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Increased Membrane Cholesterol Might Render Mature
Hippocampal Neurons More Susceptible to �-Amyloid-
Induced Calpain Activation and Tau Toxicity
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A growing body of evidence suggests that �-amyloid (A�), the main component of senile plaques, induces abnormal posttranslational
processing of the microtubule-associated protein tau. We have recently described that, in addition to increasing tau phosphorylation, A�
enhanced calpain activity leading to the generation of a toxic 17 kDa tau fragment in cultured hippocampal neurons. How aging, the
greatest Alzheimer’s disease (AD) risk factor, might regulate this proteolytic event remains unknown. In this study, we assessed the
susceptibility of cultured hippocampal neurons to A�-dependent 17 kDa tau production at different developmental stages. Our results
revealed that mature neurons were more susceptible to A�-induced calpain activation leading to the generation of this fragment than
young neurons. In addition, the production of this fragment correlated with a decrease in cell viability in mature hippocampal neurons.
Second, we determined whether membrane cholesterol, a suspect player in AD, might mediate these age-dependent differences in
A�-induced calpain activation. Filipin staining and an Amplex Red cholesterol assay showed that mature neuron membrane cholesterol
levels were significantly higher than those detected in young ones. Furthermore, decreasing membrane cholesterol in mature neurons
reduced their susceptibility to A�-dependent calpain activation, 17 kDa tau production, and cell death, whereas increasing membrane
cholesterol in young neurons enhanced these A�-mediated cellular processes. Finally, fura-2 calcium imaging indicated that membrane
cholesterol alterations might change the vulnerability of cells to A� insult by altering calcium influx. Together these data suggested a
potential role of cholesterol in linking aging to A�-induced tau proteolysis in the context of AD.

Introduction
Alzheimer’s disease (AD) is a common neurodegenerative disor-
der characterized by the presence of two pathological hallmarks
in affected brain areas. These hallmarks include senile plaques of
extracellular �-amyloid (A�) deposits, generated by �- and
�-secretase cleavage of the amyloid precursor protein (APP), and
intracellular neurofibrillary tangles (NFTs) composed primarily
of hyperphosphorylated tau (Glenner and Wong, 1984; Kosik et
al., 1986; Wood et al., 1986; Selkoe, 1994; Vassar et al., 1999).
While these abnormal protein aggregates coexist in AD brains,
how they are linked in AD pathogenesis has not been completely
elucidated. Many studies have identified A�-dependent tau
phosphorylation as a cause of toxicity in AD [for review, see Lee
(1996), Imahori et al. (1998), Tsai et al. (2004), Pevalova et al.
(2006), and Takashima (2006)]. More recently, research efforts
have turned to the potential role of A�-induced proteolytic pro-
cessing of tau in neurite degeneration. Emerging evidence sug-
gests that two proteases, caspase-3 and calpain, mediate tau cleav-
age in the presence of A�. It has been shown that caspase-3

cleaved tau at Asp 421, enhancing tau aggregation properties in the
presence of A� (Chung et al., 2001; Gamblin et al., 2003). Fur-
thermore, a neurotoxic 17 kDa tau fragment as the result of A�-
induced activation of calpain, a calcium (Ca 2�)-dependent cys-
teine protease, has been identified in a culture model of AD (Park
and Ferreira, 2005). This calpain-mediated tau cleavage preceded
phosphorylation, suggesting that the activation of this enzyme
leading to the generation of 17 kDa tau might be an early event in
AD pathogenesis (Park and Ferreira, 2005).

How aging, the greatest risk factor for AD, is involved in these
AD pathogenic cascades remains unclear. It has been previously
shown that A� induced weaker tau phosphorylation in young
cultured neurons than in mature ones (Ferreira et al., 1997).
However, developmental changes in A�-induced tau cleavage
have not been studied. These changes could depend on the com-
plement of tau isoform expressed throughout the maturation of
hippocampal neurons. Studies performed using neurons that de-
velop either in situ or in culture showed that tau undergoes age-
dependent alternative splicing of exons 2, 3, and 10 in central
neurons. Fetal isoforms lacking all three exons are more abun-
dant in immature neurons. Conversely, isoforms containing
these exons are the most abundant in mature neurons (Kosik et
al., 1989; Ferreira et al., 1997). Alternatively, aging could modu-
late the proteolytic processing of tau by regulating the expression
levels and/or the activation state of proteases in response to dif-
ferent cellular insults (Kenessey et al., 1990; Benuck et al., 1996;
Manya et al., 2002).
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In the present study, we conducted experiments to assess age-
dependent differences in A�-induced calpain-mediated 17 kDa
tau production in cultured hippocampal neurons. The data de-
scribed here indicated that in the presence of A�, mature neurons
were more susceptible to calpain cleavage of tau into the 17 kDa
fragment and cell death than young ones. In addition, this change
in the susceptibility of neurons to A� toxicity occurred concom-
itantly with a developmental increase in membrane cholesterol
levels. Furthermore, while decreasing mature neuron membrane
cholesterol levels to that of young cells reduced their susceptibil-
ity to A�-induced tau cleavage by calpain, increasing young neu-
ron membrane cholesterol levels to that of mature cells enhanced
their vulnerability to A� insult. These changes in susceptibility to
A�-induced calpain-mediated tau cleavage correlated with sig-
nificant alterations in Ca 2� influx. Together, these results sug-
gested that A�-dependent calpain activation leading to tau cleav-
age might be developmentally regulated, at least in part, through
membrane cholesterol.

Materials and Methods
Hippocampal culture preparation. Embryonic day 18 Sprague Dawley rat
embryos were used to prepare primary hippocampal cultures as previ-
ously described (Goslin et al., 1998). Briefly, hippocampi were dissected
and freed of meninges. 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 at high density in
minimum essential medium (MEM) with 10% horse serum (MEM10)
on poly-L-lysine-coated dishes (800,000 cells/60 mm dish). After 4 h, the
medium was changed to glia-conditioned MEM containing 0.1%
ovalbumin, 0.1 mM sodium pyruvate, and N2 supplements (N2 medium)
(Bottenstein and Sato, 1979). For immunocytochemistry experiments,
hippocampal neurons were plated at low density (150,000 cells/60 mm
dish) onto poly-L-lysine-coated coverslips in MEM10. After 4 h, the cov-
erslips were transferred to dishes containing an astroglial monolayer and
maintained in N2 medium. Neurons were kept in culture for 7, 12, 17, or
21 d.

