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Abstract
We have previously shown that beta-amyloid (Aβ) oligomers induced dynamin 1 and tau cleavage
in cultured hippocampal neurons. As a result of this cleavage, dynamin 1 levels decreased and a toxic
tau fragment was generated. Aβ-induced cleavage of these proteins was calpain-mediated and
impacted both synaptic vesicle recycling and the integrity of neuronal processes (Kelly et al.,
2005; Park and Ferreira, 2005; Kelly and Ferreira, 2006, Kelly and Ferreira ,2007). Building on
previous reports, these results identified calpain as a potential target for therapeutic intervention in
Alzheimer’s disease. In the present study, we tested the ability of A-705253, a novel water-soluble
calpain inhibitor with oral availability and enhanced metabolic stability, to prevent Aβ-induced
dynamin 1 and tau cleavage in cultured hippocampal neurons. Quantitative Western blot analysis
indicated that the incubation of these cells with A-705253 prior to the addition of oligomeric Aβ
reduced both dynamin 1 and tau cleavage in a dose-dependent manner. In addition, our results showed
that this calpain inhibitor significantly ameliorated the cleavage of these proteins when added
simultaneously with oligomeric Aβ. Furthermore, our data indicated that the use of this calpain
inhibitor could have some beneficial effects even when added after the cleavage of these proteins
have been triggered by Aβ. Collectively, these results suggest that, indeed, specific calpain inhibitors
could play an important role in the treatment of Alzheimer’s disease.
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Two types of pathological structures, senile plaques and dystrophic neurites containing
neurofibrillary tangles, are easily detectable in brain areas associated with learning and memory
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in Alzheimer’s disease (AD) patients. These lesions are the result of the abnormal deposition
of beta-amyloid (Aβ) and hyperphosphorylated microtubule-associated protein tau,
respectively (Glenner and Wong, 1984; Kosik et al., 1986; Wood et al., 1986; Kondo et al.,
1988; Yankner and Mesulam, 1991; Selkoe, 1994; Parihar and Hemnani, 2004; Stern et al.,
2004). The coexistence of senile plaques and neurofibrillary tangles in the same brain areas
prompted the search for a potential mechanistic link between them. Most of those studies,
carried out using cultured neurons as model systems, supported the hypothesis that aggregated
Aβ triggered tau phosphorylation followed by the formation of dystrophic neurites in central
neurons (Novak et al., 1993; Takashima et al., 1993; Busciglio et al., 1995; Ferreira et al.,
1997; Alvarez et al., 1999; Ekinci et al., 1999; Chung et al., 2001). More recently, we have
shown that Aβ induced not only tau phosphorylation but also tau cleavage leading to the
generation of a 17 kDa toxic fragment in cultured hippocampal neurons (Park and Ferreira,
2005). Furthermore, our data strongly suggested that this tau cleavage was the result of
enhanced calpain activity (Park and Ferreira, 2005). The activation of this Ca2+-dependent
protease has also been implicated in early stages of AD when functional defects lack associated
structural changes. The molecular mechanisms by which calpain could mediate synapse
dysfunction underlying early cognitive deficits have not been completely elucidated. However,
data obtained recently indicated that Aβ-induced calpain activation resulted in dynamin 1
cleavage (Kelly et al., 2005). Dynamin 1 is a neuron-specific mechanochemical GTPase
responsible for vesicle scission from the synaptic terminal membrane (Damke et al., 1994;
Clark et al., 1997). As a consequence of Aβ-induced dynamin 1 cleavage, synaptic vesicle
recycling and, hence, synaptic transmission were altered in hippocampal neurons (Kelly et al.,
2005; Kelly and Ferreira, 2006, Kelly and Ferreira, 2007). The activation of calpain observed
in hippocampal neurons cultured in the presence of oligomeric Aβ is in agreement with
previous reports showing that AD patients had increased levels of active calpain in the central
nervous system (Saito et al., 1993; Tsuji et al., 1998; Veeranna et al., 2004).

Together, these studies identified calpain as a potential target for therapeutic intervention both
at early and late stages of the disease. Moreover, initial studies using calpain inhibitors in a
mouse model of AD showed an encouraging recovery of cognitive function in transgenic mice
that were treated with a calpain inhibitor at an early age (Battaglia et al., 2003). Unfortunately,
the potential use of known calpain inhibitors as therapeutic tools in AD is limited due to their
low cellular penetration, poor selectivity and kinetics. Recently A-705253, a novel calpain
inhibitor with improved pharmacokinetics, has been characterized (Lubisch et al., 2003). This
benzoylalanine-derived ketoamide is capable of inhibiting calpain in nanomolar
concentrations, has improved oral bioavailability, water solubility, and metabolic stability
(Lubisch et al., 2003).

