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We have previously shown that �-amyloid (A�) treatment
resulted in an age-dependent calpain activation leading to Tau
cleavage into a neurotoxic 17-kDa fragment in a cellular model
of Alzheimer disease. This detrimental cellular response was
mediated by a developmentally regulated increase in mem-
brane cholesterol levels. In this study, we assessed the molecu-
lar mechanisms by which cholesterol modulated A�-induced
Tau cleavage in cultured hippocampal neurons. Our results
indicated that these mechanisms did not involve the regulation
of the binding of A� aggregates to the plasma membrane. On
the other hand, experiments using N-methyl-D-aspartic acid
receptor inhibitors suggested that these receptors played an
essential role in cholesterol-mediated A�-dependent calpain
activity and 17-kDa Tau production. Biochemical and immu-
nocytochemical analyses demonstrated that decreasing mem-
brane cholesterol levels in mature neurons resulted in a signif-
icant reduction of the NR1 subunit at the membrane as well as
an increase in the number of large NR1, NR2A, and NR2B sub-
unit clusters. Moreover, the majority of these larger N-methyl-
D-aspartic acid receptor subunit immunoreactive spots was not
juxtaposed to presynaptic sites in cholesterol-reduced neu-
rons. These data suggested that changes at the synaptic level
underlie the mechanism by which membrane cholesterol mod-
ulates developmental changes in the susceptibility of hip-
pocampal neurons to A�-induced toxicity.

Alzheimer disease (AD)2 is a devastating disorder growing
in incidence among the elderly population. The most com-
mon form of the disease occurs sporadically; however, some
cases are caused by familial genetic mutations (1). Although
the cause of each type of AD differs, aging is the greatest fac-
tor for both familial and sporadic AD onset (reviewed in Refs.
2, 3). Thus, it is a common goal in the AD field to understand
how aging increases neuronal susceptibility to this disease
process. Individuals with either form of AD exhibit character-

istic morphological changes in the brain, such as senile plaque
formation and the assembly of intracellular neurofibrillary
tangles (reviewed in Refs. 4–6). �-Amyloid (A�), the promi-
nent molecular component of senile plaques, has long been
suspected as the main initiator of the AD pathogenic cascade
(reviewed in Refs. 7–10). One of the means by which A� ex-
erts its toxic effects is by inducing post-translational modifi-
cations of the Tau protein, such as hyperphosphorylation (re-
viewed in Refs. 11–14). More recently, we have shown that
Tau cleavage was an alternative mechanism by which Tau
mediated A� toxicity (15). When mature neurons were cul-
tured in the presence of A�, intracellular calcium (Ca2�) con-
centrations became significantly elevated (16). An increase in
intracellular Ca2� caused the activation of the calpain prote-
ase leading to Tau cleavage into the neurotoxic 17-kDa frag-
ment (15, 16). However, A� did not initiate this detrimental
cascade in young cultured neurons (17). Furthermore, our
results indicated that membrane cholesterol levels were re-
sponsible, at least in part, for regulating the age-dependent
susceptibility of cells to A�-dependent Tau cleavage. When
membrane cholesterol levels were decreased in mature neu-
rons, A� treatment did not initiate Ca2� influx, calpain acti-
vation, and 17-kDa Tau production. On the other hand, A�
triggered the activation of this cascade in young neurons only
after cholesterol had been added to their membranes (17).
In this study, we assessed the mechanisms by which mem-

brane cholesterol content alters the susceptibility of hip-
pocampal neurons to A�-induced Ca2� influx that leads to
calpain activation and Tau cleavage into a 17-kDa fragment.
Our results showed that reducing membrane cholesterol lev-
els decreased NMDA receptor content at the plasma mem-
brane and altered NMDA receptor localization in mature hip-
pocampal neurons. In contrast, increasing membrane
cholesterol levels caused an increase in synaptic number lead-
ing to an increase in A�-induced Ca2� influx in young neu-
rons. Taken together, these results suggested that age-depen-
dent changes in membrane cholesterol might, at least in part,
modulate the susceptibility of hippocampal neurons to A�-
induced Ca2� influx, calpain activation, and subsequent Tau
toxicity in an NMDA receptor-dependent manner.