A� aggregation. Synthetic A�1– 40 and A�1– 42 (American Peptide)
were dissolved to 0.5 mg/ml in N2 medium and incubated for 4 d at 37°C
to preaggregate the peptides (Ferreira et al., 1997). Neurons were incu-
bated in the presence of the preaggregated peptide at concentrations
ranging from 10 to 20 �M for 8 –24 h (Park and Ferreira, 2005).

Immunocytochemistry. Hippocampal neurons were cultured on cover-
slips for 7 to 21 d before treatment with or without 20 �M A�. Cells were
fixed 24 h later in 4% paraformaldehyde (PFA) in PBS containing 0.12
mM sucrose for 15 min, and permeabilized in 0.3% Triton X-100 in PBS
for 4 min. Coverslips were incubated in 10% bovine serum albumin in
PBS at room temperature for 1 h before labeling with anti-�-tubulin
primary antibody (clone DM1A; 1:1000; Sigma) followed by a
fluorescein-conjugated secondary antibody (AlexaFluor 488; 1:200; In-
vitrogen). Images were taken using a Photometrics Cool Snap HQ2 cam-
era coupled to a fluorescent microscope (Nikon Diaphot). Images were
analyzed using MetaMorph Image Analysis software (Universal Imaging,
Fryer).

Electrophoresis and immunoblotting. Whole-cell lysates were prepared
from 7, 12, 17, and 21 d in culture hippocampal neurons that had been
incubated with or without A� or cholesterol-altering drugs (see below)
by harvesting them in Laemmli buffer. Lysates were homogenized by
boiling for 10 min, after which they were loaded and run on SDS-
polyacrylamide gels as previously described (Laemmli, 1970). The pro-
teins were transferred onto Immobilon membranes (Millipore Bio-
science Research Reagents) and immunoblotted (Towbin et al., 1979;
Ferreira et al., 1997). Immunodetection was performed using a
phosphorylation-independent anti-tau (clone tau5; 1:1000; BioSource
International), anti-spectrin (1:1000; Millipore Bioscience Research Re-
agents), anti-calpain-1 (1:5000; EMD Biosciences), anti-calpastatin (1:
200; Santa Cruz Biotechnology), and anti-�-tubulin (clone DM1A;
1:200,000; Sigma) antibodies. Secondary antibodies conjugated to horse-

radish peroxidase (1:1000; Promega) were used followed by enhanced
chemiluminescence for the detection of proteins (Yakunin and Hallen-
beck, 1998). A ChemiDoc XRS system and Quantity One Software (Bio-
Rad) were used to image and analyze immunoreactive bands. Densito-
metric values were normalized to �-tubulin internal controls.

Cell death assay. Cell viability was assessed by the trypan blue exclusion
method as previously described (Black and Berenbaum, 1964; Aras et al.,
2008). Briefly, hippocampal neurons cultured on coverslips for 7, 12, 17,
or 21 d were incubated in 0.2% trypan blue stain (Sigma) for 5 min at
room temperature. The cells were rinsed in PBS and immediately
counted or fixed for 15 min in 4% paraformaldehyde in PBS and stored
in PBS at 4°C. Cells that did not exclude trypan blue were counted as dead
cells. Ten nonoverlapping microscopic fields from three independent
cultures were analyzed for each experimental condition. Cell death was
expressed as a percentage of total cells in each field.

In vitro calpain cleavage of tau isoforms. Six micrograms of recombi-
nant fetal tau, which does not contain exons 2, 3, or 10 (0N3R; EMD
Biosciences), or recombinant adult full-length tau, which contains all
exons (2N4R; EMD Biosciences), were incubated in the presence or ab-
sence of calpain (1 U; EMD Biosciences) for 1 h at 37°C (Kelly et al.,
2005). The digestion reaction was stopped by the addition of an equiva-
lent volume of Laemmli buffer preceding boiling for 10 min. In vitro
cleavage product samples were subjected to immunoblotting with a
phosphorylation-independent tau antibody (clone tau5; 1:2000;
BioSource).

Filipin labeling of membrane cholesterol. Filipin labeling of membrane
cholesterol was performed as previously described (Sponne et al., 2004).
Hippocampal neurons were cultured for 7 or 21 d on coverslips, after
which they were fixed in 4% PFA in PBS containing 0.12 mM sucrose for
15 min and labeled with 300 �g/ml filipin (Sigma) in PBS for 90 min.
After washing with PBS, the cells were fixed for a second time in PFA for
20 min and mounted on a microscope slide. Filipin fluorescence was
analyzed 1 d after staining by taking images at 40� magnification and 5 s
exposures using MetaMorph Image Analysis software (Universal Imag-
ing) and a Photometrics Cool Snap HQ2 camera coupled to a fluorescent
microscope (Nikon Diaphot). Average pixel filipin fluorescence intensity
was measured in regions of the soma and processes (25 �m distant from
the border of the soma). All values were normalized to the background
fluorescence of the corresponding image.

Subcellular fractionation. Seven and twenty-one days in culture hip-
pocampal neurons underwent subcellular fractionation to segregate cy-
tosol and membrane fractions as described previously (van der Bliek et
al., 1993; Damke et al., 1994; Kelly and Ferreira, 2007). Briefly, cells were
scraped in 5 mM EDTA in PBS and pelleted by centrifugation for 10 min
at 5000 rpm at 4°C. Pellets were resuspended in 200 �l of fractionation
buffer (0.25 M sucrose, 1 mM magnesium chloride, 2 mM EGTA, and 25
mM HEPES, pH 7.4) and lysed by three cycles of flash freezing in liquid
nitrogen. Lysates were then centrifuged at 100,000 � g for 30 min in a
Beckman Airfuge (Beckman Coulter). Supernatants (cytosol fraction)
were removed and the pellet (membrane fraction) was resuspended in
200 �l of fractionation buffer containing 5% Triton X-100 and briefly
sonicated. Whole-cell lysates from the neuronal cultures and rat brain
hippocampi were obtained by harvesting or homogenizing the samples
in subcellular fractionation buffer containing 2.5% Triton X-100, fol-
lowed by brief sonication.