In the present study, we performed a series of experiments to determine whether this novel
calpain inhibitor could prevent dynamin 1 and tau cleavage induced by oligomeric Aβ in
hippocampal neurons. Our results showed that A-705253 was highly effective in preventing
the cleavage of these proteins when added before the Aβ treatment. In addition, the data
presented herein indicated that this calpain inhibitor was able to block dynamin 1 and tau
cleavage when added simultaneously with Aβ. Furthermore, the data presented suggested that
the use of this calpain inhibitor could have some beneficial effects even when added after the
Aβ treatment had begun.

EXPERIMENTAL PROCEDURES
Preparation of hippocampal cultures

Embryonic day 18 rat embryos were used to prepare primary hippocampal cultures as
previously described (Goslin and Banker, 1991). Briefly, hippocampi were dissected and freed
of meninges. The cells were dissociated by trypsinization followed by trituration with a fire-
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polished Pasteur pipette, and plated at high density (500,000 cells/60-mm dish) in Minimum
Essential Medium (MEM) with 10% horse serum. After 2 hrs, the medium was changed to
glia-conditioned MEM containing N2 supplements plus ovalbumin (0.1%) and sodium
pyruvate (0.1 mM) (N2 medium) (Bottenstein and Sato, 1979). These cultures contain
approximately 95% pyramidal neurons and 5% glial cells.

Aβ aggregation and treatment
Synthetic Aβ1–40 (American Peptide, Sunnyvale, CA) was dissolved in N2 medium (0.5 mg/
ml) and incubated for 3 days at 37° C to preaggregate the peptide (Rapoport et al., 2002).
Preaggregated Aβ was centrifuged to separate the soluble oligomeric (supernatant) from the
insoluble □ibrillary (pellet) forms of the peptide as previously described (Kelly and Ferreira,
2006). The oligomeric fraction was added directly to cultured hippocampal neurons at a final
concentration of 10 µM, calculated using the initial concentration of the monomeric form of
the peptide. Hippocampal neurons were grown in the presence of Aβ for up to 24 hours.

Calpain inhibitor
A stock solution (1mM) of the A-705253 calpain inhibitor (Abbott Laboratories, Abbott Park,
IL) was prepared in MilliQ water plus 0.9 % sodium chloride (pH 5.5) and used in 3
experimental paradigms. In the first set of experiments, A-705253 was added to the medium
of 3 weeks in culture hippocampal neurons 1 hr prior to, and for the duration of, the oligomeric
Aβ treatment (24 hrs) at final concentrations ranging from 1 nM to 10 µM. In the second set
of experiments, the calpain inhibitor (final concentration 1µM) and oligomeric Aβ were added
simultaneously and the neurons were cultured in the presence of both reagents for 24 hrs. In
the last set of experiments, hippocampal neurons were incubated in the presence of oligomeric
Aβ for up to 8 hrs before the addition of A-705253 (1 µM). Whole cell extracts were prepared
24 hrs after the addition of Aβ and used for immunoblotting.

Electrophoresis and Immunoblotting
To prepare whole cells extracts, hippocampal neurons kept in culture for 3 weeks were rinsed
in PBS, scraped into Laemmli buffer, and homogenized in a boiling water bath for 10 min.
Samples were run on 7.5% and 12% sodium-dodecyl sulfate (SDS)-polyacrylamide gels and
transferred to Immobilon membranes (Millipore, Billerica, MA) (Laemmli, 1970). Transfer of
protein to Immobilon membranes and immunodetection were performed according to Towbin
et al. (Towbin et al., 1979) as modified (Ferreira et al., 1989). Immunodetection was performed
using the following antibodies: anti-α-tubulin (1:200,000; clone DM1A; Sigma, St. Louis,
MO), anti-dynamin 1 (1:5,000; Affinity BioReagents, Golden, CO), anti-tau (clone tau 5,
1:1,000, Invitrogen Corporation, Carlsbad, CA), and anti-spectrin (1:1,000; Chemicon,
Temecula, CA). Secondary antibodies conjugated to horseradish peroxidase (Promega,
Madison, WI) followed by enhanced chemiluminescence reagents (Amersham Pharmacia
Biotech, Piscataway, NJ) were used for the detection of proteins. Immunoreactive bands were
imaged using a ChemiDoc XRS system (Bio-Rad, Hercules, CA). Densitometry of these bands
was performed using Quantity One software (Bio-Rad) and the values were normalized using
tubulin as an internal loading control. At least 3 independent experiments for each experimental
condition were used for quantitative Western blot analysis.