EXPERIMENTAL PROCEDURES

Hippocampal Culture Preparation—Hippocampal neurons
were isolated from embryonic day 18 Sprague-Dawley rat em-
bryos as described previously (18). Briefly, hippocampi were
dissected, and the meninges were removed. The cells were
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incubated for 15 min in 0.25% trypsin at 37 °C, followed by
trituration with a fire-polished Pasteur pipette. The cells were
plated in minimum essential medium with 10% horse serum
(MEM10) on poly-L-lysine-coated dishes at high density
(800,000 cells/60-mm dish). After 4 h, the medium was
changed to glia-conditioned minimum essential medium con-
taining 0.1% ovalbumin, 0.1 mM sodium pyruvate, and N2
supplements (N2 medium) (19). Neurons were also plated at
low density (150,000 cells/60-mm dish) onto poly-L-lysine-
coated coverslips in MEM10 for immunocytochemical analy-
ses. After 4 h, the coverslips were transferred to dishes con-
taining an astroglial monolayer and maintained in N2
medium. Neurons were kept in culture for 7 or 21 days to ob-
tain young and mature cultures, respectively. Quantitative
analysis showed no significant difference in the percentage of
glial cells present in 21 days after plating cultures when com-
pared with 7-day cultures (10 � 1.2% versus 7.5 � 1.1%, re-
spectively; Student’s t test, not significant; p � 0.05, n � 3).
A� Aggregation—Synthetic A�(1–40) (American Peptide,

Sunnyvale, CA) was dissolved in N2 medium to a concentra-
tion of 0.5 mg/ml and incubated for 3 days at 37 °C to pre-
aggregate (20). Neurons were cultured in the presence of the
preaggregated peptide at final concentrations of 10 or 20 �M

for 6–24 h (15).
Membrane Cholesterol Modification—Membrane choles-

terol levels were modified as described previously (17). In
short, 21 days in culture (mature) neuron membrane choles-
terol was decreased to levels comparable with 7 days in cul-
ture (young) neurons using 2 �M methyl-�-cyclodextrin
(MBCD; Sigma) for 30 min (17). To increase young neuron
membrane cholesterol levels to that of mature cells, young
neurons were treated with 30 �M cholesterol from a complex
of MBCD and cholesterol (MBCD/cholesterol; Sigma) to-
gether with 2 �g/ml free cholesterol for 1 h (17). These agents
were removed from the media for the duration of subsequent
treatments.
NMDA Receptor Inhibition—NMDA receptor activity was

blocked using memantine (Sigma), a universal NMDA recep-
tor antagonist, or ifenprodil (Sigma), an NR2B-specific
NMDA receptor antagonist. These agents were added to the
culture medium of untreated and cholesterol-modified hip-
pocampal neurons 1 h prior to the addition of A� at a final
concentration of 10 and 5 �M, respectively. The antagonists
remained in the culture medium for the duration of the A�
incubation.
Subcellular Fractionation—Young and mature hippocam-

pal neurons underwent subcellular fractionation to obtain
cytosol and membrane fractions as described previously (16,
21, 22). Briefly, cells were scraped in 5 mM EDTA in phos-
phate-buffered saline (PBS) and pelleted by centrifugation for
10 min at 2300 � g at 4 °C. Pellets (P1) were resuspended in
100 �l of fractionation buffer (0.25 M sucrose, 1 mM magne-
sium chloride (MgCl2), 2 mM EGTA, 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, Fullerton, CA), and the
supernatants (cytosol fraction) were removed. The mem-
brane-containing pellet (P2) was resuspended in 100 �l of

fractionation buffer and an equivalent volume of Laemmli
buffer (23). Total protein content was assessed by the modi-
fied Lowry technique to load equal protein for Western blot-
ting (see below) (24, 25).
Detergent-resistant Membrane (DRM) Fraction Isolation—

DRMs were isolated from the membranes of young and ma-
ture hippocampal neurons (26). Briefly, the P2 fraction ob-
tained during subcellular fractionation was resuspended in
ice-cold DRM buffer containing Triton X-100 (5 mM EDTA,
10 mM HEPES, 150 mM sodium chloride (NaCl), 1 mM phe-
nylmethanesulfonyl fluoride, 0.01 mg/ml aprotinin, 1% prote-
ase inhibitor mixture, 0.5% Triton X-100). The membranes
were incubated on ice for 30 min, and the remaining DRM
fraction was pelleted by centrifugation at 13,000 � g for 30
min at 4 °C. The detergent-soluble membrane fraction (DSM;
supernatant) was removed, and an equivalent volume of Lae-
mmli was added. The DRM pellet was resuspended in the
same DRM buffer volume as the DSM fraction, and an equiv-
alent amount of Laemmli was added. Whole membrane frac-
tion controls were prepared with the same number of cells in
which the P1 fraction was dissolved in equal volume DRM
buffer to Laemmli buffer.
Amplex Red Cholesterol Determination—Membrane cho-

