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The Generation of a 17 kDa Neurotoxic Fragment:
An Alternative Mechanism by which Tau Mediates
�-Amyloid-Induced Neurodegeneration
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Recently, we have shown that the microtubule-associated protein tau is essential for �-amyloid (A�)-induced neurotoxicity in hippocam-
pal neurons. However, the mechanisms by which tau mediates A�-induced neurite degeneration remain poorly understood. In the
present study, we analyzed whether tau cleavage played a role in these events. Our results showed that pre-aggregated A� induced the
generation of a 17 kDa tau fragment in cultured hippocampal neurons. The generation of this fragment was preceded by the activation of
calpain-1. Conversely, inhibitors of this protease, but not of caspases, completely prevented tau proteolysis leading to the generation of
the 17 kDa fragment and significantly reduced A�-induced neuronal death. Furthermore, the expression of this fragment in cultured
hippocampal neurons induced the formation of numerous varicosity-bearing tortuous processes, as well as the complete degeneration of
some of those neurite processes. These results suggest that A�-induced neurotoxicity may be mediated, at least in part, through the
calpain-mediated generation of a toxic 17 kDa tau fragment. Collectively, these results provide insight into a novel mechanism by which
tau could mediate A�-induced neurotoxicity.
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Introduction
Alzheimer’s disease (AD), the most common cause of dementia
in people 65 years and older, is a neurodegenerative disorder
characterized by the presence of senile plaques and neurofibril-
lary tangles (NFTs) in the affected brain areas. Senile plaques are
extracellular deposits of �-amyloid (A�), a proteolytic fragment
originated in the amyloid precursor protein (Glenner and Wong,
1984; Yankner and Mesulam, 1991; Selkoe, 1994). NFTs, in con-
trast, are intracellular aggregates of hyperphosphorylated tau that
accumulate both in the perikarya and along axonal and dendritic
processes (Kosik et al., 1986; Wood et al., 1986; Kondo et al.,
1988). These lesions are both considered pathological hallmarks
of AD. However, the relationship between them has not been
elucidated completely. Evidence of a direct link between these
lesions has been obtained recently (Rapoport et al., 2002). This
study showed that neurons expressing either mouse or human
tau degenerated in the presence of pre-aggregated A�, whereas
no signs of degeneration were detected in A�-treated tau-
depleted neurons (Rapoport et al., 2002). Although these results
support a key role for tau in A�-induced neurodegeneration, the
mechanism by which this microtubule-associated protein medi-
ates A� neurotoxicity remains poorly understood. A potential

link between senile plaques and NFTs involves the A�-induced
activation of putative tau kinases leading to tau phosphorylation.
Indeed, tau hyperphosphorylation has been attributed to the in-
creased activity of kinases, such as cyclin-dependent kinase 5 and
glycogen synthase kinase-3� or the mitogen-activated protein
kinase, in either young or mature hippocampal neurons treated
with pre-aggregated A�, respectively (Takashima et al., 1993;
Ferreira et al., 1997; Alvarez et al., 1999; Ekinci et al., 1999). More
recently, the potential role for the proteolytic tau cleavage in
A�-induced neuronal degeneration has been investigated. These
studies showed that Glu 391 truncated tau was present in AD
brains but not in age-matched controls (Novak et al., 1993). In
addition, the cleavage of tau at Asp 421 by caspase-3 has been
detected both in neurons treated with pre-aggregated A� and in
AD brains (Chung et al., 2001; Gamblin et al., 2003).

In the present study, we performed a series of experiments to
further elucidate the role of proteolytic tau cleavage in the mech-
anisms underlying A�-induced neurotoxicity. The results de-
scribed here provided evidence suggesting that pre-aggregated
A� induced the generation of a 17 kDa tau fragment through the
activation of calpain-1 in hippocampal neurons. This proteolytic
process was completely blocked by calpain inhibitors [N-acetyl-
Leu-Leu-Nle-CHO (ALLN) and carbobenzoxy-valinyl-
phenylalaninal (MDL 28,170)] but not by caspase inhibitors
(DEVD and VAD). In addition, calpain inhibitors significantly
reduced A�-induced neuronal death. Conversely, the expression
of this tau fragment led to neurite degeneration and cell death in
neurons and in non-neuronal cell types. These results suggest
that A�-induced neurotoxicity may be mediated, at least in part,
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through the activation of proteases, leading to the generation of
the 17 kDa neurotoxic tau fragment in hippocampal neurons.

Materials and Methods
Preparation of hippocampal cultures. Embryonic day 18 rat embryos were
used to prepare hippocampal cultures as described previously (Goslin
and Banker, 1990). Briefly, hippocampi were dissected and freed of me-
ninges. The cells were dissociated by trypsinization (0.25% for 15 min at
37°C), followed by trituration with a fire-polished Pasteur pipette. The
cell suspension was then plated on poly-L-lysine-coated coverslips in
MEM with 10% horse serum. After 4 h, the coverslips were transferred to
dishes containing an astroglial monolayer and maintained in MEM con-
taining N2 supplements (Bottenstein and Sato, 1979) plus ovalbumin
(0.1%) and sodium pyruvate (0.1 mM). For biochemical experiments,
hippocampal neurons were plated at high density (500,000 cells/60 mm
dish) in MEM with 10% horse serum. After 4 h, the medium was replaced
with glia-conditioned MEM containing N2 supplements (Bottenstein
and Sato, 1979) plus ovalbumin (0.1%) and sodium pyruvate (0.1 mM).

A� aggregation and treatment. Synthetic A�(1– 40) (Sigma, St. Louis,
MO) was dissolved in N2 medium at 0.5 mg/ml and incubated for 4 d at
37°C to pre-aggregate the peptide (Ferreira et al., 1997). Pre-aggregated
A� was added to the culture medium at a final concentration of 20 �M.
For dose–response experiments, hippocampal neurons kept in culture
for 21 d were incubated for 24 h with pre-aggregated A� at final concen-
trations ranging from 0.02 to 20 �M. For time course experiments, the
neurons were grown in the presence of 20 �M pre-aggregated A� for 2, 4,
8, and 24 h.

