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cute and chronic neurodegenerative diseases are illnesses

 

associated with high morbidity and mortality, and few or no effective options
are available for their treatment. A characteristic of many neurodegenerative

diseases — which include stroke, brain trauma, spinal cord injury, amyotrophic lateral
sclerosis (ALS), Huntington’s disease, Alzheimer’s disease, and Parkinson’s disease
— is neuronal-cell death.

 

1

 

 Given that central nervous system tissue has very limited, if
any, regenerative capacity, it is of utmost importance to limit the damage caused by
neuronal death.

 

2-5

 

 During the past decade, considerable progress has been made in
understanding the process of cell death.

 

6

 

 In this article, I review the causes and mech-
anisms of neuronal-cell death, especially as it pertains to the caspase family of proteas-
es associated with cell death. I will review evidence linking specific cell-death pathways
to neurologic diseases and discuss how knowledge of the mechanisms of cell death
has led to novel therapeutic strategies.

Cell death occurs by necrosis or apoptosis.

 

7-9

 

 These two mechanisms have distinct his-
tologic and biochemical signatures. In necrosis, the stimulus of death (e.g., ischemia)
is itself often the direct cause of the demise of the cell. In apoptosis, by contrast, the
stimulus of death activates a cascade of events that orchestrate the destruction of the
cell. Unlike necrosis, which is a pathologic process, apoptosis is part of normal devel-
opment (physiologic apoptosis); however, it also occurs in a variety of diseases (aber-
rant apoptosis).

 

necrosis

 

Necrotic cell death in the central nervous system follows acute ischemia or traumatic
injury to the brain or spinal cord.

 

10,11

 

 It occurs in areas that are most severely affected
by abrupt biochemical collapse, which leads to the generation of free radicals and exci-
totoxins (e.g., glutamate, cytotoxic cytokines, and calcium). The histologic features of
necrotic cell death are mitochondrial and nuclear swelling, dissolution of organelles,
and condensation of chromatin around the nucleus. These events are followed by the
rupture of nuclear and cytoplasmic membranes and the degradation of DNA by ran-
dom enzymatic cuts in the molecule.

 

9,12

 

 Given these mechanisms and the rapidity with
which the process occurs, necrotic cell death is extremely difficult to treat or prevent.

 

apoptosis

 

Apoptotic cell death, also known as programmed cell death, can be a feature of both
acute and chronic neurologic diseases.

 

1,9,13

 

 After acute insults, apoptosis occurs in ar-
eas that are not severely affected by the injury. For example, after ischemia, there is ne-

a

types of cell death
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crotic cell death in the core of the lesion, where hy-
poxia is most severe, and apoptosis occurs in the
penumbra, where collateral blood flow reduces the
degree of hypoxia (Fig. 1).

 

10,14-16

 

 Apoptotic death
is also a component of the lesion that appears after
brain or spinal cord injury.

 

11,17-20

 

 In chronic neu-
rodegenerative diseases, it is the predominant form
of cell death.

 

21-23

 

In apoptosis, a biochemical cascade activates
proteases that destroy molecules that are required
for cell survival and others that mediate a program
of cell suicide. During the process, the cytoplasm
condenses, mitochondria and ribosomes aggregate,
the nucleus condenses, and chromatin aggregates.
After its death, the cell fragments into “apoptotic
bodies,” and chromosomal DNA is enzymatically
cleaved to 180-bp internucleosomal fragments. Oth-
er features of apoptosis are a reduction in the mem-
brane potential of the mitochondria, intracellular

acidification, generation of free radicals, and exter-
nalization of phosphatidylserine residues.

 

6,7,12,24,25

 

The rational development of target-based strate-
gies for the treatment of diseases in which apopto-
sis is prominent requires an understanding of the
molecular mechanisms of programmed cell death.
As recently as 10 years ago, the mediators of this
process were for the most part unknown. Beginning
in 1993, a series of seminal studies of the nematode

 

Caenorhabditis elegans

 

 identified several genes that
control cell death.

 

26

 

 In this worm, four genes are
required for the orderly execution of the develop-
mental apoptotic program. The 

 

ced-3, ced-4, 

 

and 

 

egl-1

 

genes mediate cell death, and worms that have lost
the function of these genes harbor extra cells.

