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Neuronal caspase-3 signaling: not only cell death

M D’Amelio*,1,2, V Cavallucci1,2 and F Cecconi*,1,2

Caspases are a family of cysteinyl aspartate-specific proteases that are highly conserved in multicellular organisms and func-
tion as central regulators of apoptosis. A member of this family, caspase-3, has been identified as a key mediator of apoptosis
in neuronal cells. Recent studies in snail, fly and rat suggest that caspase-3 also functions as a regulatory molecule
in neurogenesis and synaptic activity. In this study, in addition to providing an overview of the mechanism of caspase-3
activation, we review genetic and pharmacological studies of apoptotic and nonapoptotic functions of caspase-3 and discuss
the regulatory mechanism of caspase-3 for executing nonapoptotic functions in the central nervous system. Knowledge
of biochemical pathway(s) for nonapoptotic activation and modulation of caspase-3 has potential implications for the
understanding of synaptic failure in the pathophysiology of neurological disorders. Fine-tuning of caspase-3 lays down a new
challenge in identifying pharmacological avenues for treatment of many neurological disorders.
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The role of caspases in programmed cell death has been
reviewed many times.1–3 It is widely accepted that, in mam-
mals, two main pathways (Figure 1) have evolved for
activating the caspase cascade, namely, the mitochondrial
pathway (intrinsic pathway) and the death receptor pathway
(extrinsic pathway).4,5 In the intrinsic pathway, one of the
major events is mitochondrial outer membrane permeabi-
lization (MOMP). The major role in MOMP seems to be carried
out by Bcl-2 family members. These proteins are character-
ized by the presence of one or more Bcl-2 homology (BH)
domains (Figure 2) and are divided into pro- (Bax, Bak, etc.)
and antiapoptotic (Bcl-2, Bcl-XL, etc.) proteins. Proapoptotic
members are further divided into two subgroups: the BH3-
only proteins and the proteins that possess BH1, BH2 and
BH3 domains. Bax and Bak, as a consequence of apopto-
tic stimuli, are subjected to conformational changes and
oligomerization,6 and they cause MOMP by destabilizing
the lipid bilayer, creating pores or interacting with channels.7

Bax and Bak are counteracted by Bcl-2 antiapoptotic
members, which are present in the outer membrane. In this
regulation, BH3-only proteins have an important role.8

The result of MOMP is the release of cytochrome c into the
cytoplasm, which (in the presence of dATP) induces
the formation of the Apaf1-containing macromolecular
complex called the apoptosome. This complex, in turn, binds
and activates procaspase-9. Mature caspase-9 remains
bound to the apoptosome, recruiting and activating execu-
tioner caspase-3 and/or caspase-7. The activation of cas-
pase-3 and -7 is antagonized by IAPs (among these, XIAP is
the only direct caspase-3 inhibitor), which in turn can be

inhibited by Smac/Diablo and Omi/HtrA2, which are released
from the intermembrane space when mitochondria are
damaged.

The extrinsic pathway involves signaling from a cell sur-
face receptor. The best-studied death receptor is Fas; Fas
ligand (FasL) binding leads to receptor trimerization and
recruitment of specific adaptor proteins. The Fas receptor
contains a death domain (DD) in its cytoplasmic region
that interacts with the adaptor protein, Fas-associated DD
protein (FADD), forming a death receptor-induced signaling
complex (DISC). Similar to DD, FADD contains a death
effector domain (DED) and this recruits the DED-containing
procaspase-8 into the DISC. Procaspase-8 is proteolytically
activated to the enzymatically active caspase-8, which in turn
activates downstream effector caspases. In some cell types,
the death receptor and mitochondrion-associated death
pathways are not mutually exclusive and may interact with
each other.9 In this case, the mitochondrial pathway is
engaged through caspase-8-mediated cleavage of Bid, a
proapoptotic member of the Bcl-2 family. Once cleaved,
truncated Bid (t-Bid) translocates to the mitochondria, where
it induces cytochrome c release, a crucial step in the mito-
chondrial pathway, as described above. Both the extrinsic
and intrinsic pathways converge at caspase-3, which,
together with other effector caspases (such as caspase-7
and -6), orchestrates the dismantling of diverse cell structures
through cleavage of specific substrate. These caspase-
mediated cleavages produce the phenotypic changes obser-
ved in the apoptotic cell; some examples are shown in
Figure 1.
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The caspase-dependent cell death machinery is con-
served throughout evolution, from Caenorhabditis elegans
to Drosophila melanogaster, and finally to mammals10