Protein determination, electrophoresis, and immunoblotting. To prepare
heat-stable fractions, cultures were washed twice and scraped in warmed
PBS and immediately boiled for 5 min. After centrifugation, the super-
natant was diluted 1:1 in Laemmli buffer. To prepare whole-cell extracts,
cultures were rinsed twice in warmed PBS, scraped into Laemmli buffer,
and homogenized in a boiling water bath for 10 min. The protein con-
centration was determined by the method of Lowry et al. (1951) as mod-
ified by Bensadoun and Weinstein (1976). SDS-polyacrylamide gels were
run according to Laemmli (1970). Transfer of protein to Immobilon
membrane (Millipore, Bedford, MA) and immunodetection were per-
formed according to Towbin et al. (1979) as modified by Ferreira et al.
(1989). The following antibodies were used: anti-�-tubulin (clone
DM1A; 1:500,000; Sigma), anti-tau [clone tau-5 (LoPresti et al., 1995);
1:1000], anti-dephosphorylated tau (clone tau-1; 1:100,000; Roche Ap-
plied Science, Indianapolis, IN), anti-phosphorylated tau (clone AT8;
1:1000; Biosource International, Foster City, CA), anti-tau truncated at
Asp 421 (clone tau-C3; 1:1000; Chemicon, Temecula, CA), anti-90 kDa
heat shock protein (Hsp90; clone 68; 1:1000; BD Biosciences, San Diego,
CA), anti-caspase-3 (1:1000; Cell Signaling Technology, Beverly, MA),
anti-cleaved caspase-3 (1:1000; Cell Signaling Technology), anti-
calpain-1 (1:5000; Calbiochem, San Diego, CA), and anti-spectrin anti-
body (1:1000; Chemicon). Secondary antibodies conjugated to horserad-
ish peroxidase (1:1000; Promega, Madison, WI) followed by enhanced
chemiluminescence reagents (Amersham Biosciences, Piscataway, NJ)
were used for the detection of proteins. Densitometry was performed by
using a Bio-Rad (Hercules, CA) 700 flatbed scanner and Molecular An-
alyst software (Bio-Rad). Films and membranes were scanned at 600 dots
per inch by using light transmittance, and pixel volume analysis was
performed on the appropriate bands. Densitometric values were normal-
ized using �-tubulin or Hsp90 as internal controls. Scanning of the West-
ern blots demonstrated the curve to be linear in the range used for each
antibody.

Caspase-3 activity assay. Caspase-3 activity was measured using the
Fluorometric Caspase-3 Activity Assay kit (Calbiochem) according to the
manufacturer’s instructions. The fluorescence was measured after cleav-
age of the caspase-3 substrate (DEVD) labeled with a fluorescent mole-
cule, 7-amino-4-trifluoromethyl coumarin (AFC), to AFC by caspase-3.
Briefly, hippocampal neurons cultured for 21 d were treated with 20 �M

pre-aggregated A� for up to 24 h. The neurons were harvested in extrac-
tion buffer and incubated on ice for 20 min. After centrifugation at 500 �
g for 5 min, the supernatant was incubated with the caspase-3 substrate

(DEVD-AFC) for 2 h at 37°C. The fluorescence was assessed using a
fluorescent plate reader with a 400 nm excitation and a 505 nm emission.
The protein concentration was determined by the method of Lowry et al.
(1951) as modified by Bensadoun and Weinstein (1976).

Calpain activity assay. Cleavage of the fluorogenic calpain substrate
(Suc-Leu-Tyr-AMC; Calbiochem) to its fluorescent product [amino-
methylcoumarin (AMC)] was used to measure calpain activity as de-
scribed previously (Boland and Campbell, 2003). Briefly, 21-d-in-culture
hippocampal neurons treated in the presence or absence of the calpain
inhibitor ALLN (50 �M; Santa Cruz Biotechnology, Santa Cruz, CA) or
MDL 28,170 (10 �M; Calbiochem) for 1 h were incubated with pre-
aggregated �� (20 �M) for up to 24 h. These neurons were then harvested
in lysis buffer (25 mM HEPES, 5 mM MgCl2, 5 mM DTT, 5 mM EDTA, 2
mM PMSF, and 10 �g/ml pepstatin, pH 7.4), subjected to three freeze-
thaw cycles, and centrifuged at 10,000 � g for 10 min at 4°C. The super-
natant (90 �l) was incubated with 10 �l of the calpain substrate (500
�M) for 1 h at 30°C. Assay buffer (100 �l; 100 mM HEPES containing
10 mM DTT, pH 7.4) was added, and the fluorescence was assessed
measuring excitation at 380 nm and emission at 480 nm using a
fluorescence plate reader. The protein concentration was determined
by the method of Lowry et al. (1951) as modified by Bensadoun and
Weinstein (1976).

Protease inhibitor treatment. To inhibit caspase activation, hippocam-
pal neurons kept in culture for 21 d were pretreated with 50 �M Ac-
DEVD-CHO (Calbiochem) or 50 �M Ac-VAD-CHO (Calbiochem) for
1 h as described previously (Canu et al., 1998). Hippocampal neurons
were then incubated with 20 �M pre-aggregated A� for 4 or 8 h.

To inhibit calpain activation, hippocampal neurons kept in culture for
21 d were pretreated with 50 �M ALLN (Santa Cruz Biotechnology) or 10
�M MDL 28,170 (Calbiochem) for 1 h as described previously (Canu et
al., 1998; Boland and Campbell, 2003). Hippocampal neurons were then
incubated with pre-aggregated A� (20 �M) for 8 or 24 h.

To assess whether calpain inhibitors could prevent A�-induced neu-
rodegeneration, 21-d-in-culture hippocampal neurons were pretreated
with calpain inhibitor ALLN (50 �M) or MDL 28,170 (10 �M) 1 h before
the incubation with pre-aggregated A� (20 �M) for 8 or 24 h as described
above. The cells were then fixed with 4% paraformaldehyde in PBS con-
taining 0.12 M sucrose for 15 min and rinsed twice in PBS. They were
permeabilized in 0.3% Triton X-100 in PBS for 5 min, rinsed twice in
PBS, preincubated in 10% BSA in PBS for 1 h at room temperature, and
exposed to the neuron-specific tubulin antibody (clone TUJ-1; 1:200)
overnight at 4°C. The next day, the hippocampal neurons were rinsed
twice in PBS, incubated with Alexa Fluor 568 anti-mouse IgG (Molecular
Probes, Eugene, OR) for 1 h at 37°C, rinsed twice in PBS, and mounted
on slide glasses. Apoptotic cell death was assessed using the In Situ Cell
Death Detection kit, Fluorescein (Roche Applied Science) as described
below. Apoptotic cells [terminal deoxynucleotidyl transferase (TdT)-
mediated biotinylated UTP nick end labeling (TUNEL�) cells] were
counted using a fluorescence microscope (Nikon, Melville, NY) and ex-
pressed as a percentage of total cells.

Construction of mutant tau and fragment tau45-230 expression vectors.
The plasmid tau-pRC/CMV, which encodes the longest human tau iso-
form (tau1– 441), was obtained from Dr. A. Caceres (Instituto Ferreyra,
Cordoba, Argentina). This plasmid was used as a template to generate the
mutant tau using the QuikChange Site-Directed Mutagenesis kit (Strat-
agene, Cedar Creek, TX). One of the known caspase-3 cleavage sites
(Asp 421) was mutated to glutamic acid, and two of the possible calpain
cleavage sites (Leu 43 and Val 229) were mutated to alanines using the
following oligonucleotide primers: 5�-ATCGACATGGTAGAGTCG-
CCCCAGCTC-3� and 5�-GAGCTGGGGCGACTCTACCATGTCCAT-
3� (Asp 421); 5�-CACGGACGCTGGGCGAAAGAATCTCCCCTG-3�
and 5�-CAGGGGAGATTCTTTCGCGCCAGCGTCCGTG-3� (Leu 43);
5�-AGGTGGCAGTGGCCCGTACTCCACC-3� and 5�-GGTGGAGTA-
CGGGCCACTGCCACCT-3� (Val 229). Mutations were verified by DNA
sequencing.