 

27,28

 

By contrast, 

 

ced-9

 

–deficient worms have diffuse ap-
optotic cell death, indicating that this gene functions
as an inhibitor of apoptosis. Metazoan homologues
of ced-3 (caspases), ced-4 (Apaf-1), ced-9 (Bcl-2),
and egl-1 (BH3-only proteins) have been identi-
fied.

 

27,29-32

 

caspase family

 

The major executioners in the apoptotic program
are proteases known as caspases (cysteine-depend-
ent, aspartate-specific proteases).

 

6,33

 

 Caspases are
cysteine proteases that are homologous to the nem-
atode 

 

ced-3

 

 gene product. The interleukin-1

 

b

 

–
converting enzyme (also known as caspase 1), the
founding member of the caspase family in verte-
brates, was identified by its homology to ced-3.

 

27,29

 

Thus far, 14 members of the caspase family have
been identified, 11 of which are present in hu-
mans.

 

27

 

 Caspases directly and indirectly orches-
trate the morphologic changes of the cell during
apoptosis.

Caspases exist as latent precursors, which, when
activated, initiate the death program by destroying
key components of the cellular infrastructure and
activating factors that mediate damage to the cells.
Procaspases are composed of p10 and p20 sub-
units and an N-terminal recruitment domain. Ac-
tive caspases are heterotetramers consisting of two
p10 and two p20 subunits derived from two pro-
caspase molecules (Fig. 2). Caspases have been cat-
egorized into upstream initiators and downstream
executioners. Upstream caspases are activated by
the cell-death signal (e.g., tumor necrosis factor 

 

a

mechanisms of programmed 

cell death

 

Figure 1. An Embolus in the Bifurcation of the Middle Cerebral Artery.

 

The territory perfused by this artery and areas with little or no collateral flow 
are subjected to extreme hypoxia and necrotic cell death. In the penumbra, 
where there is some degree of collateral blood flow, a gradient of tissue perfu-
sion establishes a threshold among necrotic cell death, apoptotic cell death, 
and tissue survival.
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[TNF-

 

a

 

]) and have a long N-terminal prodomain
that regulates their activation.

 

6,34

 

 These upstream
caspases activate downstream caspases, which di-
rectly mediate the events leading to the demise of
the cell. Downstream caspases have a short N-ter-
minal prodomain.

A critical aspect of caspase-mediated cell death
lies in the events regulating the activation of initi-
ator caspases. Upstream caspases may be subclassi-
fied into two groups, according to the molecules
modulating their activation. Procaspases 1, 2, 4,
5, 9, 11, 12, and 13 have a long N-terminal pro-
domain called the caspase-recruiting domain
(CARD). Caspases 8 and 10 have a long N-terminal
prodomain called the death-effector domain (DED).
A regulating molecule is required for specific bind-
ing to the CARD/DED domain, which results in
caspase activation. These molecules are caspase-
specific and trigger-specific. For example, after the
binding of TNF-

 

a

 

 to its receptor, the TNF receptor
binds to the DED molecule that mediates caspase 8
activation. Of the caspases with a long prodomain,
caspases 2, 8, 9, and 10 are initiators of apoptosis
and caspases 1, 4, 5, 11, 12, and 13 are involved in
cytokine activation.

 

34

 

 There is mounting evidence
that in addition to its role in inflammation, caspase
1 is also an important upstream caspase.

 

18,35-45

 

Once upstream caspases are activated in an
amplifying cascade, they activate the executioner
caspases downstream.

 

6,34,46

 

 Of these caspases
with a short prodomain, caspases 3, 6, and 7 are ef-
fectors of apoptosis and caspase 14 is involved in
cytokine maturation. Executioner caspases mediate
cell death by two main mechanisms: destruction
and activation. The systematic destruction of key
cellular substrates is crucial. The death process be-
gins its terminal phase when executioner caspases
activate the machinery that degrades DNA.