Amplex Red cholesterol quantification. Cholesterol levels were quanti-
fied by the Amplex Red cholesterol assay (Invitrogen) in whole-cell,
membrane, and cytosol fractions of hippocampal neurons cultured for 7
or 21 d, as well as in whole-cell lysates prepared from the hippocampi of
Sprague Dawley rats aged postnatal day 1 (P1)–P180. Briefly, samples
were diluted in reaction buffer, after which an equivalent volume of
Amplex Red working solution (300 �M Amplex Red, 2 U/ml cholesterol
oxidase, 2 U/ml cholesterol esterase, and 2 U/ml horseradish peroxidase)
was added. The samples were incubated at 37°C for 30 min and absor-
bance was measured at 568 nm using a Tecan Infinite M200 microplate
reader and i-Control software. Cholesterol values were calculated using
known cholesterol solutions and normalized to protein content as mea-
sured by the modified Lowry technique (Lowry et al., 1951; Bensadoun
and Weinstein, 1976).
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Membrane cholesterol modification. Hip-
pocampal neurons cultured for 21 d were incu-
bated in N2 media containing methyl-�-
cyclodextrin (MBCD; 2 mM; Sigma) for 30 min
to decrease membrane cholesterol levels to that
of young neurons (Sponne et al., 2004; Pooler et
al., 2006). To increase young neuron mem-
brane cholesterol levels to that of mature neu-
rons, 7 d in culture hippocampal neurons were
treated with 2 �g/ml free cholesterol together
with 30 �M cholesterol from MBCD complexed
with this steroid (MBCD:CH) for 1 h. After ei-
ther MBCD or MBCD:CH treatment, the me-
dia was replaced with drug-free or A�-
containing N2 media. The efficiency of MBCD
and MBCD:CH in altering membrane choles-
terol levels was assessed by fractionating the
cells and quantifying membrane fraction cho-
lesterol content by means of the Amplex Red
cholesterol assay as described above.

Intracellular Ca2� imaging. Hippocampal
neurons cultured for 7 and 21 d on coverslips
were treated with A�, cholesterol-modifying
drugs, or both. The cells were loaded with 2 �M

fura-2 AM (Invitrogen) for 15 min at 37°C,
washed, and incubated for an additional 15 min
at 37°C to allow deesterification of the AM ester
(Resende et al., 2007). The cells were mounted
in a Series 20 chamber (Warner Instruments) in
HEPES buffer (5 mM potassium chloride, 140
mM sodium chloride, 2 mM calcium chloride, 1
mM magnesium chloride, 10 mM glucose, and
10 mM HEPES, pH 7.4). Using an inverted mi-
croscope (Nikon Diaphot) connected to a Pho-
tometrics Cool Snap HQ2 camera and Meta-
Morph/Metafluor Image Analysis software
(Universal Imaging), 60 ms exposures were
taken of loaded cells every 10 s for a total of 15
min to establish baseline Ca 2� concentrations
(Sun et al., 2004; Foradori et al., 2007). Fura
bound or unbound to Ca 2� was quantified by
establishing a ratio between its fluorescence at
510 nm post excitation at 340 and 380 nm, re-
spectively. Intracellular Ca 2� was quantified by
comparing the 340/380 ratio obtained in our
cells to that of standard solutions containing
fura-2 and Ca 2� of known concentrations.

Statistical analyses. All experiments per-
formed in this study were conducted three
times in at least three independent cultures. The
compiled data were analyzed across the experi-
mental conditions using one-way ANOVA fol-
lowed by Fisher’s LSD post hoc test. The values
in the graphs represent the mean � SEM, and statistical significance is
indicated in the graphs for treatments that differed from their respective
controls.

Results
The susceptibility of hippocampal neurons to A�-induced tau
cleavage increased in an age-dependent manner
It has been previously shown that mature hippocampal neurons
cultured in the presence of preaggregated A� are more suscepti-
ble to tau hyperphosphorylation than young neurons (Ferreira et
al., 1997). However, no comparable information regarding A�-
induced tau cleavage is available. To address this question, we
incubated 7, 12, 17, and 21 d in culture hippocampal neurons
with A�. The cells were fixed 24 h later and labeled with a tubulin
antibody (clone DM1A) to enable morphological observations.

By 7 d in culture, the neurons had developed a complex network
of neuritic processes, although this network was more extensive
as the cells developed (Fig. 1A,B,E,F). Upon treatment with A�,
the processes of cells cultured for 7 (Fig. 1B,C) and 12 (data not
shown) d remained intact with no morphological evidence of
neurodegeneration. In contrast, 17 (data not shown) and 21 (Fig.
1G,H) d in culture neurons that were incubated in the presence of
A� displayed neurites with varicosities as well as neurites under-
going retraction.

To assess whether these A�-induced developmental changes
in neurite morphology correlated with increased cell death, we
conducted cell death assays using cultured hippocampal neurons
at different ages. Hippocampal neurons cultured for 7, 12, 17,
and 21 d were treated with or without A� for 24 h and stained
with trypan blue. Only viable neurons with an intact plasma

Figure 1. Mature cultured hippocampal neurons were more susceptible to A� toxicity than young ones. A–H, Seven (A–D)
and 21 (E–H ) days in culture hippocampal neurons that incubated in the absence (A, B, E, F ) or presence (C, D, G, H ) of A� for 24 h
were labeled using a tubulin antibody. No signs of degeneration were detected in 7 d in culture neurons treated with A� (E, F ). In
contrast, mature neurons displayed morphological signs of degeneration, such as neurite varicosities (G, H ). Images shown in B,
D, F, and H are higher-magnification pictures of areas boxed in A, C, E, and G, respectively. I, Quantification of cell death in neurons
treated with (black bars) or without (white bars) A� as they aged in culture. A�-treated mature neurons cultured 17 and 21 d
showed significant cell death, whereas young neurons of 7 and 12 d in culture did not. Values represent the mean � SEM from 20
fields per condition and were expressed as a percentage of total cells. *Differs from untreated controls, p � 0.01. Scale bars: A, C,
E, G, 100 �m; B, D, F, H, 50 �m.
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membrane are able to exclude this large dye from their cyto-
plasm. Quantification of the percentage of trypan blue-positive
(dead) neurons showed no differences when A�-treated cultures
were compared with their untreated controls 7 and 12 d after
plating (Fig. 1 I) (14.3 � 2.1 and 15.3 � 1.9% vs 20.4 � 2 and
18.5 � 2.1%, respectively). Although there was a slight increase in
overall cell death as neurons aged in culture, cell death in control
and A�-treated 7 and 12 d in culture neurons was similar to that
observed in untreated cells cultured for 17 and 21 d (Fig. 1 I)
(20.3 � 2.3 and 27 � 2.4%, respectively). On the other hand, the
incubation of 17 and 21 d in culture neurons with A� resulted in
a significant increase in cell death compared with their untreated
controls (Fig. 1 I) (62.4 � 3.4 and 70.9 � 3.6% respectively).