The 17 kDa tau fragment (tau45-230) was prepared by PCR using
full-length tau (tau-pRC/CMV) as a template. The following PCR
primers containing the EcoRI (5� primer) and BamHI (3� primer)
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restriction sites that enabled insertion into pEGFP-N1 polylinker were
used: 5�-GCCCGAATTCATGAAAGAATCTCCCCTGCAGACC-3� (5�
primer) and 5�-TTACAGGATCCCGGACCACTGCCACCTTCTT-3�
(3� primer).

PCR products were gel purified and cloned into pGEM-T Easy vector
(Promega). The amplified vector with insert was digested with EcoRI and
BamHI, gel purified, and subcloned into the living colors mammalian
expression vector [green fluorescent protein (GFP)] and pcDNA3.1(�)
(Invitrogen, Grand Island, NY). PCR was performed using the GeneAmp
PCR System 2400 (PerkinElmer, Wellesley, MA). PCR conditions were as
follows: 94°C for 30 s, 64°C for 30 s, and 72°C for 30 s for 30 cycles,
followed by 5 min at 72°C. All amplified inserts were confirmed by DNA
sequencing.

Cell culture and DNA transfection. Chinese hamster ovary (CHO) cells
were grown in F-12 medium plus 10% fetal bovine serum supplemented
with 2 mM glutamine, 100 international units/ml penicillin, and 100
�g/ml streptomycin. CHO cells were transfected with tau-pRC/CMV,
D421E-tau-pRC/CMV, L43A-V229A-tau-pRC/CMV, or tau45-230-
pcDNA3.1(�) using LipofectAMINE according to the manufacturer’s
instructions (Invitrogen). Briefly, cells were subcultured to a density of
2 � 10 5 cells/well in 35 mm dishes. The next day, 2 �g of DNA was
incubated with 5 �l of LipofectAMINE at room temperature in the dark
for 30 min to form the DNA–lipid complex. Cells were then incubated
with DNA–lipid complex for 48 h.

Tau in vitro cleavage assay by caspase-3 and calpain-1. CHO cells were
transfected with tau-pRC/CMV or D421E-tau-pRC/CMV. Forty-eight
hours later, the cells were washed three times in PBS, scraped in lysis
buffer (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM dithiothreitol, 5 mM

EDTA, 5 mM EGTA, and 1% Triton X-100), and incubated on ice for 1 h.
Cell lysates were then centrifuged for 10 min at 16,000 � g, and the
supernatants were stored at �20°C until use. The supernatants (10 �l)
were then incubated in the presence or absence of recombinant caspase-3
(0.3 �g/�l) in caspase-3 buffer for 60 min at 37°C, as described previ-
ously (Brancolini et al., 1997; Estus et al., 1997). The reactions were
terminated by adding 1 vol of 2� SDS sample buffer and boiled for 10
min. Samples were subjected to Western blot analysis using tau
antibodies.

CHO cells were also transfected with tau-pRC/CMV, L43A-V229A-
tau-pRC/CMV, or tau45-230-pcDNA3.1(�) for 48 h. After three washes
in PBS, cells were lysed in lysis buffer for 1 h at 0°C. The cell lysates were
cleared by centrifugation and stored at �20°C until use. Sixteen micro-
liters of the cell lysates were incubated in the presence or absence of
calpain-1 (0.25 U) for 1 h at 30°C. The digestion reaction was stopped by
adding 1 vol of 2� SDS sample buffer and boiled for 10 min. Samples
were subjected to Western blot analysis using a tau antibody.

Immunocytochemistry and TUNEL assay. Fourteen-day-in-culture
hippocampal neurons were transfected with 17Tau-GFP (tau45-230-
GFP), Tau-GFP (full-length tau-GFP), or GFP (empty vector) using Li-
pofectAMINE 2000 according to the manufacturer’s instructions to as-
sess the potential neurotoxicity of 17Tau-GFP. Briefly, hippocampal
neurons were equilibrated in 600 �l of transfection medium [50% feed-
ing medium (N2) and 50% h-medium (MEM plus 10 mM HEPES)] for
1 h and incubated in the presence of DNA complexes (3 �g of DNA with
6 �l of LipofectAMINE 2000 in 50 �l of h-medium kept at room tem-
perature for 15 min) for 1 h at 37°C. The coverslips were returned to the
original dishes. After 24 or 48 h, cells were fixed for 15 min in 4% para-
formaldehyde in PBS containing 0.12 M sucrose, permeabilized in 0.3%
Triton X-100 for 5 min, and stained with an FITC–GFP antibody.

Apoptotic cell death was assessed using the In Situ Cell Death Detec-
tion kit, TMR Red (Roche Applied Science). Briefly, cells were fixed for
15 min with 4% paraformaldehyde in PBS containing 0.12 M sucrose and
permeabilized in 0.1% Triton X-100 in 0.1% sodium citrate for 2 min,
and TMR Red-labeled nucleotide was incorporated at 3�-OH DNA ends
using the enzyme TdT. Apoptotic cells (TUNEL� cells) were counted
using a fluorescence microscope (Nikon) and expressed as a percentage
of transfected cells.

Results
Pre-aggregated A� induced tau cleavage in a dose- and
time-dependent manner in mature hippocampal neurons
The mechanisms by which tau mediates A�-induced neurotox-
icity are not completely elucidated. Recently, it has been shown
that the proteolytic cleavage of tau accompanied cell death asso-
ciated with the deposition of A� in immature cortical neurons
(Gamblin et al., 2003). However, no information is available re-
garding tau cleavage or the proteases involved in this cleavage in
mature central neurons. To gain insights into such a process, we
first studied whether A� induced changes in tau content in cul-
tured hippocampal neurons. We have chosen this model system
because the hippocampus is one of the most affected brain re-
gions in AD. In addition, when kept in culture for �3 weeks,
hippocampal neurons reproduce the functional characteristic
and the molecular composition (including the expression of
adult, mostly dephosphorylated, tau isoforms) of the ones that
develop in vivo (Ferreira et al., 1997). In our first set of experi-
ments, 21-d-in-culture hippocampal neurons were incubated in
the presence of pre-aggregated A� (20 �M) for 24 h. The cells
were then scraped, and heat-stable fractions were prepared.
Western blot analysis of tau content in these fractions was per-
formed using a phosphorylation-independent tau antibody
[clone tau-5 (LoPresti et al., 1995)]. Pre-aggregated A� signifi-
cantly decreased (�50%) full-length tau immunoreactivity in
A�-treated hippocampal neurons compared with untreated con-
trols (Fig. 1A). In addition, a low-molecular weight tau-
immunoreactive band (�17 kDa) was readily detectable in pre-