 

25,47-49

 

Caspases are also regulated at the transcription-
al level. Transcriptional up-regulation of caspases
occurs in chronic neurologic diseases such as ALS
and Huntington’s disease, as well as in acute neu-
rologic diseases such as stroke,

 

35,38,50,51

 

 which in-
dicates that the degree of activation and the num-
ber of caspase molecules within the cell determine
the level of caspase activity.

 

role of the b

 

cl

 

-2 family in regulating 
release of mitochondrial cytochrome 

 

c

 

Cytochrome 

 

c

 

 is a member of the mitochondrial
electron-transport chain that is required for the
generation of ATP. In addition to its role in cellular

energetics, cytochrome 

 

c

 

 is an important trigger of
the caspase cascade. Cytochrome 

 

c

 

–mediated acti-
vation of cell-death pathways occurs if cytochrome 

 

c

 

is released from the mitochondria into the cyto-
plasm. In the cytoplasm, cytochrome 

 

c

 

 binds to
Apaf-1 to form the apoptosome — a molecular com-
plex consisting of cytochrome 

 

c

 

, Apaf-1, ATP, and
procaspase 9. The apoptosome activates caspase
9,

 

30,52

 

 an upstream initiator of apoptosis. This
mechanism makes regulation of the release of cy-
tochrome 

 

c

 

 a key step in the initiation of apoptosis
(Fig. 3).

 

6,53

 

Members of the Bcl-2 family are proapoptotic or
antiapoptotic. The balance between proapoptotic
and antiapoptotic signals from the Bcl-2 family has
a crucial role in the release of cytochrome 

 

c

 

.

 

6,54,55

 

Moreover, members of the caspase family can in-
fluence the balance of proapoptotic and antiapop-
totic signals from the Bcl-2 family. For example,
caspase 8 and caspase 1 cleave Bid, a member of

 

Figure 2. Mechanisms of Caspase Activation.

 

Upstream initiator caspases are activated during the initiation of the cell-death 
cascade. They contain an activation or binding prodomain (white), a large 
subunit (orange), and a small subunit (yellow). Activated upstream caspases 
have autocatalytic activity and activate downstream effector caspases, which 
have a short prodomain (blue), as well as a large subunit (purple) and a short 
subunit (green). Downstream caspases mediate many of the classic phenom-
ena of apoptotic cell death.

Upstream
procaspase

Downstream
procaspase

Active
upstream

procaspase

Active
downstream
procaspase

Cell death

Downloaded from www.nejm.org at Harvard University on January 27, 2004.
Copyright © 2003 Massachusetts Medical Society. All rights reserved.



 

n engl j med 

 

348;14

 

www.nejm.org april 

 

3

 

, 

 

2003

 

The

 

 new england journal 

 

of

 

 medicine

 

1368

 

the Bcl-2 family, generating a truncated fragment
with proapoptotic activity.

 

56

 

 In addition to cyto-
chrome 

 

c,

 

 other modulators of cell death within
mitochondria are released during the apoptotic
process.

 

53

 

inhibitors of apoptosis

 

To control aberrant caspase activation, which can
kill the cell, additional molecules inhibit caspase-
mediated pathways. Among these are proteins
known as inhibitors of apoptosis. These inhibitors
interact directly with modulators of cell death. For
example, the X-linked inhibitor of apoptosis and
the neuronal inhibitor of apoptosis are proteins in
neurons that directly inhibit caspase 3 activity and
protect neurons from ischemic injury.

 

34,55,57

 

Caspases have a pivotal role in the progression of a
variety of neurologic disorders. Despite the various
causes of such disorders, the mechanism of cell
death is similar in a broad spectrum of neurologic
diseases.

 

1,37,58

 

 However, the trigger of aberrant
caspase activation in most of these diseases is not
well understood. In acute neurologic diseases, both
necrosis and caspase-mediated apoptotic cell death
occur.

 

11,17,36,59,60

 

 By contrast, in chronic neurode-
generative diseases, caspase-mediated apoptotic
pathways have the dominant role in mediating cell
dysfunction and cell death.

 

38,39,61,62

 

 A primary dif-
ference between acute and chronic neurologic dis-
eases is the magnitude of the stimulus causing cell
death. The greater stimulus in acute diseases results
in both necrotic and apoptotic cell death, whereas
the milder insults in chronic diseases initiate apop-
totic cell death.