lesterol content was quantified using the Amplex Red choles-
terol assay (Molecular Probes, Eugene, OR) per the manufac-
turer’s instructions. Samples were diluted in reaction buffer,
and an equivalent volume of Amplex Red working solution
(300 �M Amplex Red, 2 units/ml cholesterol oxidase, 2
units/ml cholesterol esterase, and 2 units/ml horseradish per-
oxidase) was added. The samples were incubated for 30 min
at 37 °C, after which the sample absorbance was measured at
568 nm using a Tecan Infinite M200 microplate reader and
i-Control software (Tecan, Research Triangle Park, NC). Cho-
lesterol levels were calculated using standard cholesterol solu-
tions. The obtained values were normalized to protein con-
tent as measured by the modified Lowry technique (24, 25).
Immunocytochemistry—Young and mature hippocampal

neurons were cultured on coverslips and treated with or with-
out cholesterol-modifying agents, after which they were fixed
in 4% paraformaldehyde in PBS containing 0.12 mM sucrose
for 15 min and permeabilized in 0.3% Triton X-100 in PBS for
4 min. For some experiments, cells were fixed in ice-cold
methanol for 10 min. Coverslips were then incubated in 10%
bovine serum albumin in PBS at room temperature for 1 h
before labeling with the primary antibody. The primary anti-
bodies used were anti-tubulin (clone DM1A; 1:1000; Sigma),
anti-synaptophysin (1:500, Santa Cruz Biotechnology, Santa
Cruz, CA), and antibodies against the NMDA receptor sub-
units as follows: anti-NR1 (1:50; Santa Cruz Biotechnology),
anti-NR2A (1:50; Santa Cruz Biotechnology), and anti-NR2B
(1:50; BD Biosciences). Biotin-conjugated anti-goat (1:50; In-
vitrogen) or anti-mouse (1:50; Chemicon, Temecula, CA) sec-
ondary antibodies followed by fluorescein-avidin (1:50; Vector
Laboratories, Burlingame, CA) incubation were used to detect
NMDA receptor subunits. For all other primary antibodies,
we used AlexaFluor secondary antibodies (1:200; Molecular
Probes). Images were taken using a Photometrics Cool Snap
HQ2 camera coupled to a fluorescent microscope (Nikon Dia-
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phot, Melville, NY). Images were analyzed using MetaMorph
Image Analysis software (Universal Imaging Corporation,
Fryer Co. Inc., Huntley, IL).
Electrophoresis and Immunoblotting—Whole cell, mem-

brane, DRM, or DSM fraction lysates were loaded and run on
SDS-polyacrylamide gels as described previously (23). The
proteins were transferred onto Immobilon membranes (Milli-
pore, Billerica, MA) and immunoblotted (20, 27). Primary
antibodies used for immunodetection were as follows:
anti-A� (clone 6E10; 1:1000; Covance, Gaithersburg, MD),
phosphorylation-independent anti-Tau (clone Tau5; 1:1000;
BioSource International, Foster City, CA), anti-spectrin (1:
1000; Chemicon), anti-tubulin (clone DM1A; 1:200,000;
Sigma), anti-NR1 (1:400; Santa Cruz Biotechnology), anti-
NR2A (1:100; Santa Cruz Biotechnology), and anti-NR2B (1:
200; BD Biosciences) antibodies. Incubation with secondary
antibodies conjugated to horseradish peroxidase (1:1000; Pro-
mega, Madison, WI) preceded enhanced chemiluminescence
for protein detection (28). A ChemiDoc XRS system and
Quantity One Software (Bio-Rad) were used to image and
analyze immunoreactive bands. Whole cell lysates were
loaded using tubulin as an internal control, whereas mem-
brane fractions were loaded by total protein as assessed by the
modified Lowry assay (24, 25). Equal loading volumes of DRM
and DSM samples were used to compare protein content be-
tween the two fractions.
Fura-2 Ca2� Imaging—Young and mature neurons cul-