Figure 1. Pre-aggregated A� induced tau cleavage in mature hippocampal neurons in a
dose- and time-dependent manner. A, Western blot analysis of tau content in heat-stable
fractions prepared from 21 d in vitro hippocampal neurons cultured in the absence (C) or in the
presence of pre-aggregated A� (20 �M) for 24 h using a phosphorylation-independent tau
antibody (clone tau-5). Note the decrease in full-length tau and the appearance of a tau-
immunoreactive band of �17 kDa in A�-treated neurons. B, Western blot analysis of tau con-
tent in heat-stable fractions prepared from 21 d in vitro hippocampal neurons cultured for 24 h
in the presence of pre-aggregated A� at final concentrations ranging from 0.02 to 20 �M using
a tau antibody (clone tau-5). C, Western blot analysis of heat-stable fractions prepared from
21 d in vitro hippocampal neurons cultured in the presence of pre-aggregated A� (20 �M) for
up to 24 h using a tau antibody (clone tau-5). Equal amounts of protein were loaded in each
lane. The Hsp90 was also used as a loading control. D, E, Graphs showing the levels of the 17 kDa
tau fragment in the dose–response (D) and time course (E) experiments performed as described
above. Data were obtained using Molecular Analyst software and normalized using full-length
tau and Hsp90 as internal controls. Values are expressed as a percentage of untreated controls,
considering the values obtained in these neurons as 100%. Each number represents the
mean � SEM from three different experiments. *p 	 0.01, different from control.
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aggregated A�-treated hippocampal
neurons (Fig. 1A). No comparable band
was detected in nontreated controls (Fig.
1A). We next investigated whether the ef-
fect of pre-aggregated A� on the genera-
tion of this 17 kDa tau fragment was dose
and/or time dependent. For these experi-
ments, 21-d-in-culture hippocampal neu-
rons were incubated for 24 h with pre-
aggregated A� at final concentrations
ranging from 0.02 to 20 �M. Western blot
analysis of heat-stable fractions prepared
from these cells revealed the presence of
the 17 kDa tau fragment even in cells
treated with the lowest dose used in this
study. However, the levels of the 17 kDa
tau fragment in hippocampal neurons
treated with pre-aggregated A� at final
concentrations below 2 �M were not significantly different from
the ones observed in nontreated controls. In contrast, the 17 kDa
tau fragment levels were significantly increased in hippocampal
neurons treated with 20 �M pre-aggregated A� (Fig. 1B,D). In
view of these data, we analyzed the time course of the generation
of the 17 kDa tau fragment in neurons treated with pre-
aggregated A� at this final concentration. For these experiments,
21-d-in-culture hippocampal neurons were treated with pre-
aggregated A� (20 �M) for up to 24 h, and the presence of cleaved
tau was assessed by immunoblotting. The levels of the 17 kDa tau
fragment were significantly increased as early as 8 h after the
addition of pre-aggregated A� and continued to increase in a
time-dependent manner up to 24 h (Fig. 1C,E). The levels of 17
kDa tau fragments remained elevated even in hippocampal neu-
rons treated with pre-aggregated A� for 36 h compared with
nontreated controls (data not shown).

Pre-aggregated A�-induced tau cleavage preceded tau
phosphorylation in cultured hippocampal neurons
We next compared the time course of tau cleavage described
above with the one of tau phosphorylation in cultured hip-
pocampal neurons. For these experiments, hippocampal neurons
were treated with pre-aggregated A� for up to 24 h, and heat-
stable fractions were prepared. Western blot analysis preformed
using a tau antibody that recognizes tau phosphorylated at Ser 193

and Thr 196 (AT8) showed no increase in full-length tau phos-
phorylation at 2, 4, or 8 h after the addition of pre-aggregated A�.
In contrast, a significant increase in AT8 immunoreactivity was
observed in hippocampal neurons treated with pre-aggregated
A� for 24 h compared with nontreated controls (Fig. 2A,B).
These results are in agreement with previous results showing the
increase in tau phosphorylation under these experimental condi-
tions using antibodies directed to different tau phosphoepitopes
(Ferreira et al., 1997). In contrast, the 17 kDa tau fragment was
not detected using antibodies directed to phosphorylated tau de-
spite the presence of the fragment as early as 8 h after the addition
of pre-aggregated A� (Fig. 1C). These results suggested that this
tau fragment was dephosphorylated in these residues. To test this
hypothesis, we confirmed the presence of this 17 kDa tau frag-
ment in pre-aggregated A�-treated hippocampal neurons using a
tau antibody directed to the same epitope recognized by AT8, but
in its dephosphorylated form [clone tau-1 (Szendrei et al., 1993)].
As expected, an intense tau-1-immunoreactive band was de-
tected 8 h after the addition of pre-aggregated A� in mature
hippocampal neurons (Fig. 2A,C).

Pre-aggregated A� activated caspase-3 and calpain-1 in
mature hippocampal neurons
Tau contains consensus sequences for cleavage by caspase-3 and
calpain, two proteases that seem to play a role in the pathogenesis
of AD (Saito et al., 1993; Rohn et al., 2001; Su et al., 2001;Veer-
anna et al., 2004). However, no information is available regarding
the activation of these proteases in our model system. To obtain
this information, we first determined the activity of caspase-3 and
calpain in 21-d-in-culture hippocampal neurons incubated in
the presence of pre-aggregated A� for up to 24 h. Immunoblots
of whole-cell extracts prepared from these cultures were reacted
with antibodies that recognized either uncleaved caspase-3 (total
caspase-3) or its cleaved form (active caspase-3). Active caspase-3
levels were significantly higher in pre-aggregated A�-treated
neurons as early as 4 h after the addition of this peptide compared
with untreated controls (Fig. 3A,B). Active caspase-3 levels re-
mained elevated throughout the rest of the period analyzed (Fig.
3A,B).

We then determined whether the treatment with pre-
aggregated A� also activated calpains in cultured hippocampal
neurons. Calpains, a family of calcium-dependent cystein pro-
teases that exist as pro-enzymes in resting cells, are activated by
calcium and autolytic processing. Autolysis of the N-terminal
region of domain I of calpain leads to the generation of two active
proteases of 78 and 76 kDa, respectively. Additional autocatalytic
processing of domain IV of this protease leads to the generation
of a 58 kDa active form (Zimmerman and Schlaepfer, 1984; Ima-
joh et al., 1987; Mellgren and Murachi, 1990). To assess calpain
activity, we stripped the membranes used to determine the acti-
vation of caspase-3 and reprobed them using a calpain antibody
that recognizes both calpains. Active calpain (58 kDa) levels were
significantly increased 8 h after the addition of pre-aggregated A�
to mature hippocampal neurons compared with untreated con-
trols (Fig. 3C,D). An increase in active calpain levels was also
detected in hippocampal neurons treated with pre-aggregated A�
for 24 h. However, these levels were lower than the ones observed
16 h earlier (Fig. 3C,D). Calpain activation in A�-treated hip-
pocampal neurons was also determined by analyzing spectrin
cleavage. Calpain-mediated cleavage of spectrin leads to the gen-
eration of a specific 150 kDa cleavage product (Veeranna et al.,
2004). Quantitative immunoblot analysis revealed that the gen-
eration of this 150 kDa spectrin cleavage product was signifi-
cantly increased 8 h after the treatment with pre-aggregated A�
compared with untreated controls (Fig. 3C,E). The time course
and extent of calpain activation detected using this method were

Figure 2. Pre-aggregated A�-induced tau cleavage preceded the increase in tau phosphorylation. A, Western blot analysis of
tau content in heat-stable fractions prepared from 21-d-in-culture hippocampal neurons treated with pre-aggregated A� (20
�M) for up to 24 h using nonphosphorylation-dependent tau (clone tau-5), phosphorylated tau (clone AT8), and dephosphory-
lated tau (clone tau-1) antibodies. Note the absence of AT8 immunoreactivity of the 17 kDa tau fragment. Equal amounts of total
protein were loaded in each lane. B, C, Graphs showing the time course of tau phosphorylation and tau cleavage in the presence
of pre-aggregated A�. Densitometric values were normalized using full-length tau (tau-5) and the Hsp90 as internal controls.
Values are expressed as a percentage of untreated controls, considering the values obtained in these neurons as 100%. Each
number represents the mean � SEM from three different experiments. *p 	 0.05, **p 	 0.01, different from control.
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similar to the ones detected by quantifying the 58 kDa active
calpain isoform (Fig. 3C,D).

