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been slowed by unresolved concerns over safety (including the theoretical risk of malignant transformation of transplanted cells), ethics
(particularly with respect to use of fetal tissue), and efficacy.
In developing brain, the extracellular matrix provides stimulatory
and inhibitory signals that promote neuronal migration, neurite outgrowth, and axonal extension. After neuronal damage, reexpression
of inhibitory molecules such as chondroitin sulfate proteoglycans
may prevent tissue regeneration. Chondroitinase degraded these
inhibitory molecules and enhanced axonal regeneration and motor
recovery in a rat model of spinal cord injury. Several myelin proteins,
specifically Nogo, oligodendrocyte myelin glycoprotein (OMGP), and
myelin-associated glycoprotein (MAG), may also interfere with axon
regeneration. Sialidase, which cleaves one class of receptors for MAG,
enhances axonal outgrowth. Antibodies against Nogo promote regeneration after experimental focal ischemia or spinal cord injury. Nogo,
OMGP, and MAG all bind to the same neural receptor, the Nogo
receptor, which mediates its inhibitory function via the p75 neurotrophin receptor signaling.

CELL DEATH: EXCITOTOXICITY AND APOPTOSIS
Excitotoxicity refers to neuronal cell death caused by activation of
excitatory amino acid receptors (Fig. 444e-4). Compelling evidence
for a role of excitotoxicity, especially in ischemic neuronal injury, is
derived from experiments in animal models. Experimental models of
stroke are associated with increased extracellular concentrations of the
excitatory amino acid neurotransmitter glutamate, and neuronal damage is attenuated by denervation of glutamate-containing neurons or
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the administration of glutamate receptor antagonists. The distribution
of cells sensitive to ischemia corresponds closely with that of N-methyld-aspartate (NMDA) receptors (except for cerebellar Purkinje cells,
which are vulnerable to hypoxia-ischemia but lack NMDA receptors);
and competitive and noncompetitive NMDA antagonists are effective
in preventing focal ischemia. In global cerebral ischemia, non-NMDA
receptors (kainic acid and α-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate [AMPA]) are activated, and antagonists to these receptors
are protective. Experimental brain damage induced by hypoglycemia
is also attenuated by NMDA antagonists.
Excitotoxicity is not a single event but rather a cascade of cell injury.
Excitotoxicity causes influx of calcium into cells, and much of the
calcium is sequestered in mitochondria rather than in the cytoplasm.
Increased cytoplasmic calcium causes metabolic dysfunction and free
radical generation; activates protein kinases, phospholipases, nitric
oxide synthase, proteases, and endonucleases; and inhibits protein
synthesis. Activation of nitric oxide synthase generates nitric oxide
(NO•), which can react with superoxide (O•2) to generate peroxynitrite (ONOO−), which may play a direct role in neuronal injury.
Another critical pathway is activation of poly-ADP-ribose polymerase,
which occurs in response to free radical–mediated DNA damage.
Experimentally, mice with knockout mutations of neuronal nitric
oxide synthase or poly-ADP-ribose polymerase, or those that overexpress superoxide dismutase, are resistant to focal ischemia.
Another aspect of excitotoxicity is that it has been demonstrated
that stimulation of extrasynaptic NMDA receptors mediates cell death,
where as stimulation of synaptic receptors is protective. This has been
shown to play a role in excitotoxicity in transgenic mouse models of
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Figure 444e-4 Neurodegeneration caused by prions. A. In sporadic neurodegenerative diseases (NDs), wild-type (Wt) prions multiply
through self-propagating cycles of posttranslational modification, during which the precursor protein (green circle) is converted into the prion
form (red square), which generally is high in β-sheet content. Pathogenic prions are most toxic as oligomers and less toxic after polymerization into amyloid fibrils. The small polygons (blue) represent proteolytic cleavage products of the prion. Depending on the protein, the fibrils
coalesce into Aβ amyloid plaques in Alzheimer’s disease (AD), neurofibrillary tangles in AD and Pick’s disease, or Lewy bodies in Parkinson’s disease and Lewy body dementia. Drug targets for the development of therapeutics include: (1) lowering the precursor protein, (2) inhibiting prion
formation, and (3) enhancing prion clearance. B. Late-onset heritable neurodegeneration argues for two discrete events: The (i) first event is the
synthesis of mutant precursor protein (green circle), and the (ii) second event is the age-dependent formation of mutant prions (red square). The
highlighted yellow bar in the DNA structure represents mutation of a base pair within an exon, and the small yellow circles signify the corresponding mutant amino acid substitution. Green arrows represent a normal process; red arrows, a pathogenic process; and blue arrows, a process that
is known to occur but unknown whether it is normal or pathogenic. (Micrographs prepared by Stephen J. DeArmond. Reprinted with permission
from SB Prusiner: Biology and genetics of prions causing neurodegeneration. Annu Rev Genet 47:601, 2013.)