Determination of calpain activity
Calpain activity was determined by assessing spectrin cleavage as previously described
(Czogalla and Sikorski, 2005). Briefly, whole cell extracts were prepared from hippocampal
neurons cultured in the presence or absence of oligomeric Aβ and/or A-705253 and used for
quantitative Western blot analysis with a spectrin antibody as described above. Since calpain
cleavage produces characteristic spectrin fragments of 145- and 150-kDa (Siman et al.,

Sinjoanu et al. Page 3

Neurochem Int. Author manuscript; available in PMC 2009 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1984), we determined the 150/240 kDa ratio from treated neurons and compared it to those
obtained from untreated controls.

Statistical analysis
The data presented in this study were obtained from at least 3 independent experiments for
each experimental condition. Values obtained from untreated controls were considered 100%.
Data were expressed as means ± S.E.M. and their statistical significance was analyzed by
Student’s t test or one-way ANOVA followed by Fisher’s LSD post-hoc test.

RESULTS
We have previously shown that Aβ induced calpain-mediated cleavage of dynamin 1 and tau
in cultured hippocampal neurons (Kelly et al., 2005; Park and Ferreira, 2005; Kelly and
Ferreira, 2006, Kelly and Ferreira, 2007). To determine whether this cleavage could be
prevented using a novel calpain inhibitor, we first assessed the levels of these cleaved proteins
in the presence of oligomeric Aβ. For these experiments, 3 weeks in culture hippocampal
neurons were incubated with oligomeric Aβ (at a final concentration of 10 µM) for 24 hrs.
Western blot analysis of whole cell extracts obtained from Aβ-treated neurons showed the
decrease of full-length dynamin 1 (~100 kDa) and tau (~66 kDa) and the appearance of ~90
kDa and ~17 kDa dynamin 1 and tau immunoreactive bands, respectively (Fig.1A & B).
Densitometry of these immunoreactive bands was performed next. In the case of dynamin 1,
each band was quantified individually and no ratio was established between them. We have
chosen this method of quantification because it has been previously shown that the Aβ-induced
decrease in full-length dynamin 1 levels was the result of both calpain-mediated cleavage and
the down-regulation of its expression (Kelly et al., 2005). Since calpain inhibitors could only
block one of these mechanisms, only a partial recovery of full-length dynamin levels could be
expected in A-705253-treated neurons. Establishing a ratio between the two dynamin 1 bands
could then mask the effects of a calpain inhibitor. The quantitative analysis of immunoreactive
bands showed a significant decrease in full-length dynamin 1 (~100 kDa) and a significant
increase in the ~90 kDa dynamin 1 band in Aβ-treated neurons when compared to untreated
controls (Fig. 1C). Similar results were obtained when tau immunoreactive bands were
analyzed. Thus, a significant decrease in the full-length tau immunoreactive bands (~66 kDa)
and a concomitant increase in the 17 kDa tau fragment were easily detectable in Aβ-treated
neurons as compared to untreated controls (Fig. 1B & D). These changes resulted in a
significant increase in the tau 17 kDa/full-length ratio in Aβ-treated neurons when compared
to untreated controls (Fig. 1D). We next determined the extent of calpain activation under these
experimental conditions. For these experiments, we assessed calpain activation by determining
spectrin cleavage (see also Kelly et al., 2005; Park and Ferreira, 2005; Kelly and Ferreira,
2006). Spectrin degradation is highly sensitive to calpain activation and considered an excellent
marker for this protease activity (Czogalla and Sikorski, 2005). Western blot analysis of whole
cells extracts reacted with a specific spectrin antibody showed a significant decrease in full-
length spectrin (240 kDa) and a concomitant increase in the 150 kDa degradation fragment
(Fig. 1C, see also Kelly et al., 2005; Park and Ferreira, 2005; Kelly and Ferreira, 2006).
Quantitative analysis of immunoreactive bands showed a significant increase in the spectrin
150/240 kDa ratio in hippocampal neurons treated with oligomeric Aβ when compared to
untreated controls (Fig. 1C).