To confirm the results described above, we analyzed the acti-
vation of these proteases in pre-aggregated A�-treated neurons
using in vitro caspase-3 and calpain assays. The activity of
caspase-3 was determined in 21-d-in-culture hippocampal neu-
rons treated with pre-aggregated A� for up to 24 h by measuring
the fluorescence emitted after the cleavage of substrates to AFC by
active caspase-3. As determined by Western blot analysis,
caspase-3 activity was significantly increased in hippocampal
neurons as early as 4 h after the addition of the peptide (Table 1).
In vitro assays also confirmed the activation of calpain in cultured
hippocampal neurons treated with pre-aggregated A�. For these
experiments, hippocampal neurons treated with pre-aggregated
A� for up to 24 h were harvested in lysis buffer, and the superna-
tants were incubated with a calpain substrate (Suc-LLVY-AMC)
for 1 h at 30°C. The fluorescence emitted after the cleavage of the

substrate to AMC by active calpains was measured using a fluo-
rescence plate reader. Calpain activity was significantly higher in
cultured hippocampal neurons incubated with pre-aggregated
A� for 8 h compared with untreated controls (Table 1).

Protease inhibitors prevented pre-aggregated A�-induced tau
cleavage in cultured hippocampal neurons
To obtain insights into the role of caspase-3 and calpain in pre-
aggregated A�-induced tau cleavage leading to the generation of
the 17 kDa fragment, we blocked the activation of these proteases
using specific inhibitors. For these experiments, hippocampal
neurons kept in culture for 21 d were incubated in the presence of
Ac-VAD-CHO (an inhibitor of caspase-3 and, to a lesser extent,
caspases-1, -4, and -7) or Ac-DEVD-CHO (a specific caspase-3
inhibitor) and ALLN (a calpain inhibitor) 1 h before the addition
of pre-aggregated A� (20 �M). The cells were scraped up to 24 h
later, and whole-cell extracts were analyzed by Western blot using
caspase-3, calpain, and tau antibodies. Both VAD and DEVD
blocked the activation of caspase-3 induced by pre-aggregated
A� 4 and 8 h after the addition of the peptide (Fig. 4A,B). In
addition, VAD significantly reduced the generation of the 17 kDa
tau fragment in the pre-aggregated A�-treated cells. On the other
hand, DEVD failed to prevent the generation of this tau fragment
8 h after the addition of pre-aggregated A� (Fig. 4A,C). In con-
trast, ALLN completely prevented both the activation of calpain,
detected by either the increase in the 58 kDa active calpain-1 or
the 150 kDa calpain-cleaved spectrin products, and the genera-
tion of this tau fragment in A�-treated hippocampal neurons
(Fig. 5A,C,E,G). Because ALLN is not only a calpain inhibitor
but also a proteasome inhibitor, we repeated these experiments
using a more specific calpain inhibitor (MDL 28,170). Mature
hippocampal neurons were pretreated with MDL 28,170 for 1 h
and incubated with pre-aggregated A� for 8 or 24 h. Immuno-
blots reacted with the calpain, spectrin, and tau antibodies
showed that MDL 28,170 completely inhibited both the activa-
tion of calpain and the generation of the 17 kDa tau fragment
induced by pre-aggregated A� (Fig. 5B,D,F,H). Next, we deter-
mined whether the incubation of hippocampal neurons with
these calpain inhibitors before the addition of pre-aggregated A�
prevented the activation of this protease as detected by in vitro
assays. For these experiments, calpain inhibitor (ALLN, MDL
28,170)-treated hippocampal neurons were incubated with pre-
aggregated A� for 8 h. The neurons were then scraped in lysis
buffer, and the supernatants were incubated with a calpain sub-
strate (Suc-LLVY-AMC) for 1 h at 30°C. The fluorescence emit-
ted after the cleavage of the substrate to AMC by active calpain
was measured using a fluorescence plate reader. Calpain activity
was significantly lower in calpain inhibitor-treated neurons incu-
bated with pre-aggregated A� compared with neurons treated
with pre-aggregated A� alone (Table 2).

Calpain, but not caspase-3, cleaved tau, generating a 17 kDa
fragment in vitro
To obtain more direct information regarding the proteases in-
volved in the generation of the 17 kDa tau fragment in cultured
hippocampal neurons treated with pre-aggregated A�, we per-
formed a series of in vitro tau cleavage assays. For these experi-
ments, CHO cells were transfected with the full-length tau plas-
mid (tau-pRC/CMV) and a tau plasmid (D421E-tau-pRC/CMV)
with a point mutation (from Asp to Glu) at position 421 to pre-
vent its cleavage by caspase-3. Whole-cell extracts were prepared
and treated with recombinant caspase-3 for 1 h at 37°C. As shown
in Figure 6A, caspase-3 did cleave full-length tau but not D421E-

Figure 3. Pre-aggregated A� induced the activation of caspase-3 and calpain-1 in cultured
hippocampal neurons. A, C, Western blot analysis of active caspase-3 (A) and active calpain-1
(C) content in whole-cell extracts prepared from 21 d in vitro hippocampal neurons cultured in
the presence of pre-aggregated A� (20 �M) for up to 24 h using specific antibodies. Tubulin
immunoblots were used as loading controls (B, D, E). The bar graphs show the levels of active
caspase-3 (B), active calpain-1 (D), and calpain-specific cleavage products of spectrin (E) in the
samples obtained as described above. Note the increase in active calpain-1 levels in samples
obtained 8 h after the addition of A� and the concomitant decrease in full-length spectrin and
increase in the 150 kDa specific spectrin cleaved product (C–E). Densitometric values from
active caspase-3, active calpain-1, and cleaved spectrin were normalized using total caspase-3,
calpain-1, and full-length spectrin as internal controls. Values are expressed as a percentage of
untreated controls, considering the values obtained in these neurons as 100%. Each number
represents the mean � SEM from three different experiments. *p 	 0.05, **p 	 0.01, differ-
ent from control.

