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In Alzheimer’s disease (AD) the underlying molecular
mechanisms that trigger neurodegeneration and result in
the accumulation of plaques and tangles have been a
major focus of many laboratories studying the disease.
However, many of the pathological markers used to con-
firm the postmortem diagnosis of AD may not provide
direct information regarding the underlying molecular
mechanism(s) involved in the pathogenesis of the dis-
ease. For example, the �-amyloid (A�) peptide, the main
component of senile plaques, is cleaved from the amyloid
precursor protein (APP) by the �- and �-secretases,
which appear to be constitutively expressed in normal
tissues throughout the body. Thus, while secretases do
not appear to be overexpressed in AD, these proteases
are critical for the production of A�. Furthermore, the
�-secretase complex has several other substrates that
are involved in important cellular signaling pathways. In
addition, other proteases including cathepsins, calpains,
proteosomes, and caspases have also been proposed
as candidates that may contribute to AD degeneration. In
particular, the cleavage of cytoskeletal components,
which clearly alters cell morphology may either activate
death signals or disrupt survival signals necessary to
suppress cell death.1,2 The primary focus of this com-
mentary is to discuss the possible role of caspases in AD
neurodegeneration.

Caspases are cysteine aspartate proteases that are
critically involved in apoptosis. These enzymes can be
broadly divided into initiator and executioner caspases,
with the former functioning to initiate apoptosis by acti-
vating executioner caspases and the latter acting on
downstream effector substrates that result in the progres-
sion of apoptosis and the appearance of hallmark mor-
phological changes such as cell shrinkage, nuclear frag-
mentation, and membrane blebbing.3 The detection of
active caspases and the accumulation of cleaved sub-
strates, such as fodrin, actin, and APP in postmortem AD
brain tissue supports the hypothesis that apoptotic-like
mechanisms may contribute to neuronal loss in AD.4–7 A

series of recent studies now support the hypothesis that
caspase-mediated cleavage of critical proteins contrib-
utes to neuronal degeneration in AD, including and the
manuscript by Guo et al8 describing active caspase-6
and caspase-6-cleaved tau in this issue of The American
Journal of Pathology.

The First Hints That Apoptosis May Be
Involved in AD Neurodegeneration

Based on the observation that neurites surrounding A�-
deposits show degenerative changes in the postmortem
AD brain, various investigators pursued the hypothesis
that A� is not metabolically inert as was initially believed,
but rather possesses biological activity. The initial reports
suggested that A� may stimulate transient growth of neu-
ronal processes, but when self-assembled into small ag-
gregates and/or �-sheet structures, it acquires the ability
to activate degenerative mechanisms.9–12 Subsequently,
fibrillar A� was shown to serve as an inducer of neuronal
apoptosis.13,14 In addition to A�, many other stimuli, such
as oxidative stress, neurotrophic factor deprivation, low
energy metabolism, and mitochondrial dysfunction,
which can induce apoptosis in cultured neurons are also
prominent in the AD brain.

The Search for Evidence of Apoptosis in the
AD Brain

Because caspases are activated during apoptosis, data
showing caspase activity is commonly used as proof of
apoptosis. Direct measurement of caspase activity in
tissue samples, particularly in postmortem brain tissue,
can be difficult to document because typically only small
subsets of cells within particular brain regions are actu-
ally undergoing apoptosis at any given time. In addition,
analysis of protease activity in tissue lysates does not
provide information on which cell types are undergoing
apoptosis. Indirect evidence of protease activity can be
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inferred by the detection of proteolytic fragments gener-
ated by a specific protease. This can be particularly
powerful if the protease substrate is a major cellular
protein and produces a stable cleavage fragment that
accumulates within the cell. Initially, Western blotting was
used to detect the signature fragment. However, the de-
velopment of neoepitope antibodies with specificity for
the cleavage site, but not the intact protein, have been
extremely valuable in dissecting out proteolytic events in
cultured cells and tissues. One excellent example of a
protein that meets the criteria established above is brain
fodrin, which is a sensitive target of calpain and
caspases, and represents a critical component in the
linkage of the cytoskeleton to the plasma membrane. Not
only is there an increase in brain fodrin immunoreactivity
and abnormal deposits of fodrin in sprouting neurons in
AD,15,16 but also the increased immunoreactivity has
been correlated with accumulation of a stable breakdown
product of fodrin. Moreover, an increase in fodrin prote-
olysis in fibroblasts from aged and AD donors has also
been reported,17 indicating that there is widespread al-
teration in the proteolytic processing of this protein in
aging cells. The calpain cleavage site in the �-subunit of
fodrin was identified by several laboratories where cal-
pain cleavage site-directed antibodies were devel-
oped.18,19 However, there is also very good evidence
showing that fodrin is a substrate for caspases.20–22

During the initiation phase of apoptosis, fodrin is one of
the first substrates to be cleaved by caspases, and the
caspase cleavage of the �-subunit of fodrin strongly cor-
relates with the exposure of phosphatidylserine on the
cell surface.21,23 These distinct protease activities result
in at least two unique, clearly defined, and stable cleav-
age products. Interestingly, fodrin cleavage products
generated by calpain and caspase protease activity have
similar molecular weights. However, because the cleav-
age sites for the proteases are different, the cleavage
products produced are antigenically distinct. They there-
fore represent desirable targets for cleavage site-di-
rected antibodies. Unfortunately, the relative contribution
of calpain and caspases to fodrin cleavage products that
accumulate in AD brain remains to be determined. In
vitro, several different caspases can produce the 150-kd
cleavage products, but to date, only caspase-3 has been
shown to produce both the 150- and the 120-kd frag-
ments.24 This point is particularly relevant to Guo et al
(discussed below) which claims that caspase-6 is the
principle caspase involved in AD pathogenesis. The
identification of the specific caspase cleavage site in
fodrin and development of cleavage site-directed anti-
bodies that recognize death products provided a novel
cytoplasmic marker for caspase activation in neurons
undergoing apoptosis, and also provides a way to dis-
criminate between the contribution of calpain and
caspase to the accumulation of fodrin cleavage products
in AD.