Next, we ruled out potential toxic effects of the calpain inhibitor A-705253 that could lead to
cleavage of dynamin 1 and/or tau when added to 3 weeks in cultured hippocampal neurons.
For these experiments, Western blot analysis of whole cell extracts prepared from hippocampal
neurons cultured in the presence of A-705253 at final concentrations ranging from 1 nM to 10
µM were performed using dynamin 1 and tau antibodies. Neither the dynamin 1-cleaved band
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nor the 17 kDa tau fragment were detected in hippocampal neurons treated with this inhibitor
even at the highest dose used in this study (Fig. 2A–C). In addition, no changes in calpain
activity (measured by spectrin cleavage) or morphological alterations were detected in
A-705253-treated neurons when compared to untreated controls (data not shown).

Preincubation with the calpain inhibitor A-705253 prevented dynamin 1 and tau cleavage in
Aβ-treated hippocampal neurons

The results described above established the baseline levels of dynamin 1 and tau cleavage, as
well as of calpain activity, in Aβ- and A-705253-treated cultured hippocampal neurons. We
next assessed the ability of A-705253 to prevent the cleavage of these proteins in Aβ-treated
hippocampal neurons using 3 different experimental paradigms. In the first set of experiments,
we preincubated 3 weeks in culture hippocampal neurons with increasing concentrations of
the calpain inhibitor for 1 hr before the addition of the oligomeric peptide (10 µM). Twenty-
four hours later, whole cell extracts were prepared and used for quantitative Western blot
analysis. As described above, a significant decrease in the full-length dynamin 1
immunoreactive band and a concomitant increase in the appearance of the cleaved dynamin 1
band were easily detected in Aβ-treated neurons when compared to untreated controls (Fig.
3A, see also Fig. 1A and Kelly et al., 2005). Western blot analysis showed a partial recovery
of full-length dynamin 1 and a progressive decrease in the cleaved dynamin 1 band as the
concentration of the inhibitor increased (Fig. 3A). Quantitative analysis of immunoreactive
bands showed a significant decrease in cleaved dynamin 1 levels in neurons incubated with as
little of 10 nM of A-705253 as compared to Aβ-treated controls. Moreover, no significant
differences in the levels of cleaved dynamin 1 were detected in hippocampal neurons pretreated
with 1 µM calpain inhibitor when compared to untreated controls (Fig. 3B). These results
indicated that, when used at this concentration, A-705253 completely reverted the pathological
cleavage of dynamin 1 observed in the presence of Aβ.

We next determined whether the pretreatment with A-705253 was also effective in preventing
the Aβ-induced generation of the 17 kDa tau fragment. Western blot analysis of whole cell
extracts prepared under the experimental conditions described above showed a progressive
decrease in the 17 kDa tau band and a concomitant increase in full-length tau as the dose of
A-705253 increased (Fig. 4A). Densitometry of immunoreactive bands was used to establish
the tau 17 kDa/full-length ratio. Statistical analysis of these ratios showed that preincubation
with 1 nM of A-705253 was sufficient to significantly decrease tau cleavage when compared
to hippocampal neurons treated with Aβ alone (Fig. 4C). As in the case of dynamin 1, 1 µM
of A-705253 reversed Aβ-induced tau cleavage. Thus, no statistically significant differences
in the tau 17 kDa/full-length ratio were detected when hippocampal neurons preincubated with
1 µM of A-705253 were compared to control neurons cultured in the absence of oligomeric
Aβ (Fig. 4C).

A similar pattern was detected when calpain activity was determined by means of spectrin
cleavage. Densitometry of immunoreactive bands showed a significant decrease in the spectrin
150/240 kDa ratio in neurons pretreated with at least 100 nM of A-705253 for 1 hr before the
addition of the oligomeric peptide when compared to neurons treated with Aβ alone (Fig. 4B).
In addition, no statistically significant differences in the spectrin ratio were detected when cells
preincubated with A-705253 at final concentrations of 10 nM or higher were compared to
untreated controls (Fig. 4D).