Table 1. Activation of caspase-3 and calpain by pre-aggregated A� in cultured
hippocampal neurons

Activity of
proteases

Pre-aggregated A� (20 �M)

2 h 4 h 8 h 24 h

Caspase-3 122 � 18 154 � 11** 127 � 4* 113 � 14
Calpain 81 � 17 83 � 27 163 � 20* 118 � 25

In vitro protease activity assays were performed using cell extracts obtained from 21-d-in-culture hippocampal
neurons incubated in the presence of pre-aggregated A� from 2 to 24 h. Values are expressed as a percentage
of untreated controls, considering the values obtained in these neurons as 100%. The numbers represent the
means � SEM obtained from three experiments. *p 	 0.05, **p 	 0.01, different from control.
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tau. The cleavage of tau at Asp 421 by
caspase-3 was confirmed using a tau anti-
body that recognizes the Asp 421 cleavage
site (clone tau-C3). However, caspase-3
cleavage failed to generate a 17 kDa tau
fragment as the one observed in hip-
pocampal neurons cultured in the pres-
ence of pre-aggregated A� (Fig. 6A). To
determine whether calpain cleavage was
able to generate such a tau fragment, we
transfected CHO cells with the tau-pRC/
CMV or L43A-V229A-tau-pRC/CMV
plasmids. From the nine potential calpain
cleavage sites, only the cleavage at residues
45 and 230 could generate the 17 kDa tau
fragment. Therefore, these residues
(Leu43 and Val229) were point-mutated
to Ala. CHO cells transfected with the tau-
pRC/CMV or L43A-V229A-tau-pRC/
CMV plasmid were harvested in lysis buffer and incubated on ice
for 1 h. Supernatants following the centrifugation were incubated
with calpain-1 for 1 h at 30°C. Incubation of full-length tau with
calpain-1 generated a tau-immunoreactive band of �17 kDa,
identical to that seen in neurons treated with pre-aggregated A�
for 24 h. In contrast, the digestion of point-mutated tau at 43 and
229 positions by calpain-1 failed to generate such a band (Fig.
6B). To determine whether the 17 kDa tau fragment was further
degraded by calpain or whether it was the final cleavage product,
the tau45–230-pcDNA3.1(�) plasmid was transfected to CHO
cells and the lysates were treated with calpain for 1 h at 30°C. The
incubation of lysates with calpain did not generate additional
fragments, suggesting that the 17 kDa tau fragment was not fur-
ther degraded by calpain (Fig. 6C).

The 17 kDa Tau fragment had toxic effects both in CHO cells
and cultured hippocampal neurons
To assess the potential toxic effects of the 17 kDa tau fragment, we
transfected the tau45–230-GFP (17Tau-GFP) plasmid into CHO
cells using LipofectAMINE. CHO cells transfected with the GFP
(empty vector) were used as controls. CHO cells were fixed 48 h
after transfection, and DNA fragmentation was examined using a
TUNEL assay. Most of the cells transfected with GFP (empty
vector) were TUNEL�. No differences in the number of
TUNEL� cells were detected in GPF-transfected CHO cells com-
pared with nontransfected ones. In contrast, a significantly
higher number (�35%) of TUNEL� cells were detected in
17Tau-GFP-transfected CHO cells compared with GFP (empty
vector)-transfected and/or nontransfected cells (Fig. 7).

The experiments described above suggested that the 17 kDa
tau fragment had toxic effects in CHO cells. To test whether this
tau fragment also played a role in neurodegeneration, hippocam-
pal neurons cultured for 14 d were transfected with 17Tau-GFP
using LipofectAMINE 2000. Transfections using full-length Tau-
GFP or GFP (empty vector) were used as controls. No changes in
morphology or cell survival were detected in hippocampal neu-
rons transfected with either full-length Tau-GFP or GFP (empty
vector) 24 and 48 h after the transfection (Fig. 8). No morpho-
logical changes were detected either in 17 kDa tau-transfected
neurons 24 h after the transfection. In contrast, apparent signs of
degeneration were detected 48 h after hippocampal neurons were
transfected with 17Tau-GFP (Fig. 8). These signs included the
formation of tortuous processes, the presence of varicosities
along the neurites, and the retraction of neuritic processes.

Calpain inhibitors prevented A�-induced neurodegeneration
in cultured hippocampal neurons
Finally, we analyzed whether calpain inhibitors block A�-
induced neurotoxicity in cultured hippocampal neurons. For
these experiments, 21-d-in-culture hippocampal neurons treated
with calpain inhibitors, ALLN (50 �M) or MDL 28,170 (10 �M),
were incubated with pre-aggregated A� (20 �M). Neuronal mor-
phology was analyzed 24 h later. The signs of neurodegeneration
described above were readily observed in hippocampal neurons
treated with pre-aggregated A� for 24 h (Fig. 9B). In contrast,
they were not detectable in untreated controls or in neurons
treated with calpain inhibitors before the treatment with pre-
aggregated A� (Fig. 9A,C,D). We also assessed the effect of cal-
pain inhibitors on neuronal cell death induced by pre-aggregated
A�. For these experiments, DNA fragmentation was examined
using TUNEL assay. Although only a few hippocampal neurons
(20 � 1%) were TUNEL� in untreated controls, more than one-
half of the neurons (60 � 4%) were TUNEL� in pre-aggregated
A�-treated cultures. In contrast, the number of TUNEL� hip-
pocampal neurons treated with calpain inhibitors, ALLN or MDL
28,170, before pre-aggregated A� for 24 h was significantly de-
creased (30 � 2 and 27 � 1%, respectively) compared with neu-
rons treated with A� in the absence of calpain inhibitors (Fig. 9E).

Discussion
The results presented here indicated that pre-aggregated A� in-
duced tau proteolysis, leading to the generation of a neurotoxic
17 kDa tau fragment in hippocampal neurons. In addition, they
suggested that the production of this fragment was the result of
the A�-induced activation of calpain in these neurons. Further-
more, the inhibition of calpain activation using specific calpain
inhibitors prevented ��-induced neurodegeneration in cultured
hippocampal neurons. Together, these data provided insights
into a novel mechanism by which tau could mediate, at least in
part, A�-induced neurotoxicity in hippocampal neurons.

A consensus exists regarding the toxic effects of pre-
aggregated A� in neurons that develop in situ and in culture
(Flood et al., 1991; Nitta et al., 1994; Busciglio et al., 1995; Copani
et al., 1995; Estus et al., 1997). However, the mechanisms by
which pre-aggregated A� exerts its toxic effects in the CNS re-
main poorly understood. Oxidative stress, mitochondrial dys-
function, disturbances of calcium homeostasis, and microglial
activation have already been identified as mediators of A� toxic-
ity (for review, see Canevari et al., 2004). In addition, the role of
multiple potential downstream elements of the signaling path-

Figure 4. Caspase inhibitors partially blocked tau cleavage induced by pre-aggregated A�. A, Western blot analysis of active
caspase-3 and 17 kDa tau fragment content in whole-cell extracts prepared from 21-d-in-culture hippocampal neurons treated
with either DEVD (50 �M; specific caspase-3 inhibitor) or VAD (50 �M; general caspase inhibitor) 1 h before the treatment with
pre-aggregated A� (20 �M) for 4 and 8 h using specific antibodies. B, C, Graphs showing changes in active caspase-3 and 17 kDa
tau fragment content in samples obtained as described above. Data were obtained using Molecular Analyst software and normal-
ized using total caspase-3 and tubulin as internal controls. Values are expressed as a percentage of untreated controls, considering
the values obtained in these neurons as 100%. Each number represents the mean � SEM from three different experiments. *p 	
0.05, **p 	 0.01, different from control.
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Figure 7. The 17 kDa tau fragment induced apoptosis in CHO cells. A–D, Detection of
TUNEL� cells in CHO cells transfected with GFP vector alone (A, B) or 17Tau-GFP (C, D). GFP-
transfected (A) and 17Tau-GFP-transfected (C) cells are shown in green, and TUNEL� cells are
shown in red. B and D are phase-contrast pictures of A and C, respectively. Scale bar, 50 �m.

