: The Rice-Vannucci (Rice, 1981) neonatal adaptation of the Levine 

procedure (Levine, 1960) was used to cause hypoxic ischemic brain injury in seven day old (p7) 

rats. In brief, rat pups were anesthetized with 2.5% halothane, 15% nitrous oxide, in 02. The 

right common carotid artery was permanently ligated (in sham controls the ligature was passed 

around the artery and removed). After the wound was sutured, the pups recovered from 

anesthesia and returned to the dam. 2 hours later, pups were placed in an airtight container in a 

37° C water bath through which humidified 8% 02, balance nitrogen flowed for 150 min. After 

hypoxia, pups were returned to the dam until sacrifice. 
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Brains were retrieved at 0,1.5,3,6, 24,48,72 hours, and 6 days (n=6 for each time 

point) following the end of hypoxia. The multiple early time points were chosen because our 

data, as well as that of others, showed a faster progression of injury after hypoxia-ischemia in 

neonates as compared to adults (Martin et al., 1997; Towfighi et al., 1995). These time points 

would allow detection of small, but possibly important, differences in time of onset of injury 

within regions undergoing primary acute neurodegeneration. The later time points allow 

identification of the extent of injury in axonal pathways and in remote regions. Control groups 

consisted of a) sham operated littermates b) littermates with carotid ligation not exposed to 

hypoxia, and c) littermates exposed to hypoxia alone. Sham controls were sacrificed on postnatal 

day 7,8, 9,10, and 14 (n= 4 at each age) to control for occurrence of naturally occurring cell 

death in the developing brain. Hypoxia only controls, sacrificed at 24 and 72 h and 6 days after 

hypoxia, were used to demonstrate that injury in remote regions is not due to systemic 

hypoxemia (n= 6 at each time point). Ligation only controls, sacrificed at 24 and 72 h and 6 days 

after surgery, were used to validate our use of the model (n= 6 at each time point). 

All animal studies received prior approval from the Animal Care and Use Committee of 

Johns Hopkins University School of Medicine and were performed in accordance with the N1H 

"Guide for the Care and Use of Laboratory Animals", U.S. Department of Health and Human 

Services 85-23, 1985. 

Retrograde Tracing: To reveal the afferent and efferent connections with the ipsilateral cortex, 

anesthetized p4 pups (n=6) were secured in a miniature stereotaxic apparatus (Stoelting, Wood 

Dale, IL), the scalp incised, the skull overlying the parasaggital parietal/occipital cortex removed 

and lOnl of the flouresent retrograde tracer, Flurogold (Flurochrome Inc., Englewood, CO), 
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injected into the superficial cortex. The scalp was sutured and the pups returned to the dam until 

p7. To demonstrate the presence cell death within regions with connections to the ipsilateral 

cortex, rat pups (n=6) injected with flurogold on p4 were exposed to hypoxia-ischemia as 

described above and perfused 48 hours after hypoxia for combined flurogold 

immunocytochemistry and cresyl violet staining. 

Tissue preparation: Animals were killed with an overdose of pentobarbital, 65mg/kg IP, and 

exsanguinated with cold 0.1 M PBS (pH7.4) via intra-cardiac perfusion. Brains were perfusion 

fixed with 4% paraformaldehyde in PBS for 30m at 4ml/min. The brains were removed, post- 

fixed in 4% paraformaldehyde overnight, cryoprotected in 30% sucrose and frozen in isopentane 

(-30°). 60pi coronal sections were cut on a sliding microtome for cresyl violet, 

immunocytochemistry, and silver staining. 

Immunocytochemistry: In preparation for detection of retrograde labeling, sections were washed 

in 0.05M TBS (pH=7.4,3 x 10m), endogenous peroxidase activity blocked with cold 

methanol/H202, permeabilized with 0.04% triton (TX) (30 m), and blocked with 4% normal goat 

serum (NGS)/0.01% TX (60m). Tissues were incubated with anti-flurogold antibody 

(Chemicon, Temecula, CA) 1:5000) in 2%NGS/0.01%TX overnight at 4°C. Sections were 

washed (TBS, 3X10m), incubated with GARB (Fab2) (ICN-Cappel, West Chester, PA, 1:75, 

60m), washed, and incubated with rabbit peroxidase anti-peroxidase (Sternberger Monoclonals, 

Baltimore, MD) (1:200, 60m). Immunoreactivity was detected using diaminobenzidine as the 

chromagen. 
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Apoptotic Profiles: Both silver and cresyl violet staining allowed examination of nuclear 

morphology in degenerating cells with ready identification of necrotic and apoptotic cells in 

most cases. Counts of cells within the thalamus meeting the light microscopic morphologic 

criteria for apoptosis (Martin et al., 1998) were counted in three, 400x fields with the aid of a 

grid on cresyl violet stained sections. Only cells with a few clearly defined large, regular 

chromatin clumps were counted as apoptotic. Counts in the three fields were averaged to give a 

single value for each animal. 

Silver-Staining: Silver staining allows identification of aggregated neurofilament proteins in 

degenerating neuronal elements within specific neuroanatomical regions. It has been validated 

and is a highly reproducible technique for identification of neuronal injury (Du et al., 1998). For 

silver staining, coronal sections were washed repeatedly in PBS for 48 hours to remove sucrose. 

Tissue was reimmersed in 4% paraformaldehyde/O.lM PBS x 96 hours. FD Neuro Silver Kit (FD 

Neurotechnologies Inc., Baltimore, MD) was used for silver staining. Silver-stained tissue was 

mounted, cover-slipped without dehydration in ETOH, and protected from light. 

Optical Densitometrv: Optical Densitometry (OD) was used for quantitative analysis of time 

course of neurodegeneration after hypoxia-ischemia within the cortex, striatum, and thalamus. 

Previous time courses, in this model have utilized cresyl violet and H&E histochemistry. OD of 

silver stained sections, allowed the contribution of axonal, terminal and cell body damage to the 

overall progression of injury after hypoxia-ischemia to be determined in contrast to the previous 

methods which primarily evaluated injury to the cell body. 

Silver stained sections from 3 coronal levels were analyzed. The levels were 1) anterior 



Frances J. Northington, M.D. 8 

striatum, 2) mid striatum at the level of the anterior commissure, and 3) the level of hippocampal 

dentate gyms, including ventral basal thalamic nuclei. Parasagittal cortex and striatum were 

analyzed in all 3, and 2 of the 3 coronal levels respectively. Within the thalamus, the ventral 

basal complex including lateral geniculate nucleus, which has major projections to cortex was 

analyzed. Time of onset of initial neurodegeneration and additional progression of injury were 

compared between ipsilateral cortex, striatum, and thalamus. 

Sections were digitized using an image analysis system and LA Inquiry Software (Loats 

Assoc, Westminster, MD). OD measurements were obtained from outlined areas of interest in 

parasagittal cortex at each of 3 coronal levels, from striatum in the 2 anterior-most sections, and 

from the ventral basal thalamus in the most posterior section. The measurements for cortex and 

striatum were averaged to give one value/region/animal. OD measurements were corrected for 

background staining by subtracting the OD in a contralateral structure with equal neuronal 

density but without evidence of injury. This correction for cell density plus the use of an average 

integrated OD over the entire sample should minimize any contribution of variation in size of 

area of interest to the results in relation to progression of injury, (i.e. edema or atrophy). Based 

on previous description of the present model (Towfighi et al., 1991) and present data, it was 

found that cavitary lesions develop in the parasagittal cortex at >72 hours, making it impossible 

to obtain relevant densitometry measurements. Therefore, we made no measurements in the 

cortical samples after 48 hours. The number of animals with cavitary cortical lesions was 

recorded separately. 

Statistical Analysis:. Two-way ANOVA was used to compare OD measurements between 

control and experimental groups over time and between regions after hypoxia-ischemia. 
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ANOVA was used to compare apoptotic profile counts in the thalamus over time after hypoxia- 

ischemia. Post hoc testing for individual differences was performed with Fisher's analysis. A p 

value < 0.05 was used to determine significance. 

Results 

The onset of damage in the ipsilateral forebrain and thalamus is time-dependent and 

progressive, and it has an uneven distribution within regions: Forebrain neurodegeneration 

precedes thalamic neurodegeneration after neonatal hypoxic-ischemic brain injury (Fig. 1). 

Silver staining can be used as a marker for neurodegeneration. These silver depositions can 

represent degeneration of neuronal cell bodies and processes (axons, dendrites and terminals) 

(Du et al., 1998). In ipsilateral cerebral cortex and striatum silver staining was present by 3 

hours after hypoxia-ischemia (p<0.05 vs control) (data are expressed as mean+SEM). Not until 

24 hours after hypoxia-ischemia did optical density increase in the ventral basal thalamus. 

Eighty-three percent of rats exhibited cavitary cortical lesions by 72 hours after hypoxia- 

ischemia, therefore no further optical density measurements were obtained after 48 hours in the 

cerebral cortex. Injury progresses in the cortex at 48 hours and in the striatum and thalamus at 6 

days (p<0.05 vs OD at time of first appearance of injury), suggesting ongoing neurodegeneration 

after initial injury. 

The damage in cerebral cortex and striatum was discontinuous (Fig. 2). This pattern 

cannot be explained by tissue blood flow differences because of the close proximity of viable 

tissue to injured regions. This is notably evident in the patchy degeneration in the striatum. In 

figure 2 the arrows indicate neurodegeneration in the cortex and arrowheads indicate 

degeneration in the striatum. Silver deposition within cortical columns within the ipsilateral 
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forebrain is consistent with the columnar injury previously described in this model (Towfighi et 

al., 1997) and demonstrates that the present techniques identify the expected areas of injury and 

allows discrimination of injured from non-injured tissue within regions with a high degree of 

resolution. The interdigitation of injured and non-injured tissue is evident in the striatum (Fig. 2, 

panel B) 

The validity of this model and the effect of the chosen duration of hypoxia (2.5 hours) to 

cause a consistent severe injury is supported by the finding of progression to cortical cavitation 

in 83% of brains obtained >48 hours after the end of hypoxia-ischemia and by the relatively 

small amount of variability in the measures of injury with OD. 