We next assessed whether the age-related neuronal degenera-
tion and cell death associated with A� treatment in our cells
occurred concomitantly with production of the neurotoxic 17
kDa tau fragment. For these experiments, neurons cultured for 7,
12, 17, or 21 d were treated with A� for 24 h, after which the cells
were subjected to immunoblotting using a phosphorylation-
independent tau antibody (clone tau5). Whole-cell lysates ob-
tained from control and A�-treated cells at 7 and 12 d in culture
had an abundance of full-length tau and no detectable tau degra-
dation products at lower molecular weights (Fig. 2A). Similarly,
strong full-length tau immunoreactive bands and a faint tau im-
munoreactive band at an apparent molecular weight of 17 kDa
were detected in 17 and 21 d in culture controls. In contrast, A�
treatment of hippocampal neurons that had been kept in culture
for 17 and 21 d resulted in not only a decrease in the immunore-
activity of full-length tau, but also an increase in tau immunore-
activity at 17 kDa (Fig. 2A). A ratio was then established between
the amount of 17 kDa and full-length tau in these lysates (Fig.
2B). Since no 17 kDa tau immunoreactive band was detected in
neurons cultured for either 7 or 12 d, we were unable to establish
a 17 kDa to full-length tau ratio in these lysates. On the other
hand, the 17 kDa to full-length tau ratio was significantly in-
creased in both 17 and 21 d in culture neurons treated with A�
when compared with untreated controls (Fig. 2B). Similar results
were obtained using either A�1– 40 and A�1– 42 at concentrations
ranging from 10 to 20 �M for a duration of 8 –24 h (data not
shown; see also Park and Ferreira, 2005).

Age-dependent differences in A�-induced 17 kDa tau
production correlated with changes in calpain activation
We next analyzed to what extent developmental differences in tau
isoform expression might regulate A�-induced calpain cleavage
of tau into the 17 kDa fragment. Tau undergoes developmental
alternative splicing in rat hippocampal neurons, both in vivo and
in culture (Kosik et al., 1989; Ferreira et al., 1997). As a result, the
primary tau isoforms expressed in young cultured neurons (fetal
isoforms) lack N-terminal exons 2 and 3 as well as exon 10 located
in the microtubule binding region of the protein (0N3R) (Fer-
reira et al., 1997). Contrastingly, mature cultured hippocampal
neurons primarily express the adult forms of tau, which contain
all three of these exons (2N4R) (Ferreira et al., 1997). For these
experiments, both fetal and adult tau recombinant proteins were
incubated in the presence of calpain in vitro. The generated tau
fragments were subjected to immunoblotting with the clone tau5
antibody. Negative controls, in which calpain was not activated
by a Ca 2�-containing activation buffer, had few tau degradation
products and no apparent band at 17 kDa (Fig. 3A). On the other
hand, the incubation of both fetal and adult tau isoforms with
activated calpain resulted in a tau immunoreactive cleavage
product of 17 kDa (Fig. 3A). These results suggested that the

generation of a 17 kDa tau fragment was not dependent on tau
isoform expression.

Experiments were then performed to assess whether age-
related differences in A�-dependent 17 kDa tau production were
a result of changes in calpain activity. To address this question, we
first conducted immunoblotting experiments of lysates obtained
from young and mature hippocampal neurons cultured in the
absence or presence of preaggregated A�. Blotting membranes
were probed with a spectrin antibody to determine the ratio be-
tween calpain-cleaved (150 kDa) and full-length (240 kDa) spec-
trin. Spectrin cleavage from 240 to 150 kDa is an excellent marker
for calpain activation that has been shown to produce results
comparable to calpain activity assays (Czogalla and Sikorski,
2005; Park and Ferreira, 2005). Untreated neurons at each age
displayed a strong spectrin immunoreactive band at 240 kDa with
little spectrin cleavage into the 150 kDa fragment (Fig. 3B). Fur-
thermore, full-length spectrin immunoreactivity and quantifica-
tion of the 150 to 240 kDa spectrin ratio in whole-cell lysates
prepared from A�-treated neurons cultured for 7 and 12 d were
not significantly different from untreated controls (Fig. 3C). In
contrast, there was a significant decrease in immunoreactivity of
full-length spectrin that was accompanied by an increase in the

Figure 2. A� induced the production of the 17 kDa tau fragment only in mature hippocam-
pal neurons. A, Western blot analysis of the 17 kDa tau fragment in whole-cell lysates prepared
from 7, 12, 17, and 21 d in culture hippocampal neurons treated with (�) or without (�) 20
�M A� for 24 h using a phosphorylation-independent tau antibody (clone tau5). Tubulin was
used as a loading control. A strong 17 kDa tau immunoreactive band was detected only in
treated hippocampal neurons kept in culture for either 17 or 21 d. B, Quantitative analysis of the
17 kDa tau fragment in hippocampal neurons cultured in the absence (white bars) or presence
(black bars) of A�. The 17 kDa densitometry values were calculated as a ratio of full-length tau
and represent the mean � SEM obtained from at least three independent experiments. The
values obtained from untreated neurons were considered 100%. *Differs from untreated con-
trols, p � 0.01. N/D, Not detectable.
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150 kDa spectrin immunoreactive band in 17 and 21 d in culture
neurons that were incubated with A� (Fig. 3B). This change in
spectrin band intensities resulted in a significant increase in the
150 to 240 kDa spectrin ratio in A�-treated neurons cultured 17
and 21 d compared with untreated controls (Fig. 3C). These data
indicated that age-dependent differences in 17 kDa tau produc-
tion in response to A� treatment correlated with changes in A�-
mediated calpain activation in cultured hippocampal neurons.

We next addressed the possibility that this increased A�-
induced calpain activation in mature neurons compared with
young ones was due, at least in part, to developmental changes in
the ratio of calpain to its endogenous inhibitor, calpastatin. Im-
munoblotting of whole-cell lysates from 7 and 21 d in culture
hippocampal neurons with calpain and calpastatin antibodies did
not reveal age-related differences in the ratio of these proteins
(data not shown). Together, these data suggested that the cellular
mechanisms that mediate A�-dependent calpain cleavage of tau
into the 17 kDa fragment might lie upstream of this enzyme.