(Figure 3).
The mitochondrial pathway of mammals is essentially

homologous to the programmed cell death of C. elegans,
except that in mammals there is the essential requirement for
cytochrome c. In C. elegans, the inactive CED-3 zymogen
(caspases) requires activation by binding to CED-4 (Apaf1),
which is bound as an inactive dimer to the mitochondrial
membrane by CED-9 (Bcl-2). During cell death, EGL-1 (BH3-
domain protein) is upregulated and binds to CED-9, displacing
the CED-4 dimer, which translocates to the perinuclear
membrane, where it oligomerizes and recruits proCED-3,
thus forming an apoptosome leading to CED-3 activation,
which causes cell demise.11 Cytochrome c does not seem
to be necessary for caspase activation; indeed, CED-4 does
not possess the WD-40 domain, which is a characteristic
mammalian Apaf1 domain necessary for cytochrome c
binding. Moreover, although CED-9 binds to the mitochondria,
as Bcl-2 does, Bcl-2 acts by inhibiting MOMP, whereas
in worms, MOMP is not involved in apoptosis. Nevertheless,
recent studies12 suggest that mitochondria might be involved
in C. elegans apoptosis, as they undergo fragmentation
during cell death, and mitochondrial fission might be impor-
tant for apoptosis regulation. However, mitochondrial remo-
deling in C. elegans was not found to be associated with
MOMP and cytochrome c release.

In Drosophila, Dark (also named Hac-1 or Dapaf1)
promotes the activation of the initiator caspase Dronc
(caspase-9); this activation is possibly regulated by the
multidomain Bcl-2 family members, Debcl and Buffy. Although
Dark possesses WD repeats, it seems that cytochrome
c is not necessary for Drosophila apoptosome formation.13

Once activated, Dronc cleaves and activates executioner
caspases Drice and Dcp-1. DIAP1, which is homologous to
mammalian IAP proteins, has a key role in regulating
Drosophila apoptosis. DIAP1 binds processed Dronc and
inhibits Dronc–Dark interaction. DIAP1 can also bind Dronc
and lead to its degradation. Apoptosis is induced by
upregulation of DIAP1 antagonists (Grim, HID and Reaper).
Grim, HID and Reaper allow Dronc activation by causing
DIAP1 autoubiquitination and degradation.14 Similar to the
scenario outlined above in mammalian cells, effector cas-
pases represent the ‘point-of-no-return’ in the apoptotic
process, and caspase-3 has a central role in the execution
of cell death.

However, recent studies have also pointed out the
importance of the nonapoptotic function of caspase-3.
Spermatid individualization is an example of caspase-3
activation unrelated to cell death.15 During sperm differen-
tiation in Drosophila, spermatids of each cyst are connec-
ted by cytoplasmic bridges, and the removal of these
cytoplasmic connections is necessary to form the indivi-
dual sperm, a process known as individualization. The authors
found that, during this process, caspase-3 is detected in
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the individualization complex (IC), a cytoskeletal membrane
complex that moves along the length of the cyst to the sperm
tail. Interestingly, Dark-dependent activation of Dronc is
detected in the IC, and Dark and Dronc mutants fail to
complete individualization.16

Recent developments, both in caspase research and in
neurophysiology, indicate that caspase-3 is important not only
in apoptosis but also in physiological processes that do not
cause cell death (Figure 4). In this study, we review the
apoptotic role and recent findings on the nonapoptotic

functions of neuronal caspase-3, both in physiological and
pathological conditions.

Caspase-3 in Neurodevelopment and Differentiation

Cell death in the developing nervous system is a phenomenon
that has been recognized for almost a 100 years. It is
estimated that half of the original cell population produced
during nervous system development is eliminated by apopto-
sis to optimize synaptic connections and remove unnecessary
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neurons. In the developing nervous system, apoptosis is
observed early in neural tube formation and persists during
terminal differentiation of the neural network involving neuron,
glial and neural progenitor cells.17,18 With a few notable
exceptions,19,20 it seems that neurons predominantly use the
intrinsic pathway of apoptosis to undergo cell death and that
the central role of caspase-3 in neurodevelopment is high-
lighted by abnormal brain development in knockout mice with
an altered caspase-3 activation.

Caspase-3-deficient mice (CPP32�/�) were generated by
Kuida et al.21 Caspase-3 deficiency causes important defects
of apoptosis in the nervous system and the majority of
CPP32�/� mice die during embryonic development or
between 1 and 3 weeks of age. Development of the nervous
system is strongly affected in CPP32�/� mice that show, at
postnatal day 16 (P16), prominent protrusions of brain tissue
associated with skull defects, multiple indentations of the
cortex, protrusions of the neuroepithelium in the retina,
accumulation of supernumerary cells in the cerebellum and
ectopic cell masses sited between the cerebral cortex, the
hippocampus and the striatum. At embryonic day 11.5
(E11.5), CPP32�/� embryos show evident brain aberrations
caused by cell number increase, and the lateral, third and
fourth ventricles appear abnormally narrowed. A general
reduction of pyknotic cells in mutant embryos indicates that
the CPP32�/� phenotype is principally caused by apoptosis
decrease. At E16.5, the reduced apoptosis in CPP32�/�

embryo brain is reflected in thicker and disorganized germinal
zones, and in ventricles obstruction (Figure 5).