In ipsilateral forebrain, neurodegeneration occurring immediately after hypoxia-ischemia 

is necrosis but delayed neurodegeneration is necrosis and apoptosis: Analysis of cresyl violet and 

silver stained sections allows identification of cells demonstrating clear light microscopic 

morphologic evidence of necrosis or apoptosis. Analysis of the ipsilateral cortex and striatum, 

shows predominant necrosis immediately after hypoxia-ischemia. At three hours, the major 

phenotypes of these neurons include irregularly condensed chromatin, argyrophillic cytoplasm, 

and disintegration of cellular membranes. (Figure 3, panel A-silver stain-ipsilateral striatum, 

three hours after hypoxia-ischemia, panel B- cresyl violet-ipsilateral cortex, three hours after 

hypoxia-ischemia, arrows indicate necrotic neurodegeneration) 

In contrast to early ischemic necrosis seen in ipsilateral cortex and striatum after hypoxia- 

ischemia, morphology of injury within these regions at later time points is more varied. When 

examined at the time of the secondary phase of injury, neurons within upper and lower layers of 

parasagittal cortex and the striatum exhibit the light microscopic hallmarks of apoptosis and 
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those of a hybrid of apoptosis and necrosis previously described as part of the cell death 

continuum in the immature cortex and striatum in response to excitotoxic injury (Portera-Cailliau 

et al., 1997). Forty-eight hours after hypoxia-ischemia, apoptotic and continuum cells are seen in 

the striatum in contrast to the predominant necrosis seen at three hours after hypoxia-ischemia. 

The same is true in the cortex, with many apoptotic and continuum profiles found at delayed 

time points (Figure 3, panel C, striatum - 48 hours after hypoxia-ischemia, silver stain, panel D, 

cortex-48 hours after hypoxia-ischemia-CV, arrows indicate cells with apoptotic and hybrid 

morphologies). 

Damage occurs in remote locations after hypoxia-ischemia: Injury occurs in brain regions 

remote from the areas of acute primary injury. This remote damage occurs in association with 

damage to interconnected white matter pathways (Fig. 4). Between 24 and 72 hours, axonal 

degeneration and neurodegeneration are identifiable in the mammillary tract and mammillary 

nucleus, in corpus callosum and contralateral cortex, and in descending cortico-bulbar tracts and 

brainstem and cranial nerve nuclei. Axonal degeneration is seen in the contralateral corpus 

callosum and in the ipsilateral descending cortico-bulbar tracts (panels A and C) and in their 

respective target areas, the contralateral cortex (panel B) and the nucleus of cranial nerve VII 

(panel B) (injury indicated by areas of silver deposition, arrows).   For comparison, no axonal 

degeneration is seen in contralateral corpus callosum in controls (Fig 4, panel a). 

Retrograde transport of flurogold identifies regions with efferent connections to the 

ipsilateral cerebral cortex that are at risk for injury after hypoxia/ischemia: Injury within the 

lateral geniculate and the ventral basal complex of thalamus occurs in association with columnar 
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cortical injury at 24 hours after hypoxia-ischemia (Fig 5, panel A). Posterior cortical injection of 

p4 rat pups demonstrates retrograde transport of flurogold to these same vulnerable areas of 

ipsilateral thalamus and to contralateral cortex (Fig 5, panels B, E, brown immunoreactivity). 

Retrograde axonal transport of the flurogold is confirmed by the presence of abundant 

immunoreactivity for flurogold filling the cell body and dendrites of thalamic neurons (Fig 5, 

panel C) 

Injection of flurogold prior to hypoxia-ischemia combined with cresyl violet staining of 

tissue perfused at 48 hours after hypoxia/ischemia demonstrates death of neurons with 

connections to ipsilateral cortex (Fig 5, panel D, arrows). A cell labeled with flurogold (brown 

immunoreactivity) and with large chromatin clumps (cresyl violet) can be readily identified, 

demonstrating directly that cells with cortical connections die with an apoptotic morphology 

following neonatal hypoxia/ischemia. 

Delayed and remote neurodegeneration in thalamus and brainstem is apoptosis: In contrast to the 

initial forebrain injury, initial injury in the thalamus and brainstem is apoptosis beginning 24 

hours after hypoxia-ischemia (Fig 3, panel E-silver stain, LGN 24 hours after hypoxia-ischemia; 

panel F-silver stain, brainstem nuclei, 24 hours after hypoxia-ischemia). The light microscopic 

features displayed by these cells which are characteristic of apoptosis including large regular 

clumps of chromatin, condensation of cytoplasm, and preservation of cytoplasmic membrane. 

Time of appearance of apoptotic profiles in the thalamus (Fig 6) is consistent with the 

delayed onset of injury in the diencephalon as compared to the forebrain. Utilizing the cresyl 

violet stained sections to count apoptotic profiles within the thalamus following hypoxia- 

ischemia, we find that for the first 6 hours after hypoxia-ischemia, the numbers of apoptotic 
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profiles are not increased above the baseline number found in age-matched controls or hypoxia 

only controls. From 24-72 hours after hypoxia-ischemia, a marked increase in number of cells 

with clearly identifiable apoptotic profiles occurs. By 6 days following the insult, number of 

apoptotic profiles is once again at control levels. The initial increase in apoptotic profiles in the 

thalamus coincides with the appearance of neurodegeneration in the thalamus at 24 hours, lags 

the onset of neurodegeneration in the cortex at 3 hours, and continues through the progression of 

injury in the cortex at 48 hours. 

Remote but interconnected regions also exhibit terminal degeneration at delayed time 

points: In addition to apoptotic cell death in regions remote from the ipsilateral forebrain 

following neonatal hypoxia-ischemia, evidence of terminal degeneration is also found in remote 

regions at > 24 hours after the end of hypoxia.   Within the respiratory centers of the medulla 

(Fig 3, panel G), the ipsilateral globus pallidus (Fig 3, panel H), and the contralateral cortex (Fig 

3, panel I), primary and pyramidal neurons are found with fine silver deposits covering their 

surface indicating degenerating nerve terminals. In some cases, the silver deposits can be seen to 

decorate the surface of neuronal processes. In the contralateral cortex, cells with an apoptotic 

morphology are found in the same area as those with terminal degeneration (Fig 3, panel I). 

Control experiments confirm the validity of this model and the lack of contribution of 

hypoxia alone to remote injury. In age matched control animals, no increase in optical density 

was found at any age (all control OD data combined, Figure 1). In control sections, occasional 

silver stained cells with apoptotic morphology were found as would be expected because of the 

previously demonstrated normal period of neuronal cell death that occurs in the first 2 weeks of 
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life in developing rats (Oppenheim, 1991). Neurodegeneration was also not found in animals 

exposed to hypoxia alone nor ischemia without hypoxia (hypoxia only OD data-figure 1, 

ischemia only OD data not shown). Lack of injury from either hypoxia or ischemia alone is 

consistent with the original observations made in this model (Rice, 1981). Additionally, the lack 

of injury in hypoxia only controls is evidence that injury found in remote regions following 

hypoxia-ischemia is not the result of systemic hypoxemia. 
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Discussion 

The most important findings of the present study are that following neonatal hypoxia- 

ischemia 1) brain regional vulnerability is dictated and organized along interconnected neural 

systems, 2) ipsilateral forebrain injury occurs as two fundamentally different time-dependant 

patterns: early neuronal necrosis and then delayed apoptotic neuronal death during a secondary 

injury phase, 3) delayed cell death can also exist as a hybrid of apoptosis and necrosis. 4) Injury 

to regions remote from the ipsilateral forebrain is associated with damage within interconnecting 

white matter pathways. 5) Cells in remote regions that have connections with ipsilateral cortex 

and are target deprived, die with a morphology consistent with apoptosis after hypoxia-ischemia. 

In the present model of neonatal brain injury, the ipsilateral forebrain clearly represents the 

ischemic core of the lesion (Rice, 1981) (Nelson and Silverstein, 1994). Previous 

neuropathologic studies have demonstrated signs of ischemic necrosis evident as soon as the end 

of hypoxia within the ipsilateral cortex (Towfighi et al., 1995). Our results are in agreement with 

this observation and, for the first time, measurements of injury within the ipsilateral forebrain 

have been made with optical densitometry thereby demonstrating quantifiable injury in both 

cortex and striatum by 3 hours after the end of hypoxia. The simultaneous appearance of injury 

within ipsilateral cortex and striatum is evidence for the previously described role of hypoxia- 

ischemia in the initial phase of injury (Towfighi et al., 1991; Towfighi et al., 1995). 

The injury evolves with a different time course in the cortex and striatum, suggesting that 

different mechanisms control the initial phase of injury versus the subsequent delayed phase of 

injury in these regions. The coexistence of injured and non-injured tissue within contiguous sub- 

regions of striatum and cortex and the different morphology of injury during the initial versus 

delayed phase (necrosis versus apoptosis) also supports the role for other mechanisms (in 
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addition to acute ischemia) in the overall resultant neuropathology. It is known that within the 

developing cortex, interconnected neurons provide trophic support for each other (Miller and 

Kuhn, 1997; Shatz, 1996). It is possible that the rapid necrotic death of an initial population of 

cortical neurons results in the target deprivation death of connected neurons as is thought to 

occur in the adult brain (Martin et al., 1998). Our data demonstrating a time dependant increase 

in apoptotic cell death in the ipsilateral cortex is consistent with this possibility. 

The previously reported effect of delayed administration of pan-caspase inhibitors to provide 

neuroprotection (Cheng et al., 1998) within a region known to exhibit early necrotic 

neurodegeneration (Rice, 1981; Towfighi et al., 1995) also suggests alternate mechanism of early 

vs late injury.    Because many members of the caspase family are cytokine processors, caspase 

inhibition may curtail a more delayed cytokine mediated cell death rather than solely blocking 

delayed apoptosis (Wolf and Green, 1999). Regardless of the mechanism of caspase 

neuroprotection, it is obvious that caspase inhibitors have an effect on the neurodegeneration 

when administered 3 hours after hypoxia-ischemia, a time at which early necrosis is well 

underway in the forebrain (Cheng et al., 1998). 