 

acute neurologic diseases

 

Ischemic stroke was the first neurologic disease in
which the activation of a caspase (caspase 1) was
documented.

 

44

 

 Moreover, inhibition of caspases re-
duces tissue damage and allows remarkable neuro-
logic improvement.

 

44,63,64

 

 Activation of caspases
1, 3, 8, 9, and 11 and release of cytochrome 

 

c

 

 have
been demonstrated in cerebral ischemia,

 

41,65-67

 

 and
the Bcl-2 family has also been incriminated.

 

68,69

 

Mice that express a dominant-negative caspase
1 construct or that are deficient in caspase 1 or
caspase 11 have significant protection from ische-
mic injury.

 

44,65,70

 

 Pharmacologic pretreatment of
mice with a broad caspase inhibitor or with semi-
selective inhibitors of caspase 1 and caspase 3 or de-
layed treatment with a caspase 3 inhibitor protect
the brain from ischemic injury.

 

64,71

 

There is a pattern of combined necrotic and ap-
optotic cell death after ischemic or traumatic inju-
ry.

 

15,18-20,36,59

 

 In ischemia, necrotic cell death oc-
curs in the core of the infarction, where hypoxia is
most severe, and leads to abrupt cessation of ener-
gy supply and acute cellular collapse. Conversely,
in the ischemic penumbra, the degree of energy
deprivation is not as severe, because collateral ves-
sels supply the region with oxygenated blood. In
this case, the cell must reach a critical threshold of
injury to activate the caspase cascade. Before this
threshold is reached, however, a compromise in
neuronal energetics can cause cell dysfunction be-
fore cell death. What determines the threshold in a

caspases in neurologic diseases

 

Figure 3. Key Mediators of the Caspase Pathway in the Mitochondria.

 

Three main signals cause the release of apoptogenic mitochondrial media-
tors: proapoptotic members of the Bcl-2 family, elevated levels of intracellular 
calcium, and reactive oxygen species. Four mitochondrial molecules mediat-
ing downstream cell-death pathways have been identified: cytochrome 

 

c

 

, Smac/
Diablo, apoptosis-inducing factor, and endonuclease G. Cytochrome 

 

c

 

 binds to 
Apaf-1, which, together with procaspase 9, forms the “apoptosome,” which 
activates caspase 9. In turn, caspase 9 activates caspase 3. Smac/Diablo binds 
to inhibitors of activated caspases and causes further caspase activation. Apop-
tosis-inducing factor and endonuclease G mediate caspase-independent cell-
death pathways.
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particular cell is unknown. Nevertheless, the exist-
ence of the threshold offers an opportunity to res-
cue cells in the penumbra by reversing the initial
neurologic deficit caused by cell dysfunction. Fac-
tors that promote survival can raise the threshold,
as evidenced in the experiments with caspase inhi-
bition described above and in studies in which the
balance among members of the Bcl-2 family was
transgenically manipulated.

 

68,69

 

 The cerebral tis-
sue protected by modulation of caspase activation
is invariably the penumbra.

 

44,64,66,68

 

chronic neurodegenerative diseases

 

Cell death in chronic neurodegenerative diseases
often occurs as a result of a mutation in one or sev-
eral genes. This genetic alteration changes the func-
tion of the gene product in a way that has a detri-
mental effect on the cell. Environmental factors
have also been incriminated in chronic neurode-
generation, but the cause of many such disorders
remains unknown. I will describe the key role of
the caspase family in two diseases, ALS and Hun-
tington’s disease. There is evidence suggesting that
caspases have a role in Alzheimer’s disease, Parkin-
son’s disease, and dementia associated with hu-
man immunodeficiency virus infection.

 

62,72,73

 

 The
cause of the selective death of motor neurons in
ALS or of medium-sized spiny neurons in the stria-
tum in Huntington’s disease is, for the most part,
not understood. This question is the focus of in-
tense investigation.

 

ALS

 

ALS is characterized by the progressive and specific
loss of motor neurons in the brain, brain stem, and
spinal cord.