The phenotype of CPP32�/� mice indicates that caspase-
3-dependent apoptosis has an important role in the develop-
ment of the nervous system. Nevertheless, the
neurodevelopmental abnormalities in caspase-3-deficient
mice are strain dependent, indicating that genetic
factors can change the effect of caspase-3 on brain
development.22

As described above, caspase-3 is present in the cell as an
inactive proenzyme, which is cleaved and activated by
caspase-9. Caspase-9-deficient mice (Casp9�/�) have been
generated autonomously by two groups.23,24 Caspase-9 loss
results in perinatal lethality and in a dramatic malformation of
the brain. Neural tube closure defect is evident in the hindbrain
region of E10.5 Casp9�/� embryos and, at a histological level,
mutants show a prominent hyperplasia of the forebrain and
midbrain progenitor population with ventricular stenosis. At
E13.5, the hindbrain neural tube remains open and the
Casp9�/� brain shows an expansion of the proliferative
population and the obstruction of both the lateral and third
ventricle (Figure 5). By E16.5, the Casp9�/� brain shows
strong alterations, with an important expansion and protrusion
(exencephaly) of cranial tissue. Casp9�/� embryos show a
reduction in apoptosis during early brain development, the
observed brain malformation being due to this cell death
failure. It is noteworthy that Casp9�/� embryos fail to activate
caspase-3 and show a similar neuronal phenotype to that of
caspase-3-deficient mice, with important brain malformations
caused by an apoptosis decrease in proliferative neuro-
epithelium.

Caspase-9, the upstream activator of caspase-3, is
activated as a consequence of cytochrome c release from
mitochondria and apoptosome formation. Apaf1 is the core
molecule of the apoptosome, and Apaf1-deficient mice
(Apaf1�/�) have been generated.25 Apaf1 deficiency is lethal
around stage E16.5, and Apaf1�/� embryos show an
abnormal development beginning at E12.5. The brain of
Apaf1�/� embryos, at E12.5, presents evident morphological
alterations, such as overgrowth of the diencephalon and
midbrain, abnormal folding and reduced size of telencephalic
vesicles because of excessive cells occluding the intaven-
tricular space (Figure 5). At E16.5, Apaf1�/� embryos have a
strong craniofacial alteration, with evident exencephaly,
midline facial cleft and skull defects. Apaf1�/� embryos,
similar to Casp9�/� embryos, fail to activate caspase-3 and
show a similar neuronal phenotype. These observations
indicate a linear activation cascade from the apoptosome
(containing Apaf1 and caspase-9) to caspase-3 in developing
brain and highlight the importance of caspase-3 in normal
neurodevelopment.

The apoptotic cascade, which leads to caspase-3 activation
by apoptosome formation, starts with cytochrome c release
from the mitochondria to the cytosol, where it interacts with
Apaf1. The role of cytochrome c-mediated apoptosis during
neurodevelopment has been analyzed by Hao et al.26 who
generated a cytochrome c knock-in mouse in which the
proapoptotic function of cytochrome c is disrupted, although
its electron transport function is intact. In this mouse model,
the normal allele is replaced by a cytochrome c carrying the
mutation of lysine 72 to alanine (KA allele), having a reduced
ability to interact with Apaf1. In fact, Lys72 is essential for the
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stability of the interaction between cytochrome c and Apaf1,
and the K72A mutation abolishes apoptosome formation. The
KA homozygous mutation causes perinatal lethality and an
abnormal brain development. At E14.5, the brain of KA/KA
embryos shows ectopic masses with exencephalic defects,
such as expansions of the cortex and midbrain, which cause
cranial enlargement. The overgrowth of cortical neural tissue
with obliteration of the ventricular space is evident in
histological sections (Figure 5). The exencephalic phenotype
of KA/KA mice is strictly similar to that of Apaf1�/� and
Casp9�/� mice, confirming the fundamental role of apoptotic
mitochondrial pathway and caspase-3 activation during brain
development.