A switch in the mechanism of cell death may also explain the neuropathology found in the 

ipsilateral striatum. The patchy pattern of cell death may be the result of differential expression 

patterns of neurotransmitter receptors in the striatal matrix (Martin et al., 1993) or may be the 

result of heterogeneity of neuronal connectivity (Alloway et al., 1999). The initial columnar 

neurodegeneration seen in the neocortex (Figure 2, and (Towfighi et al., 1997)) correlates with 

areas of incomplete blood supply and patterns of altered NADH metabolism after hypoxia- 

ischemia in the developing brain (Welsh et al., 1982)). It is known that cortical columns provide 

afferent striatal input with specific areas of sensory-motor cortex being represented within 
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specific areas of the striatal matrix (Alloway et al., 1999) (Gerfen, 1992).   The degeneration of 

specific cortical columns could lead to degeneration of specific areas within the striatal mosaic 

during the delayed phase of striatal injury. The more rapid progression of the secondary phase of 

injury in the cortex than in the striatum supports a temporal framework in which loss of cortical 

innervation and, thus a deafferentation, could result in striatal neurodegeneration in anatomically 

discrete regions. Although, no quantification of injury within the hippocampus was performed, 

qualitative analysis reveals timing and structure of injury very similar to that seen in the 

striatum. Specifically, early evidence of necrosis is abundant, followed by a secondary phase in 

which cells degenerate with the intermediate "continuum" phenotype (Portera-Cailliau et al., 

1997), and with an apoptotic morphology. 

The possibility that delayed cell death results from secondary mechanisms triggered by the 

early-occurring neurodegeneration is supported by the present data and previous experiments 

showing a prominent role for cortical connectivity in neuronal viability in immature thalamus, 

substantia nigra, and brainstem (Oo et al., 1995), (Kolb et al., 1986). Large cortical lesions 

created in the first week of life result in atrophy of the thalamus and brainstem (Kolb et al., 

1986), while even selectively targeted cortical aspiration results in retrograde degeneration 

within thalamic nuclei (Al-Abdulla et al., 1998). Hypoxia-ischemia results in apoptosis of 

dopaminergic neurons in the substantia nigra, presumably secondary to loss of trophic support 

from their striatal inputs (Oo et al., 1995). This is the mechanism that we propose for the remote 

cell death seen in the present study. Evidence for this mechanism includes: 1) Injury in remote 

regions always occurs later than primary injury in ipsilateral forebrain. 2) Remote injury is 

accompanied by injury within interconnecting white matter pathways. 3) Neurons in thalamus 

that project to ipsilateral forebrain die via apoptosis following hypoxia-ischemia. 4) The 
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structure of the cell death in remote regions was most commonly apoptosis, consistent with 

target deprivation mediated injury. Apoptosis is present at significant amounts in the thalamus 

21 hours following the first increase in injury detectable by OD in the cortex and it continues 

during the progression of cortical injury to cavitary lesions. 5) In addition to remote cell death, 

we also find evidence of terminal degeneration on viable principal neurons in remote regions that 

are known to receive inputs from ipsilateral forebrain (Carpenter, 1983). 

Remote neurodegeneration has been reported in the present model and has most often been 

attributed directly to global ischemic injury (Towfighi et al., 1994; Towfighi et al., 1991). It is 

also possible that remote neurodegeneration occurs as the result of seizure activity. However, 

most evidence suggests that seizures do not exacerbate hypoxic-ischemic brain injury and that 

seizures may provide neuroprotection if they occur prior to the hypoxic-ischemic insult 

(Towfighi et al., 1999).   Seizure-induced neurodegeneration would not be limited to the 

ipsilateral forebrain and could occur in the interconnected regions where injury was found in the 

present study. 

If neuronal connectivity does participate in the propagation of neurodegeneration in regions 

outside of the vascular distribution of the right common carotid, then remote neurodegeneration 

should only be found in the presence of axonal degeneration in interconnecting white matter 

pathways between forebrain and contralateral cortex or brain stem. Because we do not find 

remote neurodegeneration in the absence of or preceding axonal degeneration, neuronal 

connectivity mediated neurodegeneration is possible. Absence of remote injury, in animals 

exposed to hypoxia only, also supports the hypothesis that neuronal connectivity dictates patterns 

of degeneration after hypoxia-ischemia.   If systemic hypoxemia were the cause of injury to 

remote regions in the present model, these remote regions should sustain injury when the animals 
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are exposed to hypoxia alone. Neither previous investigators, nor we have found evidence of 

remote neurodegeneration as the result of systemic hypoxemia alone (Towfighi et al., 1994), 

(Towfighi et al., 1995). The presence of apoptotic neurodegeneration within specific brainstem 

nuclei also argues for our hypothesis that remote neurodegeneration after hypoxia-ischemia is the 

result of loss of trophic support from the primarily injured regions. 

Neuronal cell death in this model of hypoxia-ischemia occurs as at least three different 

forms. These different forms of cell death coexist in different regions of brain and sometimes in 

the same regions. Other studies have revealed the occurrence of necrosis and apoptosis (Rice, 

1981) (Towfighi et al., 1995) (Cheng et al., 1998). Support for our conclusion that apoptosis 

occurs through mechanisms possibly related to connectivity and target deprivation has been 

found elsewhere. (Oo et al., 1995). Our results are entirely consistent with these previous data 

and they extend our understanding of the neuropathology of neonatal hypoxia-ischemia to 

include neuroanatomical evidence for necrosis and apoptosis following hypoxia-ischemia and 

evidence for neurodegeneration within interconnecting axons and terminal projections. This 

study also shows for the first time, that after hypoxia-ischemia, apoptosis and necrosis may 

coexist within the same cell. This new finding is similar to the observation that a hybrid 

morpology of cell death, the 'continuum' cell, occurs in the forebrain, at delayed time points, in 

an immature model of glutamate receptor-mediated excitotoxic injury (Portera-Cailliau et al., 

1997). The mechanism for the hybrid form of cell death is not yet understood but may relate to 

relative levels of ATP depletion as has been demonstrated in kidney cell culture in vitro 

(Feldenberg et al., 1999). 

The methods utilized in the present study to evaluate neurodegeneration differ from the 

standard use of DNA end-labeling for identification of injury and cell death. We chose not to 
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use TUNEL because it does not differentiate between apoptosis, necrosis, and hybrids of 

apoptosis and necrosis (Martin et al., 1999) and does not provide any information about 

degeneration of axons or nerve terminals, and thus would not provide as much information as 

would silver staining. We chose to rely on silver staining for quantification of injury because its 

reliability has been validated and it allows identification of degeneration in both cell soma and 

processes (Du et al., 1998) and silver staining intensifies with progression of injury (Figure 1). 

Although, silver has been reported to label in the absence of cell death (Toth et al., 1998), the 

transient argyophlia reported on hippocampal neurons following febrile seizures may represent 

degenerating nerve terminals which are subsequently eliminated without death of their target 

neuron. This possibility is supported by our findings of degenerating nerve terminals contacting 

cells, which appear to be morphologically normal (Figure 3, panels I and J). 

In conclusion, this study reveals differences in dell death patterns in ipsilateral forebrain 

over time following hypoxia-ischemia. Axonal and terminal degeneration occurring along with 

apoptotic cell death in remote regions after hypoxia-ischemia support the hypothesis that the 

distribution of neuronal connections dictates the presence of injury, as well as the structure of 

primary and remote neurodegeneration following neonatal hypoxia-ischemia. These findings 

have important implications for the development of appropriately timed and targeted therapies 

for the protection of the neonatal brain and rescue of neurons following hypoxic-ischemic 

insults. 
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Figure Legends 

Figure 1 Neonatal hypoxia-ischemia causes neurodegeneration in ipsilateral cortex, striatum, 

and thalamus which can be measured densitometrically in silver-stained sections.   Optical 

density measurements from ipsilateral cortex (top panel), ipsilateral striatum (middle panel), and 

ipsilateral ventral basal thalamus (bottom panel) were obtained from coronal sections of brains 

perfused at 0, 1.5,3, 6, 24,48,72 hours and 6 days following hypoxia-ischemia and stained with 

FD Neuro-silver kit. Control groups included animals exposed to no manipulation or to hypoxia 

only. Injury proceeds rapidly in ipsilateral forebrain (cortex and striatum), with an increase in 

silver deposition detectable by 3 hours after hypoxia-ischemia in both regions. Initial evidence 

for neurodegeneration in thalamus is not found until 24 hours after hypoxia-ischemia. Injury 

continues to progress in all three regions but at significantly different rates. A secondary 

increase in neurodegeneration is detectable in cortex by 48 hours. No further measurements 

were made in the cortex because by 72 hours cystic cavitary lesions were common in the 

posterior parieto-occipital cortex and precluded densitometric analysis. Despite the similarity of 

time of first appearance of injury in cortex and striatum, secondary injury proceded much slower 

in the striatum with a difference not detectable until 6 days after hypoxia-ischemia. A secondary 

increase in thalamic neurodegeneration also occurs at 6 days following hypoxia-ischemia.   In 

neither forebrain nor thalamus was there a detectable increase in neurodegeneration 24 hours 

after 2.5 hours of hypoxic exposure only. The values are mean+ standard error of the mean from 

the regions at matched coronal levels. A single asterisk indicates significant difference (p<0.05) 

from control and two asterisks indicate significant difference (p<0.05) from first appearance of 

detectable injury. 
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Figure 2 Forebrain injury after neonatal hypoxia-ischemia is discontinuous with areas of 

neurodegeneration immediately adjacent to non-injured tissue. (A) silver-stained coronal section 

of forebrain shows the previously reported columnar injury in cortex and discrete patches of 

injury in the adjacent striatum (arrows and arrowheads indicate areas of neurodegeneration, 

Scale bar= 1.1mm. (B) At greater magnification, the close approximation of injured 

(arrowheads) and non-injured areas of the striatum is apparent. Scale bar=300/<m. 

Figure 3 Structure of cell death following neonatal hypoxia-ischemia varies by region and time. 