Membrane cholesterol levels were developmentally regulated
in hippocampal neurons
Previous research has suggested that components of the plasma
membrane might affect calpain activation. This is evidenced by
the ability of calpain’s third domain to bind lipids, as well as by
the ability of phospholipids to reduce the amount of Ca 2� re-
quired for calpain activation (Coolican and Hathaway, 1984;
Tompa et al., 2001). A component of the plasma membrane
known to be involved in mediating the vulnerability of cells to
Ca 2� influx is cholesterol (Bastiaanse et al., 1994). Interestingly,
membrane cholesterol has been shown to affect A� toxicity and
also to be developmentally regulated (Igbavboa et al., 1996;
Arispe and Doh, 2002; Ehehalt et al., 2003; Subasinghe et al.,
2003; Sponne et al., 2004; Igbavboa et al., 2005). Thus, this sterol
might be a factor involved in the regulation of age-dependent
changes in A�-induced calpain activation. To address this ques-
tion, we first assessed membrane cholesterol levels in young and
mature hippocampal neurons using filipin staining. Filipin is a
polyene probe which fluoresces upon binding to cholesterol.
Both young and mature neurons were fixed and labeled with 300
�g/ml filipin complex and fluorescence was measured by image
analysis using MetaMorph software. Young and mature neurons
displayed uniformly distributed filipin labeling in the soma, al-
beit significantly more concentrated in the 21 d in culture neu-
rons. Although this probe’s fluorescence was visualized in the
processes of the young neurons, filipin labeling of mature neuron
processes was relatively more intense and extended further into
the neurites (Fig. 4A,B). Quantification of the relative filipin
fluorescence in both the processes and the soma of the young and
mature cells revealed that labeling in each of these areas was
greater in the mature neurons by �150% (Fig. 4C). These results
suggested that mature hippocampal neurons in culture contained
more membrane cholesterol in both the soma and processes than
young neurons.

As a more quantitative measure of cholesterol, we performed
an Amplex Red cholesterol assay using membrane, cytosol, and
whole-cell fractions of young and mature cultured hippocampal
neurons. Whole-cell lysates of mature neurons had significantly
more cholesterol than young ones (42.08 � 2.84 vs 26.61 � 0.68
ng/�g protein, respectively). This difference in whole-cell choles-
terol content was accounted for primarily in the membrane frac-
tion of these cells (85.71 � 2.97 vs 58.76 � 2.73 ng/�g protein,
respectively), since young and mature neurons did not signifi-
cantly differ in their cytosolic cholesterol content (Fig. 4D). Fi-
nally, we analyzed cholesterol content in brain lysates obtained
from rats of different ages to determine whether a developmental
increase in cholesterol is a phenomenon that occurs in vivo. For
these experiments, lysates were prepared from the hippocampus,
the area of the brain primarily affected by AD pathology, of
Sprague Dawley rats aged P1–P180, and analyzed using the Am-
plex Red cholesterol assay. The hippocampal cholesterol content
in these rats increased from 22.8 � 5.6 ng/�g protein at P1 to a

Figure 3. Developmental regulation of A�-induced 17 kDa generation was dependent on
calpain activation and not tau isoform expression. A, Six micrograms of recombinant fetal
(0N3R) and adult (2N4R) tau isoforms were incubated with (�) or without (�) 1 U of active
calpain in vitro. Cleavage products were immunoblotted using a tau antibody (clone tau5). Note
the presence of a 17 kDa tau immunoreactive band when either isoform was incubated with
calpain. B, Western blot of whole-cell lysates obtained from 7, 12, 17, and 21 d in culture
hippocampal neurons cultured in the absence (�) or presence (�) of 20 �M A� for 24 h using
a spectrin antibody. Tubulin was used as a loading control. An increase in the 150 kDa immu-
noreactive spectrin band and a concomitant decrease in full-length spectrin was detected only
in mature hippocampal neurons. C, Quantitative analysis of spectrin cleavage by calpain in
cultured hippocampal neurons cultured with (black bars) or without (white bars) A�. A densi-
tometric ratio was established between calpain-cleaved spectrin of 150 kDa and full-length
spectrin of 240 kDa. The values represent the mean � SEM from at least three independent
experiments. Untreated controls were considered 100%. *Differs from untreated controls, p �
0.01.
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peak of 67.9 � 0.5 ng/�g protein in P90 rats. Statistical analysis
showed that cholesterol levels were also significantly higher in the
hippocampi of rats aged P10, P15, and P20 (45 � 1.9, 50.7 � 3.3,
and 52 � 7 ng/�g protein, respectively) than those of young rats
aged P1 and P5 (22.8 � 5.6 and 35.1 � 0.5 ng/�g protein, respec-
tively). These data provided further support that cholesterol lev-
els in hippocampal neurons were developmentally regulated.

Membrane cholesterol reduction in mature hippocampal
neurons decreased their susceptibility to A�-induced 17 kDa
tau production and calpain activation
To assess whether membrane cholesterol plays a role in mediat-
ing age-dependent differences in the susceptibility of hippocam-
pal neurons to A�-mediated calpain activation and 17 kDa tau
generation, we performed experiments to decrease membrane
cholesterol in mature cells to that of young ones. This was
achieved by treating 21 d in culture hippocampal neurons with
MBCD. MBCD lowered membrane cholesterol levels of mature
neurons in a dose-dependent manner over a course of 30 min
(Fig. 5A). Concentrations equal to or below 1.5 mM MBCD failed

to reduce membrane cholesterol in these
cells to equal that of young neurons. Con-
trastingly, MBCD used at a concentration
of 2 mM or higher decreased membrane
cholesterol in mature hippocampal neu-
rons to levels comparable to young ones
(Fig. 5A). Treated neurons were able to
maintain this change in membrane choles-
terol for 24 h (Fig. 5A).

We next determined whether the mem-
brane cholesterol alterations described
above cause a change in the susceptibility
of mature cultured hippocampal neurons
to A�-induced calpain activation and sub-
sequent production of the 17 kDa tau frag-
ment. For these experiments, hippocam-
pal neurons cultured for 21 d were
subjected to treatment with MBCD after
which they were incubated with A�. Fol-
lowing the A� treatment, the cells were
subjected to immunoblotting using both
tau and spectrin antibodies. A�-treated
cells showed reduced full-length tau im-
munoreactivity accompanied by the ap-
pearance of a strong tau immunoreactive
band at 17 kDa when compared with ei-
ther untreated controls or cells treated
with MBCD alone (Fig. 5B). However,
21 d in culture neurons that were incu-
bated in the presence of both MBCD and
A� maintained full-length tau immunore-
activity similar to controls. Furthermore,
mature neurons treated with MBCD fol-
lowed by A� incubation revealed de-
creased tau immunoreactivity at 17 kDa,
thus significantly reducing the 17 kDa to
full-length tau ratio in these cells com-
pared with those treated with A� alone
(Fig. 5B,C). When these mature lysates
were analyzed by immunoblotting with a
spectrin antibody, control and MBCD-
treated cells contained similar levels of 240
and 150 kDa spectrin (Fig. 5B,C). Con-