Although the above-mentioned deficient mice show a
defective neuronal apoptosis and a dramatic brain phenotype,
Apaf1-deficient mice show more profound malformations than
those observed in other mutants. This observation suggests
that Apaf1 may be involved in apoptotic pathways other than
those involving caspase-3 or caspase-9 activation. Mutation
of Apaf1, but not of caspase-3 or caspase-9, results in a delay
in the removal of embryonic interdigital webs and also in
abnormal eye development. Furthermore, as in the case of

caspase-9 deficiency, Apaf1�/�cells are resistant to a wide
variety of apoptotic stimuli, but not to death receptor-mediated
killing. Cytochrome c knock-in embryonic cells are more
resistant to apoptosis induced by UV irradiation, serum
starvation or staurosporin.

Last but not the least, it should be mentioned that Apaf1
also has an apoptosis-unrelated function.27 Therefore, dele-
tion of the Apaf1 gene may lead to a phenotype different from
that involving only caspase activation.

Finally, the observation that caspase-3, caspase-9 and
Apaf1-deficient mice exhibit a variably severe brain pheno-
type, which is also likely to be strain dependent, suggests that
caspase-independent death pathways may also influence
nervous system development and may provide an alternative
mechanism for regulating neuronal death.28,29

Caspase-3 activation is normally considered as one of the
last steps in cell death. Although caspase-3 is a key protein in
apoptosis execution, evidence also indicates a possible
nonapoptotic role for this enzyme.

In the context of a nonapoptotic role of caspase-3,
Fernando et al.30 suggest that it is involved in neural stem
cell differentiation and not only in cell death. In particular,
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using an in vitro system (primary derived neuronal stem cells),
they showed that caspase-3 activity in neuronal progenitors
facilitates neurogenesis. They generated clonally derived
neurospheres from the striatum of E14.5 murine embryos and
observed a significant increase in caspase-3 activity during
neurosphere differentiation. Interestingly, despite caspase-3
activity increase, no cleavage of PARP (a caspase-3 nuclear
substrate cleaved during apoptosis) was observed and the
caspase-3 inhibition with z-DEVD-fmk did not affect apoptosis
during neurosphere differentiation, suggesting that caspase-3
activity during neurogenesis is not associated with cell death.
Moreover, they showed that caspase-3 activity inhibition
alters the expression of proteins associated with neurosphere
differentiation and delays differentiation: (1) The nestin
expression (normally expressed at a high level in early
neuronal progenitors but not on differentiation) persisted
under differentiation conditions in caspase-3-inhibited neuro-
spheres; (2) GFAP and MBP expressions (which normally
increase during early formation of astrocytes and oligoden-
drocytes, respectively) were reduced in z-DEVD-fmk-treated
neurospheres compared with those in nontreated neuro-
spheres during differentiation; (3) b-III tubulin (which normally

accumulates during differentiation conditions) did not
increase when caspase-3 activity was inhibited. Fernando
et al. also showed that caspase-3 inhibition influences
the morphology of neurospheres. The induction of differen-
tiation is normally followed by an extension of neurite with
wide networks extending from neurosphere bodies, which
mimes the dendritic and axonal branching that occurs
in vivo. Caspase-3 inhibition dramatically reduced neurite
extension, suggesting that it is involved in morphological
changes that occur during neurogenesis. Finally, the authors
hypothesize that caspase-3 could promote neuronal differ-
entiation through the activation of one or more signaling
pathways by cleavage of protein kinases involved in cell
differentiation.

Physiological neuronal function requires the refinement
of neuronal circuits by a selective elimination of axons,
dendrites and synaptic connections without the death of
parental neurons. This elimination, both during develop-
ment and in adult tissue, can be divided into two classes:
small-scale events (elimination of synaptic connections and
the local pruning of an axonal or dendritic arbor) and large-
scale events (elimination of a significant length of the primary
axon and of major axon collaterals).31 Axonal and dendritic
pruning is particularly evident in insects that undergo
complete metamorphosis and build two different bodies: a
larval and an adult form. During this metamorphosis, the
nervous system undergoes important changes, including
extensive pruning of many larval neurons that have to remodel
themselves to become components of the adult nervous
system.32

In this context, Williams et al.33 studied dendrite pruning in
the dendritic arborizing sensory neuron ddaC of Drosophila.
They observed that Dronc (the initiator caspase of fly)
deficiency suppresses the pruning of ddaC dendrites and
many branches persist after puparium formation; the same
suppression of ddaC pruning was observed with the over-
expression of a dominant-negative form of Dronc, indicating
that Dronc is required for ddaC pruning. They also observed
that the overexpression of either DIAP1 (the fly Dronc
inhibitor) or p35 (an inhibitor of effector caspases from
baculovirus without effect on Dronc) represses branch
removal, indicating that effector caspases are also required
in pruning. The involvement of caspases in dendritic pruning
suggests that their activity is restricted to specific cellular
compartments and does not cause cell death. The authors in
effect proved that caspase activity is confined to the dendritic
compartments of neurons during pruning and is absent in the
soma or axon.