Necrosis, apoptosis, and hybrids of apoptosis and necrosis revealing the cell death continuum are 

seen in both silver and cresyl violet stained sections (A-F). Immediately after hypoxia-ischemia, 

necrosis is most commonly seen in ipsilateral striatum (A-silver stain) and cortex (B-cresyl 

violet). These necrotic cells have numerous irregular small chromatin clumps (A, B), a loss of 

cytoplasmic integrity (A) or swelling of the cytoplasm (B). While necrotic cells can still be 

found in the forebrain at later time points, cells with fewer, larger, more regular chomatin clumps 

(C, D) and with pale cytoplasm contained within an apparently intact cellular membrane (D) are 

found in the stiatum (C) and cortex (D) at 48 hours.   Cells of an intermediate morphology with 

more regularly defined chromatin condensation than that found in necrosis but with smaller and 

more numerous chromatin aggregates than is typical for apoptosis are also found in the forebrain 

after 24 hours (D, arrow). Ipsilateral thalamus (E) and brainstem (F) exhibit classic apoptosis 

following neonatal hypoxia-ischemia. Multiple rounded detached cells in both regions have 2 or 

3 large sharply delineated, uniformly dense, smooth, round chromatin clumps contained within a 

dense, argyrophillic cytoplasm around which the cytoplasmic membrane is preserved. Cells 

which have progressed to the final stage of an extruded apoptotic body without apparent 
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cytoplasm are also found.   In addition to the neurodegeneration found in forebrain, thalamus and 

brainstem following hypoxia-ischemia, terminal degeneration is found in regions that receive 

efferent connections from these injured regions. Respiratory neurons in the medulla (G), 

neurons in the ipsilateral globus pallidus (H), and layer III pyramidal neurons in the contralateral 

cortex have multiple tiny silver grains deposisted on their surface consistent with silver labeling 

of degenerating projections to the cell. In contrast to the injured neurons seen in ipsilateral 

forebrain, thalamus, and brainstem, these neurons have maintained their normal cellular 

architecture suggesting that they are intact, not primarily degenerating. For comparison, an 

apoptotic layer III neuron is seen in (I). While multiple staining techniques allow adequate 

visualization of nuclear and cytoplasmic structure, silver-staining allows the added ability to 

visualize degenerating cellular projections. Scale bar= ll/*m. 

Figure 4 Neurodegeneration occurs in brain regions remote from the primary sites of injury in 

association with damage to the interconnecting white matter pathways. Axonal degeneration 

occurs in the contralateral corpus callosum (A) and ipsilateral descending cortico-bulbar tracts 

(C) along with neurodegeneration in their respective targets, layer III of the contralateral cortex 

(B) and the nucleus of cranial nerve VII (D). Injury in these target regions is much more focal 

and circumscribed than that in the primary ipsilateral forebrain. For comparison, no injury is 

seen in the contralateral corpus callosum of a control (a) or in the contralateral descending 

cerebral pyramid (B). Scale bar for A, a, and B, = 81/rni, for C and D= 371/*m. 

Figure 5 Retrograde transport of flurogold labels 2 regions which exhibit delayed 

neurodegeneration following neonatal hypoxia-ischemia. Injection of flurogold into the 
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ipsilateral posterior parietal-cortex labels ipsilateral posterior and ventral basal thalamus and 

lateral geniculate nucleus (B) and layer III neurons in the contralateral cortex (E). 

Neurodegeneration occurs in these regions following hypoxia-ischemia in patterns similar to the 

pattern of retrograde transport of flurogold (compare silver-staining of injured ipsilateral 

thalamus (A) with flurogold immunoreactivity in thalamus (B) and layer III neurodegeneration in 

contralateral cortex (Fig 4B) with flurogold immunoreactivity in layer III contralateral cortex 

(E). Retrograde transport of flurogold occurs specifically to the cell soma and processes (C), 

none is found in the surrounding neuropil. This specificity of retrograde transport allows 

identification of neurons with cortical connection to be identified even in late stages of apoptosis 

(D) when cellular morphology is disturbed. Scale bar A and B= 1mm, C and D= 1 lpim, E= 

500pm. 

Figure 6 Appearance of apoptotic profiles in ipsilateral thalamus coincides with initial 

quantitative evidence of neurodegeneration in thalamus and follows neurodegeneration in 

ipsilateral forebrain. Not until 24 hours after hypoxia-ischemia is there a significant increase in 

the number of apoptotic profiles in the ipsilateral thalamus.   A consistent increase in apoptotic 

profiles persists at 48 and 72 hours. Counts at 0,1.5,3,6 hours and 6 days are not different from 

those found in age matched controls and hypoxia only controls (data not shown).   Counts were 

performed on cresyl violet stained sections of brains at similar coronal levels. The values are 

mean± standard error of the mean for each group. A single asterisk indicates significant 

difference in number of apoptotic profiles from (p<0.05) from control. 
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Abstract 

Brain injury in newborns can cause deficits in motor and sensory function. In most 

models of neonatal brain injury, thalamic damage often occurs. Using the Rice-Vannucci model 

of neonatal hypoxic-ischemic (H/I) brain injury, we have shown that neuronal degeneration in 

somatosensory thalamus is delayed in onset (=24 hours) compared to forebrain injury and 

exhibits prominent structural features of apoptosis. In the present study, we examined whether 

cell death in the thalamus has biochemical features of programmed cell death. Fas death receptor 

protein expression increased rapidly following neonatal hypoxia-ischemia, in concert with 

cleavage of pro-caspase 8 to its active form. Concurrently, the levels of Bax in mitochondrial- 

enriched cell fractions increase. Mitochondria accumulate in a perinuclear distribution by 6 

hours after hypoxic-ischemia. Cytochrome oxidase subunit 1 protein levels also increase at 6 

hours after hypoxia-ischemia. Increased levels of Fas death receptor and Bax, activation of 

caspase 8, and abnormalities in mitochondria in the thalamus significantly precede the activation 

of caspase 3 and appearance of neurodegeneration and apoptotic profiles at 24 hours. We 

conclude that the delayed neurodegeneration in neonatal rat ventral basal thalamus following H/I 

injury is programmed cell death. 

Key Words 

apoptosis, mitochondria, neonatal brain injury, Bax, Fas death receptor, caspase 
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Introduction 

A large amount of investigation has focused on cytokine- and hypoxia/ischemia-mediated 

injury to the developing forebrain and peri ventricular white matter as the cause of the 

neurodevelopmental handicaps suffered by infants who have experienced perinatal brain injury. 

Energy failure, free radical, cytokine and excitatory amino acid release and caspase-dependant 

cell death are known to contribute to injury in the forebrain and periventicular white matter 

(Back et ah, 1998; Barks and Silverstein, 1992; Cheng et ah, 1998; Hagan et ah, 1996; Liu et ah, 

1996; Martin et ah, 1997b; McDonald et ah, 1988). However, degeneration of non-forebrain 

structures after hiypoxia-ischemia is studied less frequently. Injury to somatosensory thalamus 

has been described in human newborns after hypoxia-ischemia (Barkovich, 1995; Roland et ah, 

1998), and may contribute to sensory-motor deficits in infants with neonatal brain injury and 

cerebral palsy.   Sensory-motor deficits have been detected in neonatal rats subjected to the 

present model of hypoxic-ischemic injury (Bona et ah, 1997). A few detailed neuropathologic 

studies of animal models have revealed injury to the developing diencephalon following neonatal 

hypoxia/ischemia (Towfighi et ah, 1991), and we have recently demonstrated that injury to the 

diencephalon occurs in a delayed manner and exhibits prominent structural features of apoptosis 

when compared to the early necrotic cell death seen in the forebrain after hypoxia/ischemia 

(Northington et ah, 1999). 

The mechanisms of apoptotic neurodegeneration in the thalamus and other brain regions 

remote from the forebrain following neonatal hypoxia-ischemia are completely unknown. 

However, death receptor acitvated pathways, altered mitochondrial function and changes in 

expression of mitochondrial related bcl-2 family proteins are likely important effectors of 

programmed cell death in the present model of neonatal brain injury (Felderhoff-Mueser et ah, 
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2000; Nelson and Silverstein, 1994; Silverstein, 1998). Fas death receptor protein expression is 

increased in hippocampus bilaterally during the 24 hours immediately following neonatal 

hypoxia-ischemia (Felderhoff-Mueser et al., 2000) and administration of cytokine antagonists 

afford neuroprotection in the present model (Liu et al., 1996). In adult models of programmed 

cell death, mitochondrial accumulation occurs during the critical chromatolytic phase prior to 

apoptosis simultaneously with increased expression of the pro-apoptosis proteins BAX and BAK 

(Martin, 1999; Martin et al., 1999). 

In this study, we examine the possibility that a cascade of events including death receptor 

activation, alteration in the ratio of pro- and anti-apoptosis regulating proteins in mitochondria, 

altered mitochondrial activity and location, and cleavage of caspases into active subunits form a 

pathway of delayed programmed cell death leading to apoptotic neurodegeneration in the 

diencephalon following neonatal hypoxia-ischemia. 

Methods 

Hypoxia-ischemia in p7 rats: The Rice-Vannucci (Rice, 1981) neonatal adaptation of the 

Levine procedure (Levine, 1960) was used to cause hypoxic ischemic brain injury in seven day 

old (p7) rats. In brief, rat pups were anesthetized with 2.5% halothane, 15% nitrous oxide, in 02. 

The right common carotid artery was permanently ligated (in sham controls the ligature was 

passed around the artery and removed). After the wound was sutured, the pups recovered from 

anesthesia and were returned to the dam. Two hours later, pups were placed in an airtight 

container in a 37° C water bath through which humidified 8% 02, balance nitrogen flowed for 

150 min. After hypoxia, pups were returned to the dam until sacrifice. 

The animals were killed and the brains retrieved at 0, 1.5, 3, 6, and 24 hours following 

the end of hypoxia for histological analysis (n=6 for each timepoint), or at 3, 6, and 24 hours 
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following the end of hypoxia for western blotting (n=4 or 5 samples/time point). Due to sample 

size, 3 hemi-diencephalons and 2 hemi-cortexes per sample were required to generate adequate 

tissue homogenate for immunoblot analysis. The multiple early time points were chosen because 

our data, as well as that of others, showed a Faster progression of injury after hypoxia-ischemia 

in neonates as compared to adults (Martin et al., 1997a; Northington et al., 1999; Towfighi et al., 

1995). Control groups consisted of sham operated littermates. Sham controls were sacrificed on 

postnatal day 7, and 8 to control for developmental changes in protein expression or cytochome 

oxidase activity. 

All animal studies received prior approval from the Animal Care and Use Committee of 

Johns Hopkins University School of Medicine and were performed in accordance with the NIH 

"Guide for the Care and Use of Laboratory Animals", U.S. Department of Health and Human 

Services 85-23,1985. 