The calpain inhibitor A-705253 prevented dynamin 1 and tau cleavage even when added
simultaneously with Aβ in cultured hippocampal neurons

The results described above indicated that the calpain inhibitor A-705253 was effective in
preventing dynamin 1 and tau cleavage in a dose-dependent manner when added 1 hr prior to
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the incubation with oligomeric Aβ. A potential therapeutic use of calpain inhibitors in the
context of AD, however, would require compounds capable of preventing or attenuating
dynamin 1 and/or tau cleavage at the starting point of the pathological process or even when
these molecular mechanisms have been already triggered. Therefore, we investigated whether
A-705253 could prevent the cleavage of these proteins when used simultaneously with, or up
to 8 hours after the addition of, oligomeric Aβ. Western blot analysis of whole cell extracts
prepared 24 hrs after the addition of both A-705253 (1 µM) and Aβ (10 µM) together showed
a strong immunoreactive band corresponding to full-length dynamin 1 and a faint cleaved
dynamin 1 band (Fig. 5A). This pattern contrasted with the one observed in samples obtained
from cultures treated with only Aβ where a prominent dynamin 1-cleaved band could be
detected (Fig. 5A). Densitometry of these immunoreactive bands showed a significant recovery
of full-length dynamin 1 and a significant decrease of the immunoreactivity of the cleaved
band when whole cell extracts obtained from A-705253 plus Aβ-treated neurons were
compared to the ones treated only with Aβ (Fig. 5C). A similar pattern was observed when the
levels of the 17 kDa tau fragment and calpain activity, as determined by spectrin cleavage,
were analyzed (Fig. 5A, B, D & E).

Finally, we assessed whether A-705253 was able to inhibit calpain-mediated dynamin 1 and/
or tau cleavage once the pathological process has been initiated by the addition of Aβ. For
these experiments, we treated 3 weeks in culture hippocampal neurons for 2, 4, 6, and 8 hours
to determine the shortest incubation time that results in a significant dynamin 1 and tau
cleavage. Cleaved dynamin 1 and 17 kDa tau levels were assessed by quantitative Western
blot analysis. Densitometry of immunoreactive bands confirmed and extended our previous
results showing that dynamin 1 and tau cleavage could be detected as early as 8 hrs after the
addition of up to 20 µM oligomeric Aβ (Kelly et al., 2005; Park and Ferreira, 2005). Therefore,
for this set of experiments we incubated hippocampal neurons for 8 hrs with oligomeric Aβ
(10 µM) and then added A-705253 (1 µM). Whole cell extracts were prepared 24 hrs after the
addition of Aβ. Quantitative Western blot analysis showed that the addition of this calpain
inhibitor after the toxic effects of Aβ had been triggered resulted in a moderate decrease in the
cleavage of dynamin 1 and tau when compared with neurons treated with only Aβ for 24 hrs
(~27 % and ~61 %, respectively). On the other hand, the levels of these cleaved proteins were
higher than the ones obtained from neurons treated with only Aβ for 8 hrs (Fig. 6A & B).
However, due to the high variability among samples, these values were not statistically
different when compared with either of the Aβ-treated neurons (Fig. 6C & D). A similar pattern
was detected when calpain activity was assessed as the spectrin 150/240 kDa ratio (Fig. 6E).