 

74

 

 The average age at onset is 55 years,
and the average life expectancy after the clinical on-
set is 4 years. The only recognized treatment for ALS
is riluzole, whose use extends survival by only about
three months. Familial and sporadic forms of the
disease have been described. The natural history
and histologic abnormalities in these two forms of
ALS are not distinguishable.

A mutation in the gene encoding superoxide
dismutase 1 (

 

SOD1

 

) has been identified in 10 per-
cent of patients with familial ALS.

 

75

 

 In transgenic
mice expressing the human mutant 

 

SOD1

 

 gene, a
syndrome develops with many features of ALS, in-
cluding specific cell death of motor neurons, pro-
gressive weakness, and early death.

 

76

 

 These mouse
models of ALS and other mice with additional ALS-
linked mutations in 

 

SOD1

 

 are effective tools for the

study of molecular mechanisms and pharmaco-
therapy for ALS.

 

38,67,77

 

 The first evidence of a role
of a caspase in a neurodegenerative disease came
from experiments in which the “ALS mouse” was
cross-bred with a mouse expressing a mutant
caspase

 

 

 

1 gene that inhibited caspase 1 in neurons.

 

61

 

As compared with mice expressing only the mu-
tant 

 

SOD1

 

 transgene, mice expressing both the mu-
tant 

 

SOD1

 

 transgene and the mutant caspase 1 trans-
gene had a duration of survival that was greater by
9 percent, and disease progression was slowed by
more than 50 percent. Furthermore, intraventric-
ular administration of a broad caspase inhibitor
(zVAD-fmk) was neuroprotective and extended
survival in the ALS mice by 22 percent.

 

38

 

A prolonged period of neuronal caspase activa-
tion (especially of caspase 1) was detected in trans-
genic ALS mice (Fig. 4A).

 

38,42,43

 

 As these mice aged,
there was progressive transcriptional up-regulation
of caspase 1 messenger RNA (mRNA), followed by
up-regulation of caspase 3 mRNA (Fig. 4B). Despite
treatment of ALS mice with the enzymatic caspase
inhibitor zVAD-fmk, transcriptional up-regulation
of caspase 1 and caspase 3 was delayed, suggesting
that there is a non–cell-autonomous “contagious”
apoptotic process in these mice (see below).

 

38

 

 These
sequential events are also detected at the level of en-
zymatic activity.

 

38,40,43

 

 The finding of caspase 1 and
caspase 3 activation in spinal cord samples from
patients with ALS indicates the clinical relevance of
these animal models of ALS.

 

38,78

 

Caspase 9 activation, cytochrome 

 

c

 

 release, and
proapoptotic changes in the Bcl-2 family have also
been detected in spinal cords of ALS mice.

 

67,79

 

Moreover, ALS mice bearing a transgenic 

 

Bcl

 

-

 

2

 

 gene
survive longer than other ALS mice.

 

80

 

Huntington’s Disease

 

Huntington’s disease is an autosomal dominant
neurodegenerative disorder in which specific cell
death occurs in the neostriatum and cortex.

 

13,81

 

 On-
set usually occurs during the fourth or fifth decade
of life, with a mean survival after onset of 15 to 20
years. Huntington’s disease is universally fatal, and
there is no effective treatment. Symptoms include a
characteristic movement disorder (Huntington’s
chorea), cognitive dysfunction, and psychiatric symp-
toms. The disease is caused by a mutation encod-
ing an abnormal expansion of CAG-encoded poly-
glutamine repeats in a protein called huntingtin.

 

82

 

The discovery of the mutant gene responsible
for the disease made it possible to create transgenic
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Figure 4. Neurologic Lesions in Mice with ALS.