Tissue preparation: Animals were killed with an overdose of pentobarbital, 65mg/kg IP, and 

exsanguinated with cold 0.1 M PBS (pH7.4) via intra-cardiac perfusion. Brains were perfusion 

fixed with 4% paraformaldehyde in PBS for 30m at 4ml/min. The brains were removed, post- 

fixed in 4% paraformaldehyde overnight, cryoprotected in 30% sucrose and frozen in isopentane 

(-30°). 60JI coronal sections were cut on a sliding microtome for cresyl violet, and 

immunohistochemical staining. 

Tmmunoblotting: Samples of diencephalon and forebrain were obtained by rapid dissection 

immediately after euthanasia and frozen on dry ice. 150-300 mg pooled samples were 

homogenized in cold 20mM Tris HC1 (pH7.4) containing (10% wt/vol) sucrose, 20u7ml 
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aprotinin (Trayslol), 20|ig/ml leupeptin, 20 |U,g/ml antipain, 20(ig/ml pepstatin A, 20fig/ml 

chymostatin, 0.1 mM phenylmethylsulfonyl fluoride, lOmM benzamidine, ImM EDTA, and 

5mM EGTA. Crude homogenates were centrifuged at 1000 gav X 10 min. The supernatant (SI 

fraction) was then centrifuged at 114,000 gav X 20 min, and the resulting supernatant (S2 

soluble fraction) collected. The pellet (P2 mitochondrial-enriched, membrane fraction) was 

washed in homogenization buffer (without sucrose) 3 times by resuspension and centrifugation at 

114,000 gav X 20 min. The P2 fraction was then re-suspended fully in homogenization buffer 

supplemented with 20%(wt/vol) glycerol. This sub-cellular fractionation protocol has been 

verified (Martin et al., 2000). Protein concentrations were measured by a Bio-Rad protein assay 

with bovine serum albumin as a standard. 

Samples of membrane or soluble proteins were subjected to SDS-PAGE and electro- 

eluted onto nitrocellulose membranes. The reliability of sample loading and protein transfer was 

evaluated by staining nitrocellulose membranes with Ponceau S before immonoblotting and by 

quantification of commassie stained gels and ponceau stained blots with OD. Blots were 

blocked with 2.5% non-fat dry milk with 0.1%Tween 20 in 50mM Tris-buffered saline (pH7.4) 

and incubated overnight at 4°C with antibody. After primary incubation, blots were washed, 

incubated with peroxidase-conjugated secondary antibodies (0.2^ig/ml) and developed with 

enhanced chemiluminescence. To quantify cell death protein immuno-reactivity, films were 

scanned using Adobe Photoshop and OD performed with IP Lab Gel H software. Protein levels 

are expressed as relative OD measurements compared to control lanes in the same blot after 

correcting for loading differences. 

Antibodies: Anti-Fas death receptor antibody (Santa Cruz Biotechnology, Santa Cruz, CA) is a 
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rabbit polyclonal antibody generated against an epitope mapping to the carboxy terminus of 

human Fas and is non-cross reactive with other TNFR type 1 receptors. It recognizes a single 

band at 45kDa and higher molecular weight bands after SDS-PAGE. Jukrat cells known to 

express high levels of the Fas death receptor were used as a positive control. Anti-caspase 8 

antibody (Santa Cruz Biotechnology, Santa Cruz, CA) is a rabbit polyclonal antibody raised 

against a recombinent protein corresponding to amino acids 217-350 of human caspase 8. Anti- 

Bax (Upstate Biotechnology, Lake Placid, NY) and anti-Bel 2 antibodies (Santa Cruz 

Biotechnology, Santa Cruz, CA) are affinity purified rabbit polyclonal antibodies generated 

against a peptide corresponding to amino acids 1-21 of human Bax and a peptide mapping at the 

amino terminus of human Bcl-2, respectively. Anti-Bax antibody recognizes a single 23 kDa 

band, a faint band at 18.5 kDa representing the cleaved form of Bax and several less intense high 

molecular weight bands in P2 protein fractions. Anti- Bcl-2 antibody recognizes a band at 26 

kDa and several less intense high molecular weight bands in P2 protein fractions. A second 

rabbit polycolonal anti-Bax antibody (Santa Cruz Biotechnology, Santa Cruz, CA) generated 

against a peptide homologous to amino acids 11-30 of human Bax, gave identical results to the 

Upstate antibody. Because these proteins were fractionated in denaturing gels, it is unlikely that 

the high molecular weight bands represent various Bax and Bcl-2 homo- and heterodimers. 

Anti-cytochrome oxidase subunit 1 (COX 1) antibody (Molecular Probes, Inc., Eugene, OR) is a 

mouse monoclonal antibody generated against subunit 1 of human cytochrome oxidase. The 

antibody recognizes only a single band =35 kDa in non-boiled P2 protein samples subjected to 

SDS-PAGE. Anti-Caspase 3 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) is a rabbit 

polyclonal antibody generated against amino acids 1-277 of full length human caspase-3, and it 

recognizes the 32 kDa pro-enzyme with an intense band of immunoreactivity and the 12, 17 and 
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20 kDa active fragments with less intense single bands. Because none of the antibodies except 

anti-cytochrome oxidase subunit 1 antibody recognized a single band with SDS-PAGE, they 

were considered unreliable for immunocytochemical studies. 

Cytochrome Oxidase Histochemistry: To identify the levels of oxidative metabolism and 

intracellular distribution of oxidatively active mitochondria, we used the CO (cytochrome 

oxidase) histochemical method of Wong-Riley (Wong-Riley, 1979; Wong-Riley, 1989) as 

described previously for our laboratory (Martin et al., 1997a). Briefly, brain sections from 

control and hypoxic-ischemic rat pups were exposed to the assay simultaneously. The enzymatic 

reaction medium was prepared immediately prior to each experiment and consisted of lOOmM 

phosphate buffer (pH 7.4), 0.1% horse heart cytochrome C (Sigma, St. Louis MO), 117mM 

sucrose, and 1.4mM diaminobenzidine tetrahydrochloride. In this histochemical reaction, in situ 

cytochrome oxidase catalyzes the transfer of electrons (donated by diaminobenzidine) from 

cytochrome C, provided as substrate, to 02 to form H20. The donation of electrons from 

diaminobenzidine is a chromogenic reaction yielding the formation of an insoluble precipitate in 

the vicinity of CO activity thus revealing both the location of the mitochondria and relative 

metabolic activity of cytochrome oxidase (Wong-Riley, 1979).    Sections were incubated for 

2.5 hours at 37° in a Dubnoff metabolic shaker incubator. After the reaction, sections were 

rinsed in phosphate buffer, mounted on glass slides, and coverslipped. 

Statistical Analysis: To quantify changes in expression of Fas death receptor protein, 

mitochondrial apoptosis regulating proteins, COX1 protein and caspase 8 and 3 active fragments, 

protein expression was corrected for loading differences and then expressed as percent of 
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control. In some blots, two different controls were used and the average optical density of the 

two bands was used for percent control calculations. Mean and standard deviation for protein 

expression in tissue obtained at similar time points was calculated and ANOVA was used to 

compare differences in protein expression over time. Post hoc testing for differences in 

expression at 3, 6, and 24 hours was performed with Fisher's analysis. A p value < 0.05 was 

used to determine significance. 

Results 

In the ipsilateral thalamus at 24 hours following neonatal hypoxia-ischemia, many 

degenerating neurons display light microscopic features of apoptosis (Figure 1, panel B, arrows) 

(Northington et al., 1999). This contrasts with the normal morphology of thalamic neurons from 

sham controls (Figure 1, panel A). 

FAS receptor expression is induced in diencephalon rapidly following neonatal hypoxia- 

ischemia. By immunoblotting, Fas death receptor protein expression is increased in the 

diencephalon following neonatal hypoxia-ischemia (Figure 2). In membrane protein fractions of 

newborn rat diencephalon, Fas was detected at 45 kDa, corresponding to the known molecular 

weight of Fas death receptor protein in Jurkat cells (Felderhoff-Mueser et al., 2000). A 

comparison of diencephalic samples from sham-operated controls (SC) and p7 rat pups at 3, 6, 

and 24 hours after hypoxia-ischemia revealed a significant (p<0.05) increase in Fas levels after 

hypoxia-ischemia (Figure 2). This increase occurred as early as 3 hours after hypoxia-ischemia. 

Caspase 8 is cleaved to its active subunits following neonatal hypoxia-ischemia. 

Procaspase 8 undergoes cleavage and activation in cell culture model systems of apoptosis 

(Dragovich et al., 1998; Nagata, 1999). Procaspase 8 is cleaved to its 30 andl8 kDa subunits 8 
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in soluble protein from ipsilateral diencephalon following neonatal hypoxia-ischemia (Figure 3). 

The levels of pro-caspase 8 in soluble fractions decrease as the cleaved subunits increase after 

hypoxia-ischemia (Figure 3). 

Ratio of mitochondrial apoptosis regulating proteins is altered rapidly following hypoxia- 

ischemia in the diencephalon prior to the appearance of prominent apoptosis. Following 

neonatal hypoxia-iscemia, levels of the pro-apoptosis protein Bax rapidly increase in 

mitochondrial enriched fractions of diencephalon (Figure 4, panel A). This increase in Bax 

occurs without a concommitant change in the level of the anti-apoptosis Bcl-2 protein (Figure 4, 

panel B). These alterations in level of expression of Bax and Bcl-2 proteins result in a marked 

shift in protein abundance in favor of pro-apoptosis Bax (Figure 4, panel C). A significant 

change in the relative abundance of Bax and Bcl-2 is evident as early as 3 hours following 

neonatal hypoxia-ischemia. 

Caspase-3 is cleaved into its active subunits at 24 hours after neonatal hypoxia-ischemia 

in the diencephalon. Caspases 3 and 8 are primary targets of death receptor mediated apoptosis 

cascades (Nagata, 1999; Yamada et al, 1999). When cleaved from its 32kDa pro-enzyme form, 

the active 12,17, and 20 kDa fragments have a central role in activating DNA fragmentation and 

other irreversible steps in apoptosis (Du et al., 1997).   Caspase-3 is cleaved to its active forms in 

the diencephalon following neonatal hypoxia-ischemia (Figure 5, panel A), Interestingly this 

activation is found only at 24 hours after hypoxia-ischemia (Figure 5, panel B). 