Table 2. Calpain inhibitors, ALLN and MDL 28170, prevented pre-aggregated A�-
induced calpain activation in cultured hippocampal neurons

Protease

Treatment

A� ALLN plus A� MDL plus A�

Calpain 236 � 27* 113 � 17 106 � 19

In vitro calpain activity assays were performed using cell extracts obtained from 21-d-in-culture hippocampal neu-
rons treated with calpain inhibitors (ALLN or MDL 28,170) 1 h before the incubation with pre-aggregated A�
(20 �M) for 8 h. Values are expressed as a percentage of untreated controls, considering the values obtained in
these neurons as 100%. The numbers represent the means � SEM obtained from three experiments. *p 	 0.01,
different from control.

Figure 5. Calpain inhibitors completely blocked the generation of the 17 kDa tau fragment
induced by pre-aggregated A� in cultured hippocampal neurons. A, B, Western blot analysis of
active calpain-1, cleaved spectrin, and 17 kDa tau fragment content in whole-cell extracts
prepared from 21-d-in-culture hippocampal neurons treated with either ALLN (A) or MDL
28,170 (B), two calpain inhibitors, 1 h before the treatment with pre-aggregated A� (20 �M)
for 4 and 8 h using specific antibodies. C–H, Graphs showing changes in the content of active
calpain-1 (C, D), calpain-specific cleavage product of spectrin (E, F ), and 17 kDa tau fragment
(G, H ) in hippocampal neurons treated with ALLN (C, E, G) or MDL 28, 170 (D, F, H ) before the
addition of A�. Data were obtained using Molecular Analyst software and normalized using
total calpain-1, spectrin, tau, and tubulin as internal controls. Values are expressed as a per-
centage of untreated controls, considering the values obtained in these neurons as 100%. Each
number represents the mean�SEM from three different experiments. *p 	0.05, **p 	0.01,
different from control.

Figure 6. Calpain-1 cleaved tau in vitro, generating a 17 kDa fragment. A, CHO cells were
transfected with tau-pRC/CMV or D421E-tau-pRC/CMV using LipofectAMINE. After 48 h of
transfection, CHO cells were scraped in lysis buffer. Whole-cell lysates were incubated with
buffer control or recombinant caspase-3 at 37°C for 1 h. Reaction mixtures were analyzed by
immunoblot with antibodies directed against phosphorylation-independent tau (clone tau-5)
or tau truncated at Asp421 by caspase-3 (clone tau-C3) antibodies. Hippocampal neurons
treated with pre-aggregated A� (20 �M) for 24 h were used as positive controls. Lane 1,
Full-length tau with buffer control; lane 2, full-length tau with caspase-3; lane 3, D421E-tau
with buffer control; lane 4, D421E-tau with caspase-3; lane 5, hippocampal neurons treated
with pre-aggregated A� (20 �M) for 24 h. B, Full-length tau or L43A-V229A-tau-pRC/CMV-
transfected CHO cells were harvested in lysis buffer. Whole-cell lysates were incubated with
either buffer control or calpain-1 at 30°C for 5 or 60 min. The reaction mixtures were analyzed by
Western blot using an antibody directed against tau (clone tau-5). Hippocampal neurons
treated with pre-aggregated A� (20 �M) for 24 h were used as positive controls. Lane 1,
Full-length tau with buffer control; lane 2, full-length tau with calpain-1 for 5 min; lane 3,
full-length tau with calpain-1 for 60 min; lane 4, hippocampal neurons treated with pre-
aggregated A� (20 �M) for 24 h; lane 5, L43A-V229A-tau with buffer control; lane 6, L43A-
V229A-tau with calpain-1 for 5 min; lane 7, L43A-V229A-tau with calpain-1 for 60 min. C,
Whole-cell lysates of tau45–230-pcDNA3.1(�)-transfected CHO cells were analyzed by immu-
noblot reacted with an antibody against tau (clone tau-5). Tau45–230, corresponding to the 17
kDa fragment on tau, was incubated with either buffer control (lane 1) or calpain-1 at 30°C for
1 h (lane 2). Hippocampal neurons treated with pre-aggregated A� (20 �M) for 24 h were used
as positive controls (lane 3).

Park and Ferreira • A Tau Fragment as a Mediator of A� Neurotoxicity J. Neurosci., June 1, 2005 • 25(22):5365–5375 • 5371



way(s) activated by the deposition of A� has been investigated.
Recently, we have provided direct evidence indicating that tau is
essential for A�-mediated neurotoxicity in hippocampal neurons
(Rapoport et al., 2002). This result was built on numerous reports
suggesting a key role for tau in this neurodegenerative disease. In
the past, most of the studies regarding tau and the pathogenesis of
AD have been focused on phosphorylation as a mechanism by
which this microtubule-associated protein mediates A�-induced
toxicity. This posttranslational modification has been a tempting
explanation for the role of tau in the AD process because of the
multiple phosphorylation sites in the tau molecule, the presence
of hyperphosphorylated tau as paired helical filaments in the AD
brain, and the induction of tau phosphorylation in A�-treated
neurons (Takashima et al., 1993; Ferreira et al., 1997; Alvarez et
al., 1999; Ekinci et al., 1999; Rapoport and Ferreira, 2000). More
recently, it has been suggested that the proteolytic cleavage of tau
also played a role in AD. Thus, the deposition of pre-aggregated
A� induced the activation of caspase-3 and the cleavage of tau at
residue 421. Truncated tau lacking its C-terminal 20 aa assembled
more rapidly into filaments than full-length tau (Gamblin et al.,
2003). These results suggested that caspase-cleaved tau might be
an important downstream element in the cascade of events trig-
gered by A�.

Our results provide evidence of an alternative mechanism by
which tau could mediate A�-induced neurotoxicity. This mech-
anism involved the proteolytic cleavage of tau leading to the gen-
eration of a neurotoxic 17 kDa tau fragment. The proteolytic
cleavage of tau induced by pre-aggregated A� could lead to neu-
rite degeneration by reducing the pool of full-length tau available
for binding to microtubules. The decrease in tau bound to mi-
crotubules could in turn reduce their stability and promote a
more rapid depolymerization cycle and therefore the disruption
of the microtubule network. In addition, this process could lead

Figure 8. The 17 kDa tau fragment induced neurodegeneration in cultured hippocampal
neurons. Fourteen-day-in-culture hippocampal neurons were transfected with GFP (A), full-
length Tau-GFP (B), and 17Tau-GFP (C–I ). GFP-transfected (A) and full-length Tau-GFP-
transfected (B) neurons did not show any sign of degeneration even 48 h after transfection.
Normal morphological characteristics were detected also in 17Tau-GFP-transfected cells 24 h
after transfection (C). In contrast, hippocampal neurons transfected with 17Tau-GFP for 48 h
showed numerous signs of degeneration, including the formation of tortuous processes (D),
varicosity along the neurites (E), and the retraction of neurites (F ). G–I, High-power magnifi-
cation of the boxed areas in D–F. Scale bars, 20 �m.