versely, mature hippocampal neurons cultured in the presence of
A� alone had a significantly increased 150 to 240 kDa spectrin
ratio compared with controls (Fig. 5B,C). When these cells were
cultured in the presence of both MBCD and A�, they showed 240
kDa full-length spectrin levels comparable to control and
MBCD-treated cells with an accompanied decrease in calpain-
cleaved spectrin at 150 kDa with respect to A�-treated cells (Fig.
5B,C). Finally, cell viability in mature neurons that underwent
cholesterol modification and A� treatment was analyzed using
the cell death assay. The percentage of cell death in mature neu-
rons treated with MBCD alone was not significantly different
from control cells, suggesting that this drug was not toxic to
cultured neurons at a concentration of 2 mM (Fig. 5D). As shown
previously in Figure 1 I, cells treated with A� alone showed a
marked increase in cell death compared with untreated or
MBCD-treated neurons (Fig. 5D). In contrast, hippocampal neu-
rons treated with MBCD before the addition of preaggregated A�
showed a great reduction in A�-induced toxicity compared with
cells treated only with A� (Fig. 5D).

Figure 4. Membrane cholesterol levels increased as hippocampal neurons developed in culture. A, B, Filipin labeling of 7 (A)
and 21 (B) d in culture hippocampal neurons showed intense fluorescence in the soma (s) of neurons in both age groups. The
staining extended further into the processes (p) of the older neurons than the younger ones. C, Quantitative analysis of the relative
filipin fluorescence intensity in 7 (white bars) and 21 (black bars) d in culture hippocampal neurons. Note the increased filipin
intensity in the soma (s) and processes (p) of 21 d in culture neurons compared with those of 7 d in culture ones. D, Cholesterol
quantification in cytosol, membrane, and whole-cell fractions of neurons cultured for 7 (white bars) and 21 (black bars) d by means
of Amplex Red analysis. Values were normalized to total protein in these lysates. Each graph displays the mean values � SEM and
a statistical comparison between 7 and 21 d in culture cells. *Differs from 7 d in culture values, p � 0.01. Scale bar, 20 �m.
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A�-induced calpain activation and 17
kDa tau generation was increased in
young cells after the addition of
cholesterol to their membranes
The data described above indicated that
reducing membrane cholesterol in mature
cultured neurons decreased their suscepti-
bility to A�-dependent calpain-mediated
tau cleavage and cell death. To further as-
sess the role of cholesterol in these mecha-
nisms, we analyzed to what extent the in-
crease in membrane cholesterol in young
neurons to levels comparable to mature
cells might affect their vulnerability to A�
toxicity. The addition of cholesterol was
accomplished by using a pharmacological
agent that comprises both MBCD and
cholesterol (MBCD:CH). �-Cyclodextrins
such as MBCD are able to remove choles-
terol from cellular membranes when this
steroid is absent in the culture medium,
and serve as a vehicle to deliver cholesterol
to cell surfaces when complexed with cho-
lesterol (Christian et al., 1997). For these
experiments, 7 d in culture hippocampal
neurons were incubated in the presence of
increasing concentrations of complexed
cholesterol together with 2 �g/ml free cho-
lesterol for 1 h. Our results showed that the
incubation of young neurons with MBC-
D:CH complexed cholesterol at concen-
trations of 30 �M or higher increased their
membrane cholesterol content to levels
equal to that of mature ones (Fig. 6A). We
then assessed tau cleavage and calpain ac-
tivation in MBCD:CH-treated cells to ex-
clude any toxicity of this pharmacological
agent. Whole-cell lysates prepared from
7 d in culture hippocampal neurons
treated with MBCD:CH showed strong
full-length tau immunoreactivity compa-
rable to untreated controls and cells
treated with A� (Fig. 6B; see also Fig. 2).
While the 17 kDa tau fragment was not
detectable in untreated controls or in cells
treated with A� alone, an extremely faint,
yet quantifiable tau immunoreactive band
at an apparent weight of 17 kDa was de-
tected in the MBCD:CH-treated neurons
(Fig. 6B). Similarly, no changes in 150 to
240 kDa spectrin ratios were detected un-
der these experimental conditions (Fig.
6B,D). Collectively, these results sug-
gested the MBCD:CH treatment did not
induce significant 17 kDa production or
calpain activation in these cells. We then examined to what extent
pretreatment with MBCD:CH affected the vulnerability of young
cultured hippocampal neurons to A�-induced calpain-mediated
tau cleavage. Western blotting of lysates prepared from cells
treated with MBCD:CH before the addition of A� revealed a
marked enhancement in tau immunoreactivity at 17 kDa, result-
ing in a distinct band at this molecular weight and a significant
increase in the 17 kDa to full-length tau ratio (Fig. 6B,C). This

pattern was also apparent when blotting with a spectrin antibody
for the assessment of calpain activity. Full-length spectrin immu-
noreactivity at 240 kDa was reduced and a concomitant increase
in the calpain-cleaved spectrin immunoreactivity at 150 kDa was
detected in young neurons treated with both MBCD:CH and A�
when compared with untreated controls or those treated with
MBCD:CH alone (Fig. 6B,C). These changes in the generation of
the 17 kDa tau fragment and calpain activation were accompa-

Figure 5. Membrane cholesterol reduction in mature cultured hippocampal neurons decreased their susceptibility to A�-
induced 17 kDa tau production and calpain activation. A, Twenty-one days in culture hippocampal neurons were incubated in the
presence of increasing doses of MBCD for 30 min. The cells were harvested 24 h later, and the cholesterol levels in the membrane
fractions were analyzed by the Amplex Red cholesterol assay. All values were normalized to total protein in each sample, and
statistical analyses were performed between the opposing age and the different doses. Membrane cholesterol levels in mature
neurons matched those of young neurons only when treated with at least 2 mM MBCD. B, Hippocampal neurons cultured for 21 d
were treated with (�) or without (�) 2 mM MBCD, A�, or both, and whole-cell lysates were prepared 24 h later. Western blotting
of whole-cell lysates was performed using tau (clone tau5) and spectrin antibodies. Tubulin was used as a loading control. The
levels of 17 kDa tau fragment and cleaved spectrin were significantly lower in neurons that were treated with MBCD before the
addition of A�. C, Quantitative analysis of the 17 kDa tau fragment and spectrin cleavage in mature cultured hippocampal neurons
treated as described above. The 17 kDa densitometry values were calculated as a ratio of full-length tau, whereas spectrin values
represent the ratio between full-length 240 kDa and calpain-cleaved 150 kDa spectrin bands. Control neurons were considered
100%. D, Quantification of cell death in mature neurons treated as described in B in which the values are expressed as a percentage
of total cells. The data in the graphs represent the mean � SEM obtained from at least three independent experiments. *Differs
from untreated controls, p � 0.05; **p � 0.01.
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nied with increased vulnerability of these cells to A�. Thus, quan-
tification of cell death in neurons treated with both MBCD:CH
and A� revealed a significant increase in cell death compared
with untreated controls and cells treated with only MBCD:CH
(Fig. 6D; see also Fig. 1 I).