DISCUSSION
We have previously shown that Aβ-induced calpain-mediated cleavage of dynamin 1 and tau
resulted in altered synaptic vesicle recycling and neurite degeneration followed by cell death,
respectively (Park and Ferreira, 2005; Kelly and Ferreira, 2006, Kelly and Ferreira, 2007).
These data suggest that the functional consequences of Aβ deposition might be diminished by
regulating this proteolytic cleavage. In this study, we tested the ability of a novel calpain
inhibitor to ameliorate dynamin 1 and tau cleavage in Aβ-treated hippocampal neurons. Our
results indicate that the benzoylalanine-derived ketoamide A-705253 is highly effective in
preventing the cleavage of these proteins when added prior to the incubation with the
oligomeric peptide. In addition, the data obtained showed that this calpain inhibitor is capable
of blocking dynamin 1 and tau cleavage also when added simultaneously with Aβ. Furthermore,
the data presented suggested that the use of this calpain inhibitor could have some beneficial
effects even when added after the cleavage of these proteins have been triggered by Aβ. These
results emphasize the potential role of effective calpain inhibitors as therapeutic tools in AD.
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In the past decade, a great research effort has been directed to the development of drugs that
could slow down the progression or attenuate the symptoms of AD. However, very few drugs
have been approved for the treatment of this disease. Drug discovery has now turned to new
potential targets implicated in the molecular mechanisms underlying functional and structural
deficits associated with this devastating disease (Marks and Berg, 2008). A growing body of
evidence strongly suggests that calpain could be one of those targets. Under normal conditions,
this Ca2+ -dependent protease induces limited cleavage of a number of substrates leading to
the formation of large, usually active, fragments (reviewed by Goll et al., 2003). This type of
cleavage suggests a regulatory rather than a digestive function and underscores the importance
of maintaining calpain activity in a normal range. Calpastatin, the specific calpain endogenous
inhibitor, plays a critical role in modulating the activity of this protease. Indeed, it has been
shown that the Aβ-mediated pathological activation of this protease and/or changes in the levels
of calpastatin leading to an increased calpain/calpastatin ratio could have deleterious
consequences in AD (Vaisid et al., 2007). These calpain-dependent toxic effects of Aβ could
be mediated, at least in part, by the cleavage of dynamin 1 and tau (Kelly et al., 2005; Park and
Ferreira, 2005; Kelly and Ferreira, 2006; Kelly and Ferreira, 2007, see also this study) as well
as by the cleavage of a number of other proteins relevant to AD including the amyloid precursor
protein, several signaling proteins (i.e. p35, protein kinase C, and GSK3), and glutamate
receptors (both α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic (AMPA) and N-methyl-
D-aspartic acid (NMDA) receptors) (Bi et al., 1996; Shea et al., 1996; Bi et al., 1998; Lee et
al., 2000; Chen and Fernandez, 2005; Fifre et al., 2006; Crespo-Biel et al., 2007; Goni-Oliver
et al., 2007; Xu et al., 2007; Wei et al., 2008). The idea that calpain could be a potential
therapeutic target in neurodegenerative diseases has been reinforced by studies using the
calpain inhibitor MDL 28170. Those studies, whether performed in vitro or in vivo, suggested
a protective effect of calpain inhibitors against excitotoxicity (Li et al., 1998; Rami et al.,
2000; Kunz et al., 2004; Wu et al., 2004). However, little is known about their protective effects
against Aβ toxicity or the molecular mechanisms that could underlie potential protective
effects. Our results showing that A-705253 was highly effective in preventing calpain-
mediated cleavage of dynamin 1 and tau provide insights into such mechanisms. Using this
inhibitor, we detected no significant differences in the levels of the cleaved dynamin 1 and the
tau 17 kDa/full-length ratio when hippocampal neurons preincubated with 1 µM of A-705253
for 1 hr before the addition of oligomeric Aβ were compared to untreated controls. On the other
hand, the levels of full-length dynamin 1 did not completely recover even when neurons were
pretreated with the highest dose of this calpain inhibitor. These results are in agreement with
our previous observations showing that Aβ induced the decrease in dynamin 1 levels through
two mechanisms in hippocampal neurons (Kelly et al., 2005). These mechanisms involved
both the down-regulation of dynamin 1 expression and the calpain-mediated cleavage of this
protein (Kelly et al., 2005). The partial recovery of the levels of full-length dynamin 1, in
addition to the complete disappearance of the cleaved dynamin 1 band, in A-705253-treated
neurons is consistent with the effects of this inhibitor only on the degradation process associated
with the decrease in dynamin 1 levels.

The data presented in this study also showed that this calpain inhibitor was more effective in
preventing the cleavage of tau than of dynamin 1. While a significant reduction in tau cleavage
was detected when neurons preincubated with 1 nM A-705253 were compared to Aβ-treated
neurons, dynamin 1 cleavage was only significantly reduced when these neurons were
pretreated with at least 10 nM of this calpain inhibitor. This differential sensitivity could be
due to the ratio between the protease and specific substrates in hippocampal neurons.
Alternatively, it could reflect how accessible the protease was to the inhibitor in different
subcellular compartments. Immuno-electron microscopy studies have shown that calpain was
highly concentrated in cell bodies and along axons and dendrites (Perlmutter et al., 1988). In
the neuritic process, calpain immunoreactive product accumulated along microtubules. This
localization overlaps with the cellular distribution of tau (Binder et al., 1985). On the other
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hand, calpain immunoreactive product was relatively rare in presynaptic terminals, where,
localized between synaptic vesicles, dynamin 1 is highly enriched (Kelly et al., 2005). This
subcellular localization could restrict the access of the inhibitor to calpain located in the
proximity of dynamin 1. Regardless of this apparent difference between the lower doses of
A-705253 needed to significantly block the cleavage of tau and dynamin 1, our results showed
that this inhibitor is effective in nanomolar concentrations instead of the micromolar
concentrations needed for other calpain inhibitors (Battaglia et al., 2003; Park and Ferreira,
2005; Kelly and Ferreira, 2006; McCollum et al., 2006). These differences in efficiency could
be due to the improved pharmacokinetics of A-705253. The commonly used calpain inhibitors
have poor selectivity, excessive metabolism, and many times required a special route of
administration (Fehrentz and Castro, 1983; Bartus et al., 1994). In contrast, the characterization
of this inhibitor demonstrated water solubility, metabolic stability, and cell membrane
permeability (Lubisch et al., 2003).