Figure 9. Calpain inhibitors prevented A�-induced neurotoxicity in culture hippocampal
neurons. Hippocampal neurons cultured for 21 d were treated with calpain inhibitors, ALLN (C)
or MDL 28, 170 (D), 1 h before the incubation with pre-aggregated A� for 24 h. No signs of
neurite degeneration were detected in untreated controls (A). In contrast, severe neurite de-
generation was observed in cultures incubated with pre-aggregated A� (B). Both calpain in-
hibitors significantly reduced the appearance of dystrophic neurites induced by A�. E, Detec-
tion of TUNEL� cells in hippocampal neurons cultured in the presence or absence of calpain (C)
inhibitors and A� as described above. Results were expressed as a percentage of the total
number of neurons. Each number represents the mean � SEM from three different experi-
ments. More than 150 neurons were counted for each experimental condition. *p 	 0.05,
**p 	 0.01, different from control. Scale bar, 20 �M. NS, Not statistically different.
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to neuronal degeneration by altering the microtubule-based
transport of essential materials to the distal ends of the neuronal
process. Similar mechanisms have been described as a conse-
quence of a decreased affinity of tau for microtubules resulting
from its A�-induced hyperphosphorylation (Gong et al., 2000;
Yoshida et al., 2004). Although we cannot completely rule out the
contribution of these mechanisms to A�-induced neuronal de-
generation in the presence of cleaved-tau, our results support the
view that the 17 kDa tau fragment has direct toxic effects. For
example, the transfection of this fragment in CHO cells resulted
in the programmed cell death of a significant number of 17 kDa
tau-expressing cells. Furthermore, 17 kDa tau-transfected hip-
pocampal neurons showed signs of degeneration such as tortuous
processes, the presence of varicosities along the neurites, and
retraction of neuritic processes. All of these signs of degeneration
were identical to the ones observed in hippocampal neurons
treated with pre-aggregated A� (Ferreira et al., 1997). The neu-
rotoxic effects of the 17 kDa fragment described in this study are
in agreement with previous reports showing the production of
other tau fragments with toxic effects under different experimen-
tal conditions in cell lines and in central neurons (Canu et al.,
1998; Fasulo et al., 2000; Chung et al., 2001).

Our data also suggested that the proteolytic tau cleavage lead-
ing to the generation of the 17 kDa fragment might be an early
event in the A�-induced neurodegeneration. Time-course exper-
iments showed that the generation of the 17 kDa tau fragment
preceded tau phosphorylation in A�-treated cultured neurons
(Busciglio et al., 1995; Ferreira et al., 1997; Rapoport and Ferreira,
2000; Gamblin et al., 2003; present study). Although tau was
truncated to the 17 kDa fragment as early as 8 h after the addition
of pre-aggregated A�, tau phosphorylation was significantly in-
duced 16 h later.

This study provided insights into the protease(s) responsible
for the generation of the 17 kDa tau fragment in A�-treated
hippocampal neurons. Our experiments suggested that calpain
might be involved in this tau cleavage. The activation of calpain,
easily detectable 8 h after the addition of fibrillar A�, was accom-
panied by a significant increase in the 17 kDa tau fragment levels.
Conversely, pretreatment with calpain inhibitors not only com-
pletely blocked the generation of the 17 kDa tau fragment in
hippocampal neurons but also prevented ��-induced neurode-
generation in cultured hippocampal neurons. The role of calpain
in the generation of this 17 kDa tau fragment was confirmed by
means of in vitro calpain assays. Furthermore, these experiments
showed that calpain was able to cleave tau to generate a 17 kDa
fragment as a final cleavage product. These data are in agreement
with previous reports suggesting that calpain could play a role in
AD (Grynspan et al., 1997; Tsuji et al., 1998; Veeranna et al.,
2004). Thus, it has been shown that this Ca 2�-dependent pro-
tease was abnormally activated in AD patients compared with
age-matched controls (Saito et al., 1993). In addition, active
calpain-2 colocalized with tau filaments in AD, Down syndrome,
and frontotemporal dementia brains (Adamec et al., 2002a,b).
This close spatial association suggested the involvement of cal-
pain in the proteolysis of this microtubule-associated protein
(Adamec et al., 2002a,b). Furthermore, the similarity between tau
degradation fragments present in postmortem AD brains and the
tau breakdown products generated by calpain in vitro provides
additional support for a role of this protease in tau fragmentation
in human neurons affected by the AD process (Mercken et al.,
1995; Yang and Ksiezak-Reding, 1995).

The mechanisms underlying the activation of calpain in AD
are not completely elucidated. However, this increased activity

has been considered a result of the massive increase in intracellu-
lar free Ca 2� concentration induced by pre-aggregated A�
(Mattson et al., 1993; Lee et al., 2000; Boland and Campbell,
2003). A similar calpain activation has been obtained by experi-
mentally inducing calcium influx into SH-SY5Y human neuro-
blastoma cells (Shea et al., 1996).

The data discussed above strongly suggested that calpain
might be the main protease responsible for the tau cleavage lead-
ing to the generation of the 17 kDa fragment in A�-treated hip-
pocampal neurons. However, the experiments performed using
caspase-3 inhibitors suggested that this caspase might also play a
role in the generation of this fragment. A growing body of evi-
dence suggests that caspases play a pivotal role in apoptosis in-
duced by A� (Ivins et al., 1998, 1999; Troy et al., 2000; Allen et al.,
2001; Marques et al., 2003). Especially, caspase-3 is considered a
key component of A�-induced apoptosis in cultured neurons
(Harada and Sugimoto, 1999; Marin et al., 2000; Allen et al.,
2001). In contrast, the activation time course of caspase-3 in
A�-treated hippocampal neurons as well as caspase-3 in vitro
assays indicated that this caspase might not be directly involved in
the generation of this tau fragment. Alternatively, caspases might
regulate the production of this tau fragment by inducing the
degradation of the endogenous calpain inhibitor calpastatin. This
mechanism by which caspases could regulate calpain activity has
already been reported in other systems (Wang et al., 1998). If that
is the case, caspase inhibitors could reduce the degradation of
calpastatin, and this in turn could inhibit the activation of cal-
pain. This synergistic effect of calpain and caspase inhibitors has
also been reported in ischemic neuronal death (Rami et al., 2000;
Rami, 2003).

Collectively, our results provide insights into a novel mecha-
nism by which tau could mediate A�-induced neurotoxicity in
hippocampal neurons. They also highlight the importance of the
calpain system as a target for therapeutic intervention in this
neurodegenerative disease.
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