Changes in membrane cholesterol levels
altered intracellular Ca 2� in response to
A� treatment
The data presented herein suggested that
an age-dependent increase in membrane
cholesterol levels might enhance the sus-
ceptibility of hippocampal neurons to A�-
induced calpain activation and 17 kDa tau
production. However, a link between
membrane cholesterol and calpain activa-
tion has yet to be established. It has been
previously shown that A�-mediated cal-
pain activation in cultured hippocampal
neurons occurs through increased Ca 2�

influx, a phenomenon that has been
greatly implicated in AD pathogenesis
(Kelly and Ferreira, 2006) [for review, see
Green et al. (2007), Bezprozvanny and
Mattson (2008), and Bojarski et al.
(2008)]. Thus, we used fura-2 imaging, a
common technique for live Ca 2� assess-
ment, to determine to what extent altering
membrane cholesterol levels in cultured
hippocampal neurons affects A�-induced
Ca 2� influx (Murphy and Miller, 1989;
Brewer et al., 2006; Resende et al., 2007;
Kato-Negishi and Kawahara, 2008). For
these experiments, mature cells were
loaded with the fura-2 AM Ca 2� indicator
and the basal intracellular Ca2� concen-
tration determined using the MetaFluor
Image Analysis software as described (see
Materials and Methods). Normal baseline
Ca 2� levels (112.9 � 8.4 nM) were de-
tected in untreated and MBCD-treated
mature neurons (Fig. 7A) (Mattson et al.,
1993; Guo et al., 1999; Resende et al., 2007;
Kato-Negishi and Kawahara, 2008). In
contrast, the addition of the A� peptide
to these cells resulted in increased intra-
cellular Ca 2� by nearly three times that
of controls (284.7 � 35.5 nM) (Fig. 7A).
This increase in basal calcium concen-
tration was completely prevented when
mature hippocampal neurons were
treated with MBCD before the addition
of A� (Fig. 7A). These experiments were
repeated in young neurons incubated
with MBCD:CH, A�, or both. Fura-2
imaging of untreated and MBCD:CH-
treated young neuron controls exhibited
levels of intracellular Ca 2� similar to
that of untreated mature cells (Fig. 7B).
However, unlike the mature cells, A�
treatment of young neurons did not sig-
nificantly increase Ca 2� levels in these
cells (117.5 � 9.6 nM). In contrast, a
marked increase in intracellular Ca 2�

levels was detected when membrane cholesterol was increased
before the addition of A� (161.4 � 16.5 nM) (Fig. 7B). These
results suggested that membrane cholesterol might modulate
the vulnerability of cultured hippocampal neurons to A� tox-
icity by affecting A�-induced Ca 2� influx in these cells.

Figure 6. The addition of cholesterol to the membrane of young hippocampal neurons increased their vulnerability to A�-
induced 17 kDa generation and calpain activation. A, Seven days in culture neurons were treated with increasing concentrations
of MBCD:CH plus 2 �g/ml free cholesterol for 1 h. The cells were harvested after treatment, and membrane fraction cholesterol
levels were assessed using the Amplex Red cholesterol assay. All values were normalized to total protein in each sample, and
statistical analyses were performed between the opposing age and the different doses. Membrane cholesterol levels in young
hippocampal neurons matched those of mature neurons only when treated with at least 30 �M complexed cholesterol. B,
Whole-cell lysates were prepared from 7 d in culture neurons treated in the absence (�) or presence (�) of 30 �M complexed
cholesterol, A�, or both. Western blotting was performed using tau (clone tau5) and spectrin antibodies. Tubulin was used as a
loading control. The levels of the 17 kDa tau fragment and cleaved spectrin were significantly higher in neurons that were treated
with complexed cholesterol before the addition of A�. C, Quantitative analysis of the 17 kDa tau fragment and spectrin cleavage
in mature cultured hippocampal neurons treated as described in B. The 17 kDa densitometry values were calculated as a ratio of
full-length tau, whereas spectrin values represent the ratio between full-length 240 kDa and calpain-cleaved 150 kDa spectrin
bands. Cholesterol-treated neurons were considered 100%. D, Quantification of cell death in mature neurons treated as described
in B in which the values are expressed as a percentage of total cells. The data in the graphs represent the mean � SEM obtained
from at least three independent experiments. *Differs from cholesterol-treated controls, p � 0.05; **p � 0.01. N/D, Not
detectable.
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Discussion
The results described above indicated that mature cultured hip-
pocampal neurons were more susceptible to A�-induced gener-
ation of the neurotoxic 17 kDa tau fragment than young ones. In
addition, they suggested that this increased 17 kDa production in
mature neurons was due to age-dependent differences in calpain
activation. Furthermore, our data identified membrane choles-
terol as a potential link between aging, A�, Ca 2� homeostasis,
and tau pathology in hippocampal neurons.

In the past decade, it has become increasingly clear that tau
plays an essential role in A�-mediated toxicity in central neurons.
The initial report showing that tau-depleted hippocampal neu-
rons did not degenerate in the presence of A� was followed by
behavioral studies indicating that cognitive impairment was re-
duced in APP transgenic mice that did not express tau when
compared with tau-expressing ones (Rapoport et al., 2002; Rob-
erson et al., 2007). The mechanisms underlying A�-mediated tau
toxicity include increased phosphorylation and the proteolytic
processing of this microtubule-associated protein (Novak et al.,
1993; Chung et al., 2001; Gamblin et al., 2003; Park and Ferreira,
2005; Wei et al., 2008). Caspase-3- and calpain-mediated prote-
olysis enhanced tau toxicity by regulating its aggregation proper-
ties or by generating a 17 kDa toxic fragment, respectively (Park
and Ferreira, 2005; Park et al., 2007). The present study provided
evidence suggesting that the calpain-mediated tau cleavage lead-
ing to the generation of the 17 kDa tau fragment was age depen-
dent. These results are in agreement with previous studies that
showed changes in the susceptibility of neurons to A� as they