Recently, the paper from Marc Tessier-Lavigne and
colleagues34 has provided compelling evidence that Death
Receptor-6 (DR6) mediates axonal pruning and degeneration
induced by trophic factor withdrawal in developing neurons.
The identification of DR6 as the receptor for secreted amyloid
precursor protein (APP) and the link of APP to axonal
degeneration through the DR6/caspase-6 pathway are both
extremely exciting findings. Even though the involvement of
caspase-6 in neurite degeneration needs to be further
established both in developing neurons and in adult brain, it
may provide an alternative mechanism for regulating axon
pruning independently of dendritic compartments.
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Caspase-3 and Neuroplasticity

The opinion that caspase-3 is more than just a ‘killer’ involved
in neuronal programmed cell death is supported by recent
experiments carried out in snail, bird and rat, implicating
caspase-3 in the regulation of synaptic plasticity. The idea of a
nonapoptotic role of caspase-3 in synaptic plasticity has been
formulated on the basis of two considerations: (1) many
proteins that have a fundamental role in neuronal plasticity are
caspase-3 substrates;35 (2) in vivo and in vitro findings

indicate the involvement of caspase-3 in the molecular
mechanisms of learning and memory.36

The in vivo experiments that we report below use z-DEVD-
fmk to inhibit caspase-3. It should be borne in mind that,
although z-DEVD-fmk is the best inhibitor known for caspase-
3, it also inhibits other proteases (other caspases and
noncaspases) when applied in high concentrations.

At present, none of the studies have tested the involvement
of caspase-3 in neuroplasticity in the mammalian system

using alternative approaches (such as gene knockout or
gene silencing). The reason for this could be the fact that
(i) caspase-3 is a pivotal protein in neurodevelopment
(knockout mice are not viable in a number of genetic
backgrounds or, when viable, show behavioral abnormalities
because of developmental defects), (ii) caspase-3 knockdown
(by gene silencing) reduces caspase-3 expression, although
its activity could be unchanged, (iii) to date, a conditional
knockout mammal model is not available.

‘Evidence for Synaptic Apoptosis’37 is the first study to show
that apoptosis-related biochemical alterations can occur
locally in synapses and dendrites of cultured neurons
independently of the cell body. Mattson et al.37 showed the

ability of glutamate to induce caspase-3 activation in dendrites
of cultured hippocampal neurons, suggesting a role of local
caspase-3 activity in synaptic and dendritic degenerative
processes.

Recently, Bravarenko et al.,38 using a fluorimetric app-
roach, showed that caspase-3 activity (DEVDase) is present
in the central nervous system of the terrestrial snail, Helix
(Helix lucorum). Interestingly, in electrophysiological experi-
ments, the authors showed that blockade of caspase-3
activity, by using a z-DEVD-fmk cell-permeable inhibitor,
prevented the development of the long-term stage of synaptic
input sensitization, indicating that caspase-3 is essential for

long-term plasticity in invertebrate neurons.
Mattson et al.37 observed dendritic localization of activated

caspase-3 in cultured hippocampal neurons. However,
Huesmann and Clayton39 have shown for the first time that
activated caspase-3 is present, in vivo, in the postsynaptic
terminal of neurons in the auditory forebrain of zebra finch (the
most common and familiar small passerine bird of central
Australia). In addition, they observed that caspase-3 activity is
necessary for the development of long-term habituation to a
song, as shown using caspase-3 inhibitor.

The effects of caspase-3 inhibition on different types of
learning and memory were also studied in adult rats after
administration of z-DEVD-fmk into cerebral ventricles.
Stephanichev et al.40 showed that intracerebroventricular
administration of z-DEVD-fmk decreased the number of
avoidance reactions in some blocks of behavioral trials in

active avoidance learning. Application of caspase-3 inhibitor
z-DEVD-CHO to the cerebellar vermis stimulated the extinc-
tion of an acoustic startle reaction. These results provide
strong evidence for the involvement of neuronal caspase-3 in
the mechanisms of learning and memory.

At the electrophysiological level, Gulyaeva et al.41 showed
that caspase-3 activity is required for long-term potentia-
tion (LTP) in the CA1 region of rat hippocampus. The authors
did not identify the precise molecular mechanism of cas-
pase-3 involvement in LTP, although they do support the
concept of the role of caspase-3 in synaptic plasticity. This
result is not surprising if we consider the caspase-3 potential
degradative targets in the synapse, including structural and
signaling proteins.35

If caspase-3 activity contributes to synaptic plasticity, then
a mechanism must also exist for limiting its proteolytic effect
at the synapse level avoiding the dismantling of the rest of
the neuron. It has been proposed that synaptic caspase
activity is suppressed by neurotrophic factors, cytokines and/
or caspase inhibitors that are present in the neuronal
cytoplasm.