 

Panel A shows activation of neuronal caspase 1 in an axial section of the spinal cord of a 90-day-old mouse with ALS (im-
munostained with a caspase 1 antibody). At this age, the mouse is at the beginning or the middle of the symptomatic 
stage. There is no caspase 1 activation in the dorsal horn or in the white matter. In the presymptomatic stage (Panel B), 
the earliest cell-death signal detected is the activation of neuronal caspase 1. At this stage, there are no overt signs of cell 
death or strong tissue reaction. In the early symptomatic stage (Panel C), there is widespread activation of caspase 1 and 
caspase 3, release of cytochrome 

 

c

 

, and proapoptotic changes in Bcl-2 family members. Ventral motor neurons and ax-
ons die, and reactive microgliosis and astrocytosis are present. As the disease advances, the findings described above 
become more overt (Panel D) and are accompanied by progressive muscle atrophy.
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mouse models of it.83 In these mice, apoptotic path-
ways and newly described cell-death pathways that
are neither apoptotic nor necrotic have been dem-
onstrated.84,85 One of the earliest events in the pre-
symptomatic and early symptomatic stages of the
disease is transcriptional up-regulation of the cas-
pase 1 gene.39 This event appears to result from nu-
clear translocation of N-terminal fragments of mu-
tant huntingtin.86 As the disease progresses, the
caspase 3 gene is transcriptionally up-regulated,
and the protein is activated.35 Activation of caspase
8 and caspase 9 and release of cytochrome c have also
been demonstrated in Huntington’s disease.87,88

Evidence is beginning to accumulate of both a
toxic effect of huntingtin fragments and depletion
of huntingtin in Huntington’s disease.35,39,89-91

Huntingtin is a substrate for caspase 1 and caspase
3.92,93 As the disease progresses, increased caspase-
mediated cleavage of huntingtin increases the gen-
eration of huntingtin fragments and depletes wild-
type huntingtin (Fig. 5).39 It appears that some
features of Huntington’s disease result from the
depletion of this protein.94

Neuronal dysfunction caused by the down-regu-
lation of receptors that bind important neurotrans-
mitters is another important feature of Hunting-
ton’s disease.95 We know that this down-regulation
of receptors is, at least in part, a caspase-mediated
event, since the inhibition of caspase also inhibits
receptor down-regulation.39 This evidence suggests
that caspases are mediators not only of cell death
but also of cell dysfunction.

Several of the findings in mouse models of
Huntington’s disease have also been demonstrat-
ed in human striatal brain tissue, including activa-
tion of caspases 1, 3, 8, and 9 and release of cyto-
chrome c.39,87,88 Transgenic mice have been used
as a tool for evaluating and demonstrating the effi-
cacy of caspase inhibitors, creatine, and minocycline
in an animal model of Huntington’s disease.35,39,85

Minocycline is a second-generation tetracycline with
remarkable neuroprotective properties. Because it
inhibits the production of nitric oxide by the induc-
ible form of nitric oxide synthetase, minocycline
was evaluated in experimental models of cerebral
ischemia. Minocycline significantly reduced the
severity of ischemia-induced tissue injury and neu-
rologic dysfunction.50,51 Along with the neuro-
protection it provided, minocycline inhibited the

ischemia-induced up-regulation of nitric oxide syn-
thase, caspase 1, and reactive microgliosis.96 Neu-
roprotection by minocycline has also been observed
in mouse models of Huntington’s disease, ALS,
brain injury, Parkinson’s disease, and multiple scle-
rosis.35,67,97 The primary mechanism of action of
minocycline is the direct inhibition of the release
of cytochrome c; secondarily, it inhibits downstream
events related to cell death — in particular, the ac-
tivation of caspase 3.67 It is not clear whether mi-
nocycline inhibits reactive microgliosis or the pro-
duction of nitric oxide synthase directly or by a
secondary process that follows the inhibition of cy-
tochrome c release. Minocycline is orally bioavail-
able, crosses the blood–brain barrier, and has a
proven safety record in humans. It is being evalu-

minocycline

Figure 5. Huntington’s Disease.

Neurons of patients with Huntington’s disease contain one copy of the wild-
type huntingtin allele (producing orange protein) and one copy of the mutant 
allele (producing orange and blue protein). Possibly as part of the normal prote-
olysis of huntingtin, an N-terminal fragment is generated. Mutant N-terminal 
fragments accumulate and aggregate, forming neuronal intranuclear inclu-
sions. Nuclear translocation of mutant N-terminal fragments up-regulates 
transcription of caspase 1. As the disease progresses, caspase 1 activates 
caspase 3. Caspase 1 and caspase 3 cleave huntingtin, producing N-terminal 
fragments and resulting in the depletion of huntingtin. As the disease pro-
gresses further, Bid is activated, releasing cytochrome c. Assembly of the ap-
optosome activates caspase 9 and caspase 3. Progressive caspase activation 
leads to neuronal dysfunction and cell death.
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ated in clinical trials in patients with Huntington’s
disease and ALS.