Mitochondria accumulate at perinuclear locations in thalamic neurons following neonatal 

hypoxia-ischemia. Using a histochemical detection method for cytochrome oxidase activity to 

identify mitochondria, we found that neurons in the ventral basal thalamus, following neonatal 

hypoxia-ischemia, accumulate mitochondria (Figure 6). These changes occur prior to the 
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appearance of significant number of apoptotic profiles at 24 hours (Northington et al., 1999). In 

normal neurons, cytochrome oxidase activity is evenly distributed throughout the cell soma in 

ventral basal thalamic neurons (Figure 6, panel A). In contrast, by 3-6 hours following neonatal 

hypoxia-ischemia, mitochondria within neurons in the ipsilateral ventral basal thalamus exhibit 

intense cytochrome oxidase activity and form prominent perinuclear aggregates of mitochondria 

(Figure 6, panel B). These changes are most prominent in neurons in the chromatolytic stage of 

early neuronal apoptosis (Figure 6, panel C, cytochrome oxidase histochemistry and cresyl violet 

counterstaining) according to a recently proposed staging scheme for apoptosis of neurons (Al- 

Abdulla and Martin, 1998; Al-Abdulla et al., 1998; Martin et al., 1999). In these cells, dense 

cytochrome oxidase-positive aggregates cluster adjacent to peripherally displaced nuclei. By 24 

hours, cells in late phases of apoptosis with tightly condensed chromatin aggregates have lost or 

are losing immunoreactivity for cytochrome oxidase (Figure 6, panel D, cytochrome oxidase 

histochemistry and cresyl violet counterstaining). This enhancement of cytochrome oxidase 

activity within the diencephalon following neonatal hypoxia-ischemia during the early phases of 

apoptotic neurodegeneration contrast strikingly with the rapid loss of cytochrome oxidase 

activity in the forebrain after neonatal hypoxia-ischemia. In agreement with previously 

published data, cytochrome oxidase immunoreactivity is decreased in the ipsilateral 

hippocampus (Nelson and Silverstein, 1994) and also in the parasagittal cortex (data not shown) 

by 1.5 -3 hours following neonatal hypoxia-ischemia. 

The accumulation of mitochondria in the diencephalon following neonatal hypoxia- 

ischemia was confirmed indirectly by immunoblotting. By immunoblotting, levels of cytochrome 

oxidase subunit-1 protein (COX-1) increased after neonatal hypoxia-ischemia (Figure 7). 

Expression of this inner mitochondrial membrane protein increases in diencephalon (Figure 7, 
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panel A) and simultaneously decreases in forebrain (data not shown). In the diencephalon, a 

significant increase in expression of COX-1 is evident at 6 hours following hypoxia-ischemia 

(Figure 7, panel B) coincident with the peak of cytochrome oxidase activity in neurons in early 

phases of apoptotic neurodegeneration. 



Frances J. Northington, M.D. 13 

Discussion 

We have found that neuronal degeneration in the neonatal thalamus after hypoxia- 

ischemia is apoptosis (Northington et al., 1999). We explored the mechanisms for this apoptosis 

and based on these experiments, we conclude that delayed neuronal degeneration in neonatal rat 

thalamus after hypoxia-ischemia is programmed cell death. The findings that support this 

conclusion are 1) increased Fas death receptor levels, 2) an imbalance in the levels of Bax and 

Bcl-2 favoring apoptosis promoting Bax, 3) intracellular redistribution of active mitochondria, 

and 4) cleavage of caspases 8 and 3 to active forms. This cascade of biochemical and structural 

events is consistent with Fas mediated, mitochondrial amplified, programmed cell death as a 

major mechanism of delayed neurodegeneration following neonatal hypoxia-ischemia. 

Thalamic damage after hypoxia-ischemia in newborns has long been recognized, and is 

particularly important in infants with extrapyramidal cerebral palsy (Malamud, 1950; Volpe, 

1995). Human neuroimagining and neuropathological studies have revealed that the thalamus, 

especially the ventral tier nuclei, is among the selectively vulnerable brain regions in the human 

newborn (Barkovich, 1995; Yokochi et al., 1991). Despite recognition of injury to the thalamus 

in children with cerebral palsy, the contribution of delayed injury and injury to non-forebrain 

regions to the development of cerebral palsy has been less well studied. The ventral basal 

thalamus contains both afferent and efferent connections to the ipsilateral cortex, and functions 

prominently in sensory-motor integration (Erzurumlu and Jhaveri, 1990). Injury to these circuits 

interrupts cortical sensory function and the integration of sensory information into volitional 

movement (White, 1989). Damage to motor relay nuclei in the thalamus may lead to movement 

disorders such as ataxia or dystonia (White, 1989) and when this injury occurs in the immature 

brain, may contribute to the motor and sensory handicaps suffered by children with cerebral 
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palsy. 

In the model of neonatal brain injury used in these studies, the ipsilateral forebrain is the 

major vulnerable region and clearly represents the ischemic core of the lesion (Rice, 1981), 

However, the thalamus is damaged in this model and in most other models of neonatal brain 

injury (present data and (Martin et al., 1997a; Myers, 1975; Northington et al., 1999; Towfighi et 

al, 1991; Towfighi et al., 1995)). We wanted to understand the possible mechanisms for 

thalamic neuronal apoptosis. We identified increased Fas death receptor protein levels in the 

ventral basal thalamus following neonatal hypoxia-ischemia, providing an additional link 

between cytokine and hypoxia-ischemia mediated neonatal brain injury. Despite previous 

studies demonstrating activation of interleukins (Szaflarski et al., 1995), neuroprotection with 

cytokine antagonists and in the absence of IL-lß converting enzyme (Liu et al., 1996; Liu et al., 

1999), the mechanism of hypoxia-ischemia induced, cytokine mediated cell death in the 

developing brain has not been clearly defined. The present study demonstrates that hypoxia- 

ischemia induces a cytokine death receptor that functions in programmed cell death (Nagata, 

1999). Although, we have not yet shown directly that Fas is induced in thalamic neurons 

(because the antibodies are not suitable for immunocytochemistry), the rapid induction (by 3 

hours) and the sustained elevation over the relevant time preceeding thalamic apoptosis make 

Fas death receptor induction unlikely to be the result of inflammation. 

An elevation in Fas death receptor is a link to multiple pathways of cell death. Fas is a 

member of the tumor necrosis factor receptor (TNFR) family. Oligomerization of Fas death 

receptor and recruitment of FADD/MORT1 and procaspase 8 create the death inducing signal 

complex (DISC). DISC is a potent apoptosis stimulus in multiple cell culture models. When 

pro-caspase 8 is bound by the DISC, auto-cleavage to its active fragments occurs. Cleaved 
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caspase 8 then acts directly and indirectly to cleave caspase 3 depending on cell type and injury 

stimulus (Dragovich et al., 1998; Nagata, 1999). Cleavage of caspase 3 is generally considered 

one of the irreversible steps immediately responsible for the execution of apoptosis in which the 

cell develops the morphologic features recognizable as late stage apoptosis (Petit et al., 1996). 

Our data demonstrate early Fas death receptor elevation, early and progressive cleavage of 

caspase 8 to its active form, followed by delayed caspase 3 cleavage just at the time of 

appearance of significant apoptosis in the thalamus following neonatal hypoxia-ischemia. We 

have not yet shown activation of caspase 8 and caspase 3 specifically in thalamic neurons due to 

the lack of specific reagents. Fas death receptor protein and downstream caspase 3 cleavage 

likely bracket an important signaling cascade for apoptotic neurodegeneration in the thalamus. 

Direct caspase 8 cleavage of caspase 3 is the original model of Fas mediated apoptosis 

signaling (Dragovich et al., 1998), however mitochondria and mitochondrial apoptosis regulating 

proteins of the bcl-2 family are now known to greatly amplify cell death signals (Susin et al., 

1997). Most of the bcl-2 family of genes that regulate rate of programmed cell death are 

normally present within mitochondrial membranes. Several in vivo and in vitro systems have 

shown the ratio of the pro-apoptosis protein Bax and the anti-apoptosis proteins Bcl-2 and Bcl- 

x(l) to be critical in determining cell survival (Almeida et al., 2000; Antonawich et al., 1999; 

Isenmann et al., 1998; Krajewski et al, 1995; Martin, 1999; Shimizu et al., 1999; Vekrellis et al., 

1997). 

We find a marked alteration in the balance of pro and anti-apoptosis bcl-2 proteins in the 

mitochondrial fraction of diencephalon after hypoxia-ischemia. This accumulation of 

mitochondrial Bax occurs before caspase 3 cleavage and appearance of large numbers of 

apoptotic profiles (present data and (Northington et al., 1999)). A four-fold increase in the 
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amount of pro-apotosis protein Bax in the mitochondrial fraction was detected by three hours 

following injury, while Bcl-2 in the mitochondria is not changed during the first 24 hours after 

hypoxia-ischemia. Bax normally exists as a cytosolic protein and is translocated to the 

mitochondria upon ligation of Fas receptor. This translocation is inhibited by Bcl-2 (Murphy et 

al., 2000). The present data suggest active mitochondrial translocation of BAX greatly in excess 

of the steady state amount of Bcl-2. This is consistent with a strong death signal and may 

participate in mitochondrial amplification of Fas mediated apoptosis. Cleavage of Bax to anl8 

kDa isoform also enhances its programmed cell death potency" [Wood DE, 2000 #415]. 

Although neither antibody used in the present study was designed to detect the 18 kDa isoform, 

there is weak expression of an 18 kDa Bax band in the diencephalon at 24 hours following 

neonatal hypoxia-ischemia. The late appearance of this isoform in mitochondrial enriched 

fractions is consistent with published reports of calpain mediated Bax cleavage after 

translocation of Bax to the mitochondria (Wood and Newcomb, 1999). 