Our results also indicated that this inhibitor was highly effective when added together with
Aβ and, to a certain extent, capable of attenuating the cleavage of dynamin 1 and tau when
added after the pathological process has been triggered. Due to great sample variability, the
decrease in cleaved-dynamin 1 (27 %) and 17 kDa tau (61 %) levels observed in the latter
experimental condition was not statistically significant. Nevertheless, the trend observed in
this experiment raised the possibility that more potent calpain inhibitors could have beneficial
effects even at late stages of AD. These results are in agreement with a previous observation
showing that A-705253 was capable of blocking neuronal death even when administered up
to 2 hrs after inducing the brain injury (Lubisch et al., 2003).

Together, these results suggest that by blocking Aβ-induced calpain activation, A-705253
could prevent the decrease in dynamin 1 levels and the generation of the tau 17 kDa neurotoxic
fragment. Through this mechanism, A-705253 could ameliorate the impairment in synaptic
vesicle recycling and progressive neurite degeneration associated with the pathological
cleavage of these proteins (Park and Ferreira, 2005; Kelly and Ferreira, 2006, Kelly and
Ferreira, 2007). Building on previous reports, these data underscore the potential importance
of calpain inhibitors as promising therapeutic tools in AD and related neurodegenerative
diseases.
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Figure 1. Aβ induced dynamin 1 and tau cleavage in cultured hippocampal neurons
(A & B) Western blot analysis of whole cell extracts prepared from 3 weeks in culture
hippocampal neurons incubated in the absence © or presence of oligomeric Aβ (Aβ) and reacted
with dynamin 1 (dyn 1)(A), spectrin (A) and tau (B) antibodies. Strong immunoreactive cleaved
dynamin 1 (~90 kDa)(A) and tau (17 kDa)(B) bands were detected in Aβ-treated neurons.
Tubulin was used as a loading control. (C & D) Graphs showing the levels of full-length (~100
kDa) and cleaved (~90 kDa) dynamin 1 band, the spectrin 150/240 kDa ratio, and the tau 17
kDa/full-length ratio in control and Aβ-treated hippocampal neurons. Values are expressed as
percentage of untreated controls, considering the values obtained in these neurons as 100%.
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Each number represents the mean ± SEM from 3 different experiments. *Differs from control,
p < 0.01.
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Figure 2. A-705253 did not induce changes in dynamin 1 and tau levels in cultured hippocampal
neurons
(A) Western blot analysis of whole cell extracts prepared from 3 weeks in culture hippocampal
neurons cultured in the absence (c) or presence of increasing concentrations of A-705253
(inhibitor) and reacted with dynamin 1 (dyn 1) and tau antibodies. No cleaved dynamin 1 or
17 kDa tau bands were detected in treated neurons. Tubulin was used as a loading control. (B
& C) Graphs showing the levels of full-length dynamin 1(~100 kDa) and tau (17 kDa/full-
length ratio) in control and A-705253-treated hippocampal neurons. Values are expressed as
percentage of untreated controls, considering the values obtained in these neurons as 100%.
Each number represents the mean ± SEM from 3 different experiments.
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Figure 3. Preincubation with A-705253 prevented Aβ-induced dynamin 1 cleavage in a dose-
dependent manner in cultured hippocampal neurons
(A) Western blot analysis of whole cell extracts prepared from 3 weeks in culture hippocampal
neurons incubated in the absence (c), the presence of oligomeric Aβ (Aβ)or from neurons
pretreated with increasing concentrations of A-705253 (inhibitor) for 1 hr before the addition
of oligomeric Aβ. The membranes were reacted with dynamin 1 (dyn 1) and tubulin antibodies.
Tubulin was used as a loading control. Note the decrease in the immunoreactive band
corresponding to cleaved dynamin 1 as the dose of A-705253 increased. (B) Graphs showing
the levels of full-length (~100 kDa) and cleaved (~90 kDa) dynamin 1 bands in control, Aβ-