mature. Thus, in the presence of A�, modest changes in tau phos-
phorylation were detected in young neurons compared with un-
treated controls. On the other hand, A� significantly increased
tau phosphorylation at sites commonly found in neurofibrillary
tangles in mature cultured neurons (Ferreira et al., 1997). Fur-
thermore, different signal transduction pathways seemed to be
activated by A� in young and mature cultured neurons. While
glycogen synthase kinase 3� and cyclin-dependent kinase 5 were
the main kinases activated by this peptide in young neurons,
extracellular signal-regulated kinases 1 and 2 were highly acti-
vated in mature hippocampal neurons (Takashima et al., 1993;
Ferreira et al., 1997; Alvarez et al., 1999; Rapoport and Ferreira,
2000). The mechanisms underlying different susceptibilities to
A�-induced posttranslational tau modifications as neurons age
remain poorly understood. These differences could be develop-
mentally regulated at the level of tau. This microtubule-
associated protein undergoes age-dependent alternative splicing
in central neurons that develop in situ and in culture (Kosik et al.,
1989; Ferreira et al., 1997). While young neurons express tau
isoforms lacking exons 2, 3 and 10 (fetal isoforms), mature neu-
rons express mainly adult isoforms containing all three exons
(mature isoforms). In the case of A�-dependent 17 kDa tau gen-
eration, however, our results showed that both fetal and adult
recombinant tau isoforms could be cleaved by calpain in vitro,
and that the proteolytic products from both reactions included a
tau immunoreactive band at an apparent molecular weight of 17
kDa. These results suggested that age-related differences in A�-
mediated 17 kDa tau generation detected in cultured hippocam-
pal neurons were independent of tau isoform expression. Alter-
natively, developmental regulation of A�-induced calpain
cleavage of tau might be mediated by changes in expression of this
protease or its endogenous inhibitor, calpastatin, since previous
reports indicated that the expression of these proteins changed
with age (Kenessey et al., 1990; Ibrahim et al., 1994; Ma et al.,
1999; Manya et al., 2002). Immunoblotting of lysates obtained
from young and mature cultured hippocampal neurons did not
reveal significant changes in the ratio of calpain to calpastatin in
these cells. These data suggested that age-dependent differences
in A�-induced calpain activation were regulated, at least in part,
upstream of this enzyme in our model system.

Multiple reports have suggested that calpain activation takes
place at the membrane (Coolican and Hathaway, 1984; Pon-
tremoli et al., 1985; Saido et al., 1992, 1993; Tompa et al., 2001;
Fernández-Montalván et al., 2006). Several lines of evidence have
also suggested that membrane cholesterol might be an upstream
regulator of the activation of calpain under different experimen-
tal conditions. First, the organization of the membrane into seg-
regated microdomains, which plays an essential role in signal
transduction, lipid sorting, membrane fusion, cytoskeletal orga-
nization, and protein trafficking and turnover, seemed to be
modulated by cholesterol (Simons and van Meer, 1988; Simons
and Ikonen, 1997, 2000; Brown and London, 1998a,b; Laux et al.,
2000; Caroni, 2001; Chamberlain et al., 2001; Galbiati et al., 2001;
Ikonen, 2001; Lang et al., 2001; Sharma et al., 2003). Second,
manipulating membrane cholesterol levels has been shown to
alter the sensitivity of cells to Ca 2� influx, a process critical for the
activation of calpain (Bastiaanse et al., 1994). Our results pro-
vided further support for such a role. Thus, membrane choles-
terol levels were significantly higher in mature neurons when
compared with young ones. Furthermore, a decrease in the sus-
ceptibility of mature neurons to A�-dependent Ca 2� influx lead-
ing to calpain activation, tau cleavage, and cell death was ob-
served after their membrane cholesterol levels had been reduced

Figure 7. Effects of changes in membrane cholesterol on intracellular Ca 2� levels in cul-
tured hippocampal neurons. A, B, Intracellular Ca 2� levels were measured in fura-2-loaded
hippocampal neurons after baselines had stabilized. Fura-2 loading and recording were per-
formed in mature neurons after treatment with (�) or without (�) A�, MBCD, or both (A) and
in young cells that were incubated in the presence (�) or absence (�) of A�, MBCD:CH, or both
(B). The values represent the mean � SEM for cells imaged in at least 10 fields per condition.
*Differs from untreated controls, p � 0.01.
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by MBCD to that of young neurons. Conversely in young neu-
rons, the addition of membrane cholesterol to levels similar to
mature ones increased their susceptibility to A� toxicity as it
pertained to Ca 2� influx, calpain activation, 17 kDa tau produc-
tion, and cell death. However, these cellular processes were not as
elevated as those observed in A�-treated mature neurons. These
differences might be related to synapse formation in hippocam-
pal neurons as they age in culture. Previous studies have shown
that albeit synapse formation occurs in this culture system as
early as 5 d after plating, the expression of synaptic markers and
the number of synaptic contacts formed between hippocampal
neurons in culture increases as these cells age (Fletcher et al.,
1991, 1994). Furthermore, our lab has shown that A�-induced
changes in Ca 2� homeostasis leading to calpain activation is de-
pendent specifically on NMDA receptors (Kelly and Ferreira,
2006). The expression of these receptors and their associated pro-
teins has also been shown to be developmentally regulated, with
overall increased expression of these proteins in older cells (Sans
et al., 2000; Besshoh et al., 2007). A more detailed analysis of the
developmental regulation of these proteins, as well as how the
expression of these proteins might change with membrane cho-
lesterol modifications, is required to gain further insight into the
mechanism behind age-dependent A� toxicity.

It is also important to note that the cholesterol modifying
pharmacological agents (MBCD and MBCD:CH) used in this
study have been shown to target cholesterol directly and specifi-
cally at the membrane of hippocampal neurons. However, we
cannot exclude the possibility that these cholesterol level modifi-
cations might regulate A�-mediated calpain activation due to
alterations of membrane functions other than localized signaling.
Regardless of the mechanisms, our data identified cholesterol as a
potential link between aging and tau pathology in the context of
AD. Several studies have started to address the effect of statins,
cholesterol-lowering drugs that target 3-hydroxy-3-methyl-
glutaryl-CoA reductase at the rate-limiting step of the cholesterol
synthesis pathway, on the risk for dementia [for review, see Eck-
ert et al. (2005), Wolozin et al. (2006), Kuller (2007), and Orr
(2008)]. However, the results obtained have been inconclusive
probably because of the pleiotropic mechanisms of actions of
these drugs [for review, see Vaughan (2003), Miida et al. (2004),
Crisby (2006), Cimino et al. (2007), and Miida et al. (2007)].
Further investigation will be needed to determine to what extent
this lipid could become a target for therapeutic intervention in
AD and related disorders.
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