Changes in mitochondrial morphology and membrane potential function precede caspase 

3 activation in in vitro model systems (Vander Heiden et al., 1997; Zamzami et al., 1996). In 

axotomy models of neuronal apoptosis, mitochondrial trafficking is altered with peri-nuclear 

accumulation of mitochondria in neurons as they undergo apoptosis (Al-Abdulla and Martin, 

1998; Martin et al., 1999), a finding very similar to that of the present study. These previous in 

vitro and in vivo observations support our conclusions described here. Within 3-6 hours 

following neonatal hypoxia-ischemia, neurons in the ventral basal thalamus exhibit marked 

accumulation of mitochondria (as revealed by intense cytochrome oxidase activity) and 

simultaneously display altered morphology. The mitochondria assume a prominent punctate 

appearance and concentrate in a perinuclear location. As thalamic neurons enter late stages of 
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apoptosis, the cytoplasm becomes progressively devoid of COX activity. These data are 

consistent with immunoblotting for cytochrome oxidase subunit-1 protein, which shows maximal 

levels at 6 hours following neonatal hypoxia-ischemia in the diencephalon. These findings are in 

contrast to the early and sustained loss of both cytochrome oxidase activity and COX-1 protein 

expression in the forebrain. Taken together these data provide evidence for the participation of 

mitochondria in thalamic neurodegeneration following neonatal hypoxia-ischemia. 

In summary, these experiments provide the first evidence for the presence of crucial 

components of Fas-mediated, mitochondrial amplified, programmed cell death in the thalamus 

following neonatal brain injury. These findings are important for the further understanding of 

the mechanisms of neuronal apoptosis in the immature brain. Eventually, these studies may be 

important for development of appropriately timed and targeted therapies for the protection of the 

neonatal brain and rescue of neurons following hypoxic-ischemic insults. 
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Figure Legends 

Figure 1: Thalamic neurons die by apoptosis following neonatal hypoxia-ischemia. A) 

Compared to sham controls, B) at 24 hours after hypoxia-ischemia, many apoptotic profiles are 

found in cresyl violet stained sections of the ventral basal thalamus (arrows). 

Figure 2: Fas death receptor protein levels increase in diencephalon following neonatal hypoxia- 

ischemia. A) Immunoblot showing increased Fas death receptor protein in membrane fractions 

from diencephalic homogenates obtained 3, 6, and 24 hours following neonatal hypoxia- 

ischemia compared to non-injured control samples. Jurkat cell lysates were used as a positive 

control, becauase they express high levels of Fas as detected at 45 kDa. Corresponding bands in 

controls and injured diencephalon were used for quantification. The corresponding comassie 

stained gel is shown as a loading control for normalizing protein levels. B) Graph represents 

changes in Fas death receptor protein levels in diencephalon over time following neonatal 

hypoxia-ischemia. Results are shown as mean + standard deviation of 4-5 samples /time point. 

*=p<0.05 compared to control. 

Figure 3: Pro-caspase 8 is cleaved to active fragments in diencephalon following neonatal 

hypoxia-ischemia. A) Immunoblot showing procaspase 8 levels decrease concurrently with an 

increase in the levels of the 30 andl8 kDa active fragments of caspase 8 in cytosolic fractions 

from diencephalon at 3, 6, and 24 hours following neonatal hypoxia-ischemia. There is no 

cleaved caspase 8 in controls and a progressive increase in expression of the active subunits 

during the first 24 hours after hypoxia-ischemia. Jurkat cells (Jk), which are highly sensitive to 

Fas mediated apoptosis, express both procaspase 8 and the active subunits. 

The corresponding ponceau stained blot is shown as a loading control. B) Graph represents 

changes in abundance of the 18 kDa active subunit of caspase 18 in diencephalon over time 
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following neonatal hypoxia-ischemia. After correcting for protein loading differences and 

comparing to control, results are shown as mean ± standard deviation of 4-5 samples /time point. 

*=p<0.05 compared to control. 

Figure 4: Neonatal hypoxia-ischemia causes an elevation in pro-apoptosis Bax protein levels in 

mitochondrial fraction but does not alter levels of anti-apoptotic Bcl-2. A) Immunoblot showing 

increased Bax protein levels in mitochondrial membrane fractions from diencephalon from 

homogenates obtained 3, 6, and 24 hours following neonatal hypoxia-ischemia compared to non- 

injured control samples. Anti-Bax antibody recognizes the expected 21kDa band corresponding 

to Bax protein. Faint expression of an 18kDa band (panel A, arrow) is seen in the injured 

samples, perhaps corresponding to the cleaved Bax protein (Wood, 2000). The corresponding 

ponceau stained blot is shown as a loading control. B) In comparison Bcl-2 protein expression is 

not changed in mitochondrial membrane fractions from diencephalon homogenates obtained 3, 6, 

and 24 hours following neonatal hypoxia-ischemia compared to non-injured control samples. 

Anti- Bcl-2 antibody recognizes the expected 26kDa band corresponding to Bcl-2 protein. The 

corresponding comassie stained gel is shown as a loading control. C) Graph represents alteration 

in relative amounts of Bax and Bcl-2 protein in mitochondrial membrane fraction in 

diencephalon over time following neonatal hypoxia-ischemia. By 3 hours, there is a significant 

shift in the Bax/ Bcl-2 ratio favoring pro-apoptosis Bax. After correcting for protein loading 

differences and comparing to control, results are shown as mean ± standard deviation of 4-5 

samples /time point. *=p<0.05 compared to control. 

Figure 5: Cleavage of pro-caspase 3 to active fragments occurs at 24 hours after neonatal 

hypoxia-ischemia. A) Immunoblot showing levels of 32kDa pro-caspase 3 and its lower 

molecular weight cleavage products in diencephalon cytosolic fractions from homogenates 
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obtained 3, 6, and 24 hours following neonatal hypoxia-ischemia compared to non-injured 

control samples. The corresponding ponceau stained blot is shown as a loading control. B) 

Graph represents changes in expression of thel2kDa cleavage product in diencephalon over time 

following neonatal hypoxia-ischemia. Not until 24 hours is there a significant increase in the 

amount of the 12kDa fragment. After correcting for protein loading differences and comparing 

to control, results are shown as mean ± standard deviation of 4-5 samples /time point. *=p<0.05 

compared to control. 

Figure 6: Mitochondria accumulate in a perinuclear location in ventral basal thalamic neurons 

after neonatal hypoxia-ischemia. Histochemistry for cytochrome oxidase activity in 

diencephalon following neonatal hypoxia-ischemia shows intense cytochrome oxidase activity in 

mitochondria and alteration in appearance and intracellular location of mitochondria following 

neonatal hypoxia-ischemia. At 6 hours, mitochondria are densely immunoreactive for 

cytochome oxidase assuming a punctate appearance and clustering near nuclei which are in the 

chromatolytic phase of apoptosis (top right and bottom left panels, cytochrome oxidase 

histochemistry and cytochrome oxidase histochemisty counterstained with cresyl violet, 

respectfully). By 24 hours, (bottom right) cytochrome oxidase immunoreactivity is dissipating in 

thalamic neurons undergoing late stages of apoptotic degeneration. Three cells with densely 

condensed chromatin are shown with variable but decreasing levels of cytochrome oxidase 

activity. Scale bar for both top panels and the bottom left panel = 12u,m. Scale bar for bottom 

right panel = 6u.m. 

Figure 7: COX1 protein increases in thalamic mitochondrial protein fractions coincident with 

mitochondrial accumulation following neonatal hypoxia-ischemia. A) Immunoblot showing 

increase in COX1 protein in mitochondrial membrane fractions from diencephalon from 
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homogenates obtained 3, 6, and 24 hours following neonatal hypoxia-ischemia compared to non- 

injured control samples. Anti-COXl antibody recognizes a single =35kDA band in non-boiled 

samples. The corresponding ponceau stained blot is shown as a loading control. B) Graph 

represents changes in COX1 protein levels in diencephalon over time following neonatal 

hypoxia-ischemia. The maximal increase at 6 hours corresponds nicely with the peak in 

mitochondrial accumulation seen at 6 hours in figure 6. After correcting for protein loading 

differences and comparing to control, results are shown as mean ± standard deviation of 4-5 

samples /time point. *=p<0.05 compared to control. 
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LGN compared to adult mice. Ten-day-old and adult C57BL6 mice were anesthe-tized, 
the right occipital cortex aspirated, and recovered for up to 7 days. In immature mice, this 
lesion caused selective neuronal apoptosis in the dorsal LGN ipsilateral (ipsi LGN) to the 
cortical ablation. These apoptotic cells are neurons based on (1) structural characteristics, 
(2) labeling of apoptotic cells with the retrograde tracer fluorogold, and (3) the absence 
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fragmentation is evident in the ipsi LGN at 18-24 hours after cortical ablation. Neuronal 
apoptosis in the LGN progressed through chromatolysis by 12-24 hours, followed by 
cytoplasmic and nuclear condensation by 48 hours. At 12, 24, 36, and 48 hours after 
cortical ablation, counts of apoptotic profiles in the ipsi LGN are 1.2±0.7, 0.7±0.3, 
110± 18,64±27, respectively. p53 immunoreactivity is induced at 24 hours in ipsi LGN 
neurons after occipital cortex ablation in the immature brain. In adult mice, occipital 
cortex ablation also causes p53 induction and neuronal apoptosis in the LGN; however 
this progression occurs over six to seven days. We conclude that axotomy/target 
deprivation-induced neuronal apoptosis is induced more rapidly in immature CNS 
compared to adult CNS, although both may be mediated by p53. 
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NEURONS IN THE ADULT RAT UNDERGO DNA DAMAGE AND 
APOPTOSIS WHILE INTERNEURONS TRANSIENTLY ATROPHY 
N.A. Al-Abdulla* and L.J. Martin. Department of Pathology, Johns Hopkins 
School of Medicine, Baltimore, MD 21205. 

The mechanisms of in-vivo apoptosis in the CNS remain poorly understood. 
We have developed a unilateral occipital cortex ablation model in the adult rat to 
test the hypothesis that target-deprived projection neurons in the lateral geniculate 
nucleus (LGN) selectively undergo DNA damage and apoptosis, while 
interneurons in the LGN are spared. Dying LGN projection neurons enter 
apoptosis from chromatolysis. During the late chromatolytic and early apoptotic 
stages, mitochondria in injured projection neurons significantly accumulate, 
appear normal ultrastructurally, and retain cytochrome C oxidase activity, 
assessed by enzymatic histochemistry and quantified by densitometry. During 
this transitional stage, these projection neurons exhibit oxidative damage to 
nuclear DNA, observed by antibodies to 8-hydroxy-2/-deoxyguanosine, a marker 
of oxidative damage to DNA. In contrast, interneurons, identified by then- 
particular nuclear morphology and glutamic acid decarboxylase (GAD) staining, 
undergo an atrophic, vacuolar degeneration starting early during LGN 
degeneration and peaking immediately after the projection neuron apoptosis is 
complete. Very few interneurons [ < 1:100 interneurons and < 1:100 apoptotic 
cells] undergo apoptosis concurrently with projection neurons. We conclude that 
retrograde degeneration of geniculocortical neurons in adult brain occurs by 
apoptosis that is engaged during chromatolysis, possibly in response to 
mitochondrial abnormalities and oxidative damage to DNA. Unlike the 
selectively vulnerable projection neurons, most interneurons undergo transient 
transsynaptic atrophy and recovery rather than cell death. 