The process of cell death in one cell can affect the
dynamics of cell death in neighboring cells.38 Fac-
tors generated by cells as they die and after they die
are detrimental to neighboring cells. Neighboring
cells are exposed to triggering factors that are sim-
ilar to those that affect a cell that is dying. For ex-
ample, during a stroke, a neuron exposed to an is-
chemic environment triggers the cell-death cascade
and produces interleukin-1b, TNF-a, and free rad-
icals that play a part in the cell’s own demise.1 These
diffusible factors affect neighboring neurons that
have been similarly exposed to ischemia. Since there

is a gradient of ischemia, neurons that might not
have died as the result of the ischemic insult alone
die from a combination of exposure to a sublethal
ischemic environment and the diffusible toxic fac-
tors generated by their dying neighbors.

This phenomenon also occurs in chronic neu-
rodegenerative diseases. For example, in ALS me-
diated by mutant SOD1, the mutant SOD1 protein
initiates the cell-death cascade in one particular mo-
tor neuron. As the neuron progresses through the
cascade and eventually dies, it releases proapoptotic
factors that affect neighboring cells.38 Since these
cells have the same genetic predisposition as their
dying neighbor, such factors might induce them,
too, to initiate the cell-death cascade (Fig. 6). From
a therapeutic standpoint, this concept is important,
because an inhibitor of apoptosis not only will slow
the process of cell death in one particular cell, but

contagious apoptosis

(“the kindergarten effect”)

Figure 6. Contagious Apoptosis and Cell Dysfunction.

As one initial neuron (gray) proceeds through the cell-death pathway, apoptotic cascades are activated and diffusible toxic 
factors (interleukin-b, tumor necrosis factor a [TNF-a], and reactive oxygen species [ROS]) are released. These factors 
induce neighboring cells (tan) to enter the cell-death cascade (“the kindergarten effect”), and the earliest detectable 
change is the up-regulation of caspase 1. As these neurons become dysfunctional, they begin to secrete the same toxic 
factors, which will, in turn, affect the surrounding healthy neurons (pink). Once a lethal threshold has been reached, the 
cell dies.
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is also likely to inhibit the production of the diffus-
ible toxic factors that might initiate the cell-death
cascade in a neighboring cell.

Apoptotic cell death in the ischemic penumbra
results from massive cytotoxic activation of cell-
death pathways, whereas in chronic neurodegener-
ative diseases, weaker stimuli of cell death cause
sublethal activation of caspase. Chronic, sublethal
activation of caspase appears to mediate cell dys-
function, which precedes cell death.38,40 Cell dys-
function of substantial magnitude, occurring before
cell death, might result in symptomatic disease. Giv-
en that caspases may be active in individual neurons
for a long period (potentially weeks to months), in-
hibition of caspase in these circumstances could re-
duce cell dysfunction and delay cell death.39 In acute
diseases, a delayed wave of cell death can be detect-
ed up to one month after the initial injury.19,98 Giv-

en the chronic nature of caspase activation, caspase
inhibition is a plausible approach to the treatment
of neurologic diseases.

During the past several years, our understanding of
the mechanisms mediating cell death in neurologic
diseases has improved considerably. The fact that
activation of these pathways is a feature of a broad
range of neurologic diseases makes them important
and attractive therapeutic targets. Pharmaceutical
companies are actively searching for compounds
that inhibit these pathways. The first clinical trials
of an inhibitor of apoptosis (minocycline) for neu-
rodegenerative disorders (Huntington’s disease and
ALS) are in progress.35,38 It is likely that in the next
several years, additional inhibitors of apoptosis will
become part of the everyday armamentarium of cli-
nicians who are treating neurologic diseases that
involve caspase-mediated cell dysfunction and cell
death.

chronic caspase activation

and cell dysfunction

conclusions
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