Guo and Mattson42 reported that a nine-amino acid active
fragment of activity-dependent neurotrophic factor (ADNF-9)
can act locally in synaptic compartments to suppress
oxidative stress and preserve the function of glucose and
glutamate transporters. Such synaptoprotective actions sug-
gest roles for activity-dependent trophic signaling in preven-
ting injury-induced synaptic pruning.

Interestingly, Huesman and Clayton39 found that, in zebra
finch, BIRC4 (XIAP) coprecipitates with activated caspase-3.
They interpret this result by suggesting that a pool of caspase-
3 is maintained in the activated state at the synapse level, and
released and quickly resequestered in a complex with the
BIRC4 inhibitor. In other words, the dynamic interaction
between activated caspase-3 and XIAP (which inhibits
caspase-3 by binding at its active site) at the synaptic terminal
makes it possible to regulate caspase-3 activity by a
mechanism for rapid release and sequestering at specific
synaptic sites, thereby avoiding the proliferation of the
caspase cascade to the rest of the neuron.

Recently, Arama et al.43 showed that a cullin-3-based
enzyme complex (cullins are known to target proteins for
degradation) is required for caspase activation during sperm
differentiation in Drosophila. Their results suggest that a
specific cullin-3 enzyme complex activates caspases by
degrading caspase inhibitors. Such degradation may provide
an alternative model for how apoptotic proteins are regulated
during cellular remodeling without inducing cell death.
Importantly, components of this cullin-3 enzyme complex
are also required for fertility in mice and humans, indicating
that this mechanism has been conserved in evolution from
fruit flies to humans. Given the conserved nature of these
proteins, we cannot exclude that they may have important
implications for caspase regulation in other systems.

Caspase-3 in Neurological Disease

Acute and chronic neurodegenerative diseases, which
include stroke, brain trauma, spinal cord injury, amyotro-
phic lateral sclerosis (ALS), Huntington’s disease (HD),
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Alzheimer’s disease (AD) and Parkinson’s disease (PD), are
illnesses characterized by extensive neuronal cell death.
Nevertheless, increasing clinical and morphological evidence
supports the concept that synapse loss, which occurs in both
acute and chronic neurodegenerative diseases, might take
place before, or independently of, cell death.

In this study, we summarize our current understanding of
caspase-3 function in acute neurological diseases and
examine the accumulating evidence of caspase-3 involve-
ment in several neurodegenerative diseases.

Acute neurological disease. Brain ischemia is most
commonly the result of the occlusion of one of the carotids
or the vertebral arteries or their branches, the resulting lack
of oxygen and nutrients in ischemic areas causing neuron
death. Historically, cell death after ischemic injury was
considered to be a necrotic type of death characterized by
rapid evolution, the sudden failure of cellular energy, and
swelling and rupture of organelles.44 However, substantial
cell death caused by ischemia occurs over several days after
injury,45 exhibiting several features of apoptosis, including
chromatin condensation, DNA fragmentation, TdT-mediated
dUTP nick-end labeling (TUNEL) and activation of caspases.
Therefore, there is a pattern of combined necrotic and
apoptotic cell death after brain ischemia and traumatic injury.
Necrotic cell death occurs in the core of the infarction (where
hypoxia is most severe); conversely, apoptotic cell death
takes place in the ischemic penumbra (where the degree of
energy/oxygen deprivation is not drastic).

Three experimental models of ischemic injury have been
described: (1) the middle cerebral artery occlusion (MCAo)
model of ischemia in adult rats46,47 and mice;47,48 (2) the
carotid artery occlusion model of ischemia in adult rats49 and
gerbils50; and (3) the model of hypoxic–ischemic brain injury in
neonatal rats.51 Caspase-3 was activated in all three models
of ischemic injury.

Neurodegenerative disease. Together with acute neuronal
trauma and ischemia, chronic neurodegenerative diseases
are also characterized by the loss of selective neuronal
populations, which often results in loss of cognitive and motor
functions. Cell death in chronic neurodegenerative disorders
often occurs as a result of a mutation in one or several
genes, although epigenetic and environmental factors have
also been involved in chronic neurodegeneration.

Neuronal death in many neurodegenerative diseases such
as AD, HD, PD and ALS occurs, at least in part, by apoptosis,
although this remains controversial; the main reason for this
controversy is that the commonly used technique for detecting
apoptosis in postmortem tissues is sometimes subject to
artifacts.