Another neoepitope antibody that has proved useful as
a probe for detecting caspase activity in situ was devel-
oped by Yang et al6 against the C terminus of a 32-kd
caspase-cleaved actin fragment that specifically labels
apoptotic but not necrotic cells. This antibody serves as

an excellent marker of apoptosis-related events in the
axons and dendrites. Fractin-positive immunostaining
was observed in processes and soma of degenerating
neurons and plaque-associated microglia in AD tissue.

Caspase Cleavage of APP and Tau in AD

Further evidence of the involvement of caspases in AD
was reported by Gervais et al7 who demonstrated that the
cytoplasmic tail of APP was cleaved by caspase-3. They
generated a neoepitope antibody to the caspase cleav-
age site in APP and showed that degenerating neurons
and senile plaques were enriched with caspase-cleaved
APP. This study provided evidence that caspase activa-
tion was linked to increased A� production. Collectively,
caspase cleavage site-directed antibodies provide pow-
erful diagnostic tools to better assess the contribution of
apoptosis in neurodegenerative diseases. Furthermore,
these antibodies will also be useful for investigating the
temporal and spatial relationship between caspase
cleavage of specific substrates and other events associ-
ated with apoptosis.

More recently, tau has been implicated as another
substrate for caspases and several caspases have been
linked to cleavage of tau.25,26 Although the role of tau
caspase cleavage in AD pathology remains unresolved,
recent evidence now implicates caspase cleavage of tau
in tangle pathology.27,28 The cleavage of tau has been
shown to significantly alter tau function and A� has been
shown to promote pathological tau filament assembly in
neurons in vitro by triggering caspase cleavage of tau,
which enhances tau filament polymerization kinetics of
the tau fragment.27,28,29

The manuscript by Guo et al entitled “Active
Caspase-6 and Caspase-6-Cleaved Tau in Neuropil
Threads, Neuritic Plaques, and Neurofibrillary Tangles of
Alzheimer’s Disease”8 promotes the hypothesis that
caspases are intimately involved in the neurodegenera-
tion driving AD. LeBlanc and co-workers8 show
caspase-6 activation in AD frontal and temporal cortex.
The presence of activated caspase-6 in pre-tangles sug-
gests that it occurs early and supports previous studies
demonstrating caspase activation in mild cognitively im-
paired (MCI) but not AD subjects. While caspase-6-
cleaved tau was found in neuritic plaques, neuropil
threads, and NFTs, active caspase-6 localized primarily
to neurites. This is consistent with the hypothesis that
apoptotic-like mechanisms can damage synapses, ax-
ons, and dendrites, without causing overt neuronal death.
These results also lend support to the hypothesis that the
activation of apoptosis-like mechanisms may be involved
in AD pathogenesis. Since tau is a component of NFT,
and a target of several caspases, caspase activation
would link neuronal loss to tau pathology. Guo et al
argue8 that caspase-6, but not caspase-3 is integral in
AD pathology, because active caspase-3 is primarily
found in GVDs. However, caspase-3 and other caspases
cannot be excluded since caspase-9, an upstream acti-
vator of caspase-3, is activated in AD. In addition, acti-
vated caspase-3 rapidly degrades itself “in vitro”.30 This
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finding may explain why active caspase-3 is primarily
observed within GVDs where this self-degrading activity
may be neutralized. Dr. LeBlanc8 has been a pioneer in
using cultured fetal human neurons to study apoptosis,
and has demonstrated that there are significant differ-
ences between rodent and human neuronal culture mod-
els regarding the involvement of specific caspases. The
novel finding in this report is that the putative culprit
caspase in AD is caspase-6. A compelling piece of evi-
dence is the finding that active caspase-6 is associated
with degenerating neurons and caspase-cleaved tau. If
this is correct, a new, although similar, therapeutic target
has been identified in AD. If caspase-6 is the primary
caspase activated in the AD brain, then previous reports
of caspase-3-cleaved substrates such as fodrin, actin,
and APP may also be the product of caspase-6 cleavage
due to redundancy in the activities of the various
caspases. This is a likely possibility considering the sim-
ilarities in the caspase recognition sites in protein sub-
strates and the known cross-reactivity of various inhibi-
tors designed to inhibit a specific caspase. The
development of caspase cleavage site-directed antibod-
ies has provided a powerful diagnostic tool to better
assess the contribution of caspases to neurodegenera-
tion. While the present study strongly implicates
caspase-6, additional studies are needed to determine
the relative contribution of the various caspases to neu-
ronal demise in Alzheimer’s disease.
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