treated, and A-705253 plus Aβ-treated hippocampal neurons. Values are expressed as
percentage of untreated controls, considering the values obtained in these neurons as 100%.
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Each number represents the mean ± SEM from 3 different experiments. *Differs from control,
p < 0.05. **Differs from control, p < 0.01.
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Figure 4. Preincubation with A-705253 prevented Aβ-induced tau cleavage and calpain activation
in a dose-dependent manner in cultured hippocampal neurons
(A & B) Western blot analysis of whole cell extracts prepared from 3 weeks in culture
hippocampal neurons incubated in the absence (c), the presence of oligomeric Aβ (Aβ), or
neurons pretreated with increasing concentrations of A-705253 (inhibitor) for 1 hr before the
addition of oligomeric Aβ. The membranes were reacted with tau (A) and spectrin (B)
antibodies. Tubulin was used as a loading control. Note the decrease in the immunoreactive
bands corresponding to cleaved 17 kDa tau fragment (A) and cleaved 150 kDa spectrin (B) as
the dose of A-705253 increased. (C & D) Graphs showing the tau 17 kDa/full-length and
spectrin 150/240 kDa ratios in control, Aβ-treated, and A-705253 plus Aβ-treated hippocampal
neurons. Values are expressed as percentage of untreated controls, considering the values
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obtained in these neurons as 100%. Each number represents the mean ± SEM from 3 different
experiments. *Differs from control, p < 0.05. **Differs from control, p < 0.01.
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Figure 5. The simultaneous addition of A-705253 and Aβ prevented dynamin 1 and tau cleavage
as well as calpain activation in cultured hippocampal neurons
(A & B) Western blot analysis of whole cell extracts prepared from 3 weeks in culture
hippocampal neurons incubated in the absence (c), the presence of both A-705253 (inhibitor)
(1 µM) and oligomeric Aβ (Aβ). The membranes were reacted with dynamin 1 (dyn 1) (A),
spectrin (A) and tau (B) antibodies. Tubulin was used as a loading control. (C–E) Graphs
showing the levels of dynamin 1 full-length (~100 kDa) and cleaved (~90 kDa) bands (C), the
tau 17 kDa/full-length ratio (D) and calpain activation determined as the spectrin 150/240 kDa
ratio (E) in control, Aβ-treated, and A-705253 plus Aβ-treated hippocampal neurons. Values
are expressed as percentage of untreated controls, considering the values obtained in these
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neurons as 100%. Each number represents the mean ± SEM from 3 different experiments.
*Differs from control, p < 0.05. **Differs from control, p < 0.01.
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Figure 6. A-705253 was partially effective in blocking Aβ-induced dynamin 1 and tau cleavage and
calpain activation when added after the incubation with the oligomeric peptide had begun
(A & B) Western blot analysis of whole cell extracts prepared from 3 weeks in culture
hippocampal neurons incubated in the absence (c), the presence of oligomeric Aβ (Aβ̣ for 8
(8h) (the shortest incubation time resulting in significant dynamin 1 and tau cleavage) and 24
(24 h), or from neurons treated for 8 h with Aβ before the addition of A-705253 (1 µM) and
collected 24 h after the addition of Aβ (Aβ 24h + I 1 µM). The membranes were reacted with
dynamin 1 (dyn 1) (A), spectrin (A), and tau antibodies (B) Equal amounts of protein were
loaded in each lane. The tubulin was used as a loading control. Values obtained from neurons
incubated with the calpain inhibitor 8 h after the starting point of the Aβ treatment fell in
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between the ones obtained from neurons treated with only Aβ (C–E) Graphs show the results
of the quantitative analysis of immunoreactive bands. Values are expressed as percentage of
untreated controls, considering the values obtained in these neurons as 100%. Each number
represents the mean ± SEM from 3 different experiments. *Differs from control, p < 0.05.
**Differs from control, p < 0.01.
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