Many studies have investigated the role of caspases and, in
particular, of caspase-3 in neurodegenerative disease.
Several proteins that are linked to neurodegenerative
diseases (such as huntingtin, APP and presenilins) are also
cleaved by caspase-3. On the basis of such evidence, a
challenging hypothesis might be that the caspase-3-mediated
cleavage of these proteins may promote the onset of
neurodegenerative disease and terminally execute the

terminal step of apoptosis. Below, evidence for the involve-
ment of caspase-3 in AD, PD, HD and ALS is summarized.

Alzheimer’s disease. AD is the most common cause of
dementia.52 The neuropathological findings of amyloid-beta
(Ab) plaques and tau-containing neurofibrillary tangles
represent important molecular clues to the underlying
pathogenesis. Genetic factors are well recognized; three
rare forms of autosomal-dominant early-onset familial AD
have been identified and are associated with mutations in
APP, presenilin 1 and presenilin 2 genes.53

Several studies have shown that neuronal loss in the
cerebral cortex and hippocampus is the major cause for
cognitive decline in AD, although support for apoptosis as a
mechanism for neuronal death in AD has been tempered in
recent years. Evidence for apoptosis in AD came from cell
culture experiments, including exposure of neuronal cells to
high concentrations of Ab. Using TUNEL assay, evidence of
DNA fragmentation in tissue sections of the brain from AD
patients has been shown by several groups.54,55 In some
cases, as described in the above-cited studies, TUNEL-
positive cells exhibited an apoptotic-like morphology, such as
granulated and marginated chromatin, shrunken and irregular
cell shapes and the presence of apoptotic bodies. Never-
theless, in other cases, the majority of TUNEL-positive cells
showed few or none of the classical morphological features of
apoptosis.56

Recent reports indicate that presenilins (presenelin 1 and 2
are linked to early-onset familial AD) are cleaved by caspase-3
in cells undergoing apoptosis. Caspase-3 also cleaves
purified presenilins in vitro.57,58 The significance of presenilin
cleavage by caspase in AD is not known. One model
proposed is that caspase-mediated cleavage of presenilins
may promote the pathological generation of Ab. However, an
alteration of the caspase cleavage site in presenilins did not
affect the ability of these genes to promote Ab production.59

Tanzi and colleagues showed60 that GGA3, an adaptor
protein involved in beta-site APP-cleaving enzyme (BACE)
trafficking, regulates BACE levels and b-secretase activity. In
addition, the authors showed that GGA3 is a substrate of
caspase-3 and the levels of GGA3 are decreased and
inversely correlated with increased levels of BACE in AD.
Therefore, this study suggests a novel mechanism in which
caspase-3, by cleaving of GGA3, impairs the degradation and
stabilization of BACE and this would then lead to increased
production of the Ab peptide, thereby contributing to AD
pathogenesis.

Recent studies have proposed that TAR DNA-binding
protein-43, TDP-43 (identified as a major disease protein in
frontotemporal lobar degeneration with ubiquitin-positive
inclusions, FTLD-U), may also be a substrate for caspase-3
cleavage, generating an approximate 25 kDa fragment that
has been identified in brain fractions from FTDL-U and ALS
patients.61 TDP-43 is a nuclear protein that is highly
conserved and ubiquitously expressed in all tissues, the
function of which may be exon skipping and splicing inhibi-
tory activity.62 Interestingly, postmortem brain section analy-
sis indicated the presence of caspase-cleaved TDP-43 in
Hirano bodies, as well as in tangles, reactive astrocytes
and neuritic plaques of the AD brain.63 This result suggests
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that caspase-cleaved TDP-43 is a major finding in AD;
however, more studies are needed to determine whether
caspase-3 cleavage of TDP-43 is an early or late event, and
how it may contribute to the neurodegeneration associated
with this disease.

An important role for caspase-3 in synapse degeneration is
suggested by Louneva et al.64 The authors found, in both
control and AD cases, a selective enrichment of caspase-3 at
synapses, particularly in the postsynaptic compartment.
Moreover, AD patients exhibited significant increases in
synaptic procaspase-3 and active caspase-3 expression
levels compared with age-matched controls. These findings
encourage to study the molecular mechanisms by which
active caspase-3 might lead to progressive synaptic degen-
eration and ultimately to synaptic loss, the best pathological
correlate of cognitive decline in AD.65

Parkinson’s disease. PD is a progressive movement
disorder, described in 1817 by Dr James Parkinson, a
British physician after whom the disease is named. PD is
characterized by four major clinical features: (a) rest tremor
of a limb; (b) slowness of movement; (c) rigidity of the limbs
or trunk; and (d) poor balance.66 Degeneration of
dopaminergic neurons in the substantia nigra underlies the
motor dysfunction in PD. Some studies on postmortem brain
tissue of PD patients have reported the presence of apoptotic
cells and DNA fragmentation in the substantia nigra.67,68