Supported by NS34100, AG16282, and DAMD17-99-1-9553 



First (Presenting) Author 

SOCIETY FOR NEUROSCIENCE 

2000 ABSTRACT FORM 
Read all instructions before typing abstract. 

See Call for Abstracts and reverse of this sheet. 
Complete abstract and all boxes at left and below. 

(Please type or print in black ink.) 

  Check here if this is a 
REPLACEMENT of abstract submitted 
earlier. Remit a nonrefundable $50 for 
each replacement abstract. Replace- 
ment abstracts must be RECEIVED by 
Wednesday, May 3, 2000. 

Provide full name (no initials), address, and phone numbers of 
first author on abstract. You may present (first author) only one 
abstract. (Please type or print in black ink.) 
Zhiping Liu,  M.D.,   Ph.D.,  M.S.  

558 Ross Bldg/720 Rutland Ave.  

Neuropathology Lab, The Johns Hopkins 

Medical Institutions, Baltimore, 

MD, 21205 Fax: ( 410-955-9777 

Office: ( 41)0 955-5632 Home: (4 lp J&2=± 

E-mail: dul(jjwelch. ihu. edu 

SMALLEST 
RECOMMENDED 

TYPE SIZE: 10 POINT 

SAMPLE: 
2000 Annual Meeting 

New Orleans, La. 
November 4-9, 2000 

POSTMARK 

DEADLINE: 

MONDAY, 

APRIL 24, 2000 

Presentation Preference 

An asterisk must be placed after the sponsor's 
(signing member) name on the abstract. 

MANDATORY: The present scientific work may involve a real 
or perceived financial conflict of interest. (See page 4, item 11.) 
Q yes Q no    If yes: _  

Check one: g poster only   □ slide/poster 

Themes and Topics 

See list of themes and topics, pp. 17-18. 
Indicate below a first and second choice 
appropriate for programming and 
publishing your paper. 

1st theme title: Development   and 

Regeneration      theme letter:  A 

1st topic title:   Neuronal  Death 

topic number: 17_ 

2nd theme title: Disorders   of  th 

Nervous   system theme letter:_J_ 

2nd topic title: Degenerative 

Disease:   othertopicnumber:13_2 

Special Requests (for example, projection, 
video, or computer requirements) 

Include nonrefundable abstract handling fee of 
$50. Fill out payment information form below. 
Purchase orders will not be accepted. Submission 
of abstract handling fee does not include registra- 
tion for the Annual Meeting. 

DNA SINGLE-STRAND BREAKS OCCUR RAPIDLY IN MOTOR NEURONS IN 
VITRO AND IN VIVO AFTER OXIDATIVE STRESS AND AXOTOMY. Z-P. Liu* 
and L.J. Martin. Dept. of Pathology, Johns Hopkins Univ. Sen. Med., Baltimore, 
MD 21205. 

DNA damage can initiate apoptosis. DNA single-strand breaks (SSB) are a 
major form of early DNA damage that can be induced by oxidative stress. 
Reactive oxygen species (ROS) can directly damage genomic DNA and are 
involved in the pathogenesis of motor neuron apoptosis in animal models and 
in patients with amyotrophic lateral sclerosis. We tested the hypothesis that 
DNA-SSB occur in adult motor neurons subjected to oxidative stress in vitro and 
axotomy in vivo. We used single-cell gel electrophoresis (comet assay) that 
detects mainly DNA-SSB under alkaline elution conditions. We developed and 
characterized a motor neuron enriched cell suspension from adult rat spinal 
cord ventral horns. This cell suspension is -84% neurons (determined by NeuN 
immunophenotyping), 86% of these neurons being motor neurons (determined 
by CAT immunoreactjvity), and 72% of these motor neurons are a-motor 
neurons with axons in the sciatic nerve (determined by retrograde tracing). The 
viability of adult motor neurons in suspension was -61% after 12 h incubation. 
Exposure of these cells to nitric oxide (NO) donor sodium nitroprusside (SNP), 
H202, or SNP plus r^CX, induced very rapid DNA damage that was dose- and 
time-related, as represented by comet formation and cell loss. H202 at a 
nontoxic concentration potentiated the toxicity of SNP. Different forms of ROS 
left different DNA damage fingerprints, indicating different target domains of 
chromatin and different severities of DNA damage. By applying the comet assay 
to an in vivo model of motor neuron apoptosis (unilateral sciatic nerve avulsion), 
we found that DNA-SSB accumulate very slowly in injured motor neurons in vivo 
and that the comet fingerprint is similar to that caused by NO toxicity. 
Supported by grants NS34100, AG16282 and DAMD17-99-1-9553. 

Key Words: (see instructions p. 4) 

i SPINAL CORD INJURY 

7 APOPTOSIS 

3.J3NA^DAMAGE_ 

4. NTTRTC nXTDF, 

Signature of Society for Neuroscience member required below. No member may sign more than one abstract. The signing member 
must be an author on the paper and an asterisk must be placed after the sponsor's (signing member) name on the abstract. 

The signing member certifies that any work with human or animal subjects related in this abstract complies with the guiding policies and principles for experimental 
procedures endorsed by the Society. This signature acknowledges that each author on this abstract has seen and approved the final version of the abstract and has given 
consent to appear as an author. Authors must comply with ethical guidelines for human and animal research, and may be asked to supply added documentation. jnsent to-appear as an autho 

*^ Society for Neurosyfn< 

Zhiping Liu 
nee member's signature Printed or typed name 

000164964  
Member ID number (mandatory) 

f4101955-5632 
Telephone number 



JL? 

First (Presenting) Author 

BOCIETY FOR NEUROSCIENCE 
2000 ABSTRACT FORM 

Read all instructions before typing abstract. 
See Call for Abstracts and reverse of this sheet. 

Complete abstract and all boxes at left and below. 
(Please type or print in black ink.) 

  Check  here if this is a 
REPLACEMENT of abstract submitted 
earlier. Remit a nonrefundable $50 for 
each replacement abstract. Replace- 
ment abstracts must be RECEIVED by 
Wednesday, May 3, 2000. 

Provide full name (no initials), address, and phone numbers of 
first author on abstract. You may present (first author) only one 
abstract. (Please type or print in black ink.) 

C H R ; 57 i Pi A/     i £SU i ssf  
^Z>fr    af   fpTHoj.( 3ci) N<r. 

 Fax: &,$ "SSS^-lll 

Office: fyc) $555632 Home: fo 337^7^ 

E-mail: L g S U it>S> (=<&}Mfi'il- THM L hi) I I 

SMALLEST 
RECOMMENDED 

TYPE SIZE: 10 POINT 

SAMPLE: 
2000 Annual Meeting 

New Orleans, La. 
November 4-9, 2000 

POSTMARK 

DEADLINE: 

MONDAY, 

APRIL 24, 2000 

Presentation Preference 

Check one: S poster only   □ slide/poster 

Themes and Topics 

See list of themes and topics, pp. 17-18. 
Indicate below a first and second choice 
appropriate for programming and 
publishing your paper. 

1st theme title:-JJgV<gZc pHBN~ 

(\t<3 ^<ä£N^rJr-^theme letter: fi 

1st topic title:   hJSUKcNßL  
Z£>c-&>T)A  topic number:_LZ 

2nd theme title: ^if?tROg^i cF 

TH£ HS. flrJO ^ >;theme letter:^ 

2nd topic title: 1S^ W/Vcg.   cVi'fc. 
oTHg£L topic number:_£Q 

Special Requests (for example, projection, 
video, or computer requirements) 

Include nonrefundable abstract handling fee of 
$50. Fill out payment information form below. 
Purchase orders will not be accepted. Submission 
of abstract handling fee does not include registra- 
tion for the Annual Meeting. 

An asterisk must be placed after the sponsor's 
(signing member) name on the abstract. 

MANDATORY: The present scientific work may involve a real 
or perceived financial conflict of interest. (See page 4, item 11.) 
Q yes □ no    If yes:  

NEURONAL MATURITY INFLUENCES THE PROGRESSION OF 
NEURONAL APOPTOSIS INDUCED BY DNA DAMAGE. C. Lesuisse* 
and L.J. Martin. Departments of Pathology and Neuroscience, Johns 
Hopkins Univ. Sch. Med., Baltimore, MD 21205. 

Neuronal apoptosis contributes to the neurodegeneration in individuals 
with amyotrophic lateral sclerosis, Alzheimer's disease, Parkinson's 
disease, and Huntingtons disease, and after cerebral ischemia and CNS 
trauma. DNA damage occurs in these neurological disorders and may be 
related to this neurodegeneration by signaling the induction of apoptosis. 
However, the mechanisms for DNA damage-induced apoptosis in 
neurons are not understood. We have established a mouse cortical 
culture system to study the mechanisms for DNA damage-induced 
apoptosis of neurons. These neuronal cultures can be maintained for 
long term, for at least 60 days in vitro (DIV60). During this maturational 
time course, the levels of apoptosis regulatory proteins undergo 
prominent changes. Between DIV5 and DIV60, Bcl-2 increases, Bax 
decreases, Bak increases, and p53 decreases. When neurons are 
exposed to DNA damaging agent, apoptosis is induced more rapidly at 
DIV25 than at DIV5, as demonstrated by intemucleosomal fragmentation 
of DNA. In apoptotic cortical neuron cultures, the levels of proapoptotic 
and antiapoptotic proteins change differentially in older versus younger 
cortical neuron cultures. These results demonstrate that the maturational 
state of neurons has a prominent influence on the progression, and 
possibly the mechanisms, of neuronal apoptosis induced by DNA 
damage. 
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