However, the significance of purely morphological human
postmortem features suggestive of apoptosis has remained
controversial, and the results of investigations into molecular
apoptotic markers in PD brains are awaited to confirm the
morphological studies.69 Recently, Hartmann et al. showed
that caspase-3 is a critical factor for cell death in the sub-
stantia nigra of PD patients.70 Using caspase-3 immuno-
histochemistry on postmortem human brain, the authors
observed (a) a positive correlation between the degree of
neuronal loss in affected dopaminergic neurons in the
mesencephalon of PD patients and the percentage of
caspase-3-positive neurons in the same neurons in control
subjects; and (b) a significant decrease in caspase-3-positive
pigmented neurons in the substantia nigra pars compacta of
PD patients compared with controls. In other words, neurons
expressing caspase-3 are more sensitive to the pathological
process, indicating that caspase-3 is a vulnerability factor
and final effector in the apoptotic death of dopaminergic
neurons in PD. Interestingly, Parkin protein has recently
been identified as a substrate of caspase-3.71 This result
supports the hypothesis that Parkin cleavage may contribute
to a vicious cycle in neurons in which caspase activation,
initiated by, for example, hitherto unknown causes in
sporadic PD, compromises Parkin function, hence lowering
the cellular stress threshold and leading to further caspase
activation.

Huntington’s disease. HD, also known as Huntington’s
chorea or chorea major, is a neurodegenerative genetic
disorder that is the most common genetic cause of repetitive
abnormal movements called chorea. HD is caused by
expansions of CAG repeats in the huntingtin gene resulting
in polyglutamine repeats in the huntingtin protein.72 Several

observations pinpoint to apoptotic neuronal death in the
striatum in the course of HD. Dragunow et al.73 showed DNA
strand breaks in striatal neurons. Moreover, huntingtin has
been shown to be a substrate for caspase-3, the rate of
cleavage increasing with the length of the huntingtin
polyglutamine tract and thus providing an explanation for
the gain-of-function associated with CAG expansion.
Cleaved huntingtin would in turn cause additional stress on
the cell, resulting in additional caspase cleavage and
eventual apoptosis. The results obtained from a recently
described model of polyglutamine-induced, late-onset cell
degeneration in Drosophila support this hypothesis. Indeed,
Warrick et al.74 showed that coexpression of p35, a caspase
inhibitor, restores partial pigmentation to the eyes in which
expression of polyglutamines induces loss of pigmentation
and progressive degeneration of the eye.

Recently, Toulmond et al.75 showed that an inhibition
of caspase-3 activity by the reversible caspase-3 inhibitor
(M-826) results in a significant reduction in neuronal death
after striatal lesions in adult rats.

Amyotrophic Lateral Sclerosis. ALS, the most common
motor neuron disease in human adults is ALS, also known
as Lou Gehrig’s Disease. ALS is characterized by the
progressive and specific loss of motor neurons in the brain,
brain stem and spinal cord.76 Familial ALS-linked mutations
in the copper–zinc superoxide dismutase (SOD1) gene
cause motor neuron death in about 3% of ALS cases.
Although the main toxic properties of familial ALS-linked
mutations in SOD1 remain unclear, the terminal step in the
death cascade has been established as an activation of
caspase-3. Activation of caspase-3 is a central feature in cell
death mediated by mutant SOD1, appearing in motor
neurons77,78 and astrocytes at the time of the earliest
motor neuron death in all three of the best-studied mouse
models of ALS. In the mouse model SOD1G93A, the release
of cytochrome c from the mitochondria is followed by acti-
vation of caspase-9 and activation of caspase-3.79 Moreover,
mice bearing a transgenic Bcl-2 gene survive longer than
other ALS mice.80 Finally, the finding of caspase-3 (and
caspase-1) activation in the spinal cord of patients with ALS
indicates the clinical relevance of ALS mouse models.79,81

Conclusions

Neuronal caspase-3 transduces irreversible or lifelong signa-
ling through substrate cleavage. A strong activation of
caspase-3 determines the cell fate; however, local activation,
substrate specificities and its activation level all seem to be
involved in many regulatory mechanisms, ranging from
physiological neuron death during neurodevelopment to
neuron death in neurological diseases, from synapse pruning
during differentiation to synapse degeneration, and from
synaptic plasticity in normal brain functioning to synaptic
pathology observed in neurodegenerative disease. It is
expected that, in coming years, additional caspase-3 inhibi-
tors will become a part of the drugs that clinicians administer
everyday to patients suffering from neurological diseases
involving caspase-mediated neuronal dysfunction and neuro-
nal death.
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