tured on coverslips were treated with A�, cholesterol-modify-
ing drugs, memantine, ifenprodil, or a combination of these
substances. The cells were loaded with 2 �M fura-2-AM (In-
vitrogen) for 15 min at 37 °C, washed, and incubated for an
additional 15 min at 37 °C to allow de-esterification of the
AM ester (29, 30). The cells were mounted in a Series 20
chamber (Warner Instruments, Hamden, CT) in HEPES
buffer (5 mM KCl, 140 mM NaCl, 2 mM calcium chloride, 1
mM MgCl2, 10 mM glucose, and 10 mM HEPES, pH 7.4). An
inverted microscope (Nikon Diaphot) connected to a Photo-
metrics Cool Snap HQ2 camera and MetaMorph/Metafluor
Image Analysis software (Universal Imaging Corp.) were used
for imaging. Base-line Ca2� concentrations were established
by acquiring 60-ms exposures every 10 s for 15 min (17, 31–
33). Fura bound or unbound to Ca2� was quantified by estab-
lishing a ratio between its fluorescence at 510 nm post-excita-
tion at 340 and 380 nm, respectively. The calculated 340:380
ratio was used to quantify intracellular Ca2� levels by com-
paring the ratio to that of standard Ca2� solutions.
NMDA Receptor Puncta Analysis and Synapse Counts—

NMDA receptor subunit antibodies were utilized for the de-
tection of these proteins in young and mature hippocampal
neurons in culture (see above). The resulting immunofluores-
cent spots per cell were counted, and their area was deter-
mined using MetaMorph Image Analysis software (Universal
Imaging Corp.). The number of synapses per neuron was de-
termined by double labeling young cultured hippocampal
neurons with anti-synaptophysin and anti-tubulin antibodies
as described above. The number of synapses per cell was cal-
culated by counting the synaptophysin immunoreactive
puncta using MetaMorph Image Analysis software and divid-

ing these values by the total number of cells as observed with
tubulin labeling.
Statistical Analyses—All experiments performed in this

study were conducted in five independent cultures. The com-
piled data were analyzed across the experimental conditions
using either a Student’s t test (when comparing only two ex-
perimental conditions) or one-way analysis of variance fol-
lowed by Fisher’s LSD post hoc test (when comparing more
than two experimental conditions). The values in the graphs
represent the means � S.E. The statistical significance is indi-
cated in the graphs.

RESULTS

Amount of Membrane-bound A� Was Independent of Cho-
lesterol Levels in Cultured Hippocampal Neurons—Our previ-
ous findings indicated that an age-dependent increase in
membrane cholesterol modulated developmental changes in
A�-induced Tau cleavage by regulating Ca2� influx and cal-
pain activation (17). However, the mechanisms underlying
these effects are not completely known. Several studies have
identified cholesterol as a facilitator of membrane-A� interac-
tions, an essential step leading to its toxic effects (34–40).
Thus, we assessed whether age-dependent changes in mem-
brane cholesterol correlated with changes in the amount of
membrane-bound A� in cultured hippocampal neurons.
Membrane fractions from A�-treated young and mature neu-
rons were isolated and immunoblotted using an antibody
against this peptide. Low molecular weight A� immunoreac-
tive bands corresponding to small oligomeric species were
detected in the membrane fractions of both young and ma-
ture hippocampal neurons. However, quantitative analysis of
A� band density indicated that membranes from mature neu-
rons cultured in the presence of this peptide contained signifi-
cantly more A� than young ones (Fig. 1, A and D). To assess
whether membrane cholesterol levels determine the amount
of A� associated with neuronal membranes, we pharmacolog-
ically reduced its levels in mature neurons to equal that of
young cells and increased young neuron membrane choles-
terol levels to equal that of mature ones using MBCD and a
cholesterol complex, respectively, as described previously (17,
41). Treatment of mature neurons with 2 mM MBCD suffi-
ciently decreased their membrane cholesterol content to the
level of young neurons (52.6 � 5.0 versus 58.8 � 2.7 ng of
cholesterol per �g of membrane protein, respectively. Stu-
dent’s t test, not significant; p � 0.05, n � 5) (see also Ref. 17).
On the other hand, 30 �M complexed cholesterol increased
young neuron membrane cholesterol to levels comparable
with that of mature cells (81.3 � 3.5 versus 85.4 � 3.0 ng per
�g of membrane protein, respectively. Student’s t test, not
significant; p � 0.05, n � 5) (see also 17). After membrane
cholesterol levels were modified, neurons were incubated
with A� and membrane fractions prepared 6 h later (36).
Quantitative Western blot analysis showed no significant
changes in membrane-bound A� content in MBCD-treated
mature neurons nor in cholesterol-treated young ones cul-
tured in the presence of A� when compared with neurons
treated with A� alone (Fig. 1, B, C, E, and F). These results
indicated that the developmental changes in the amount of
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A� associated with neuronal membranes were independent of
their cholesterol content.
Membrane Cholesterol-regulated A�-induced Tau Cleavage

in an NMDA Receptor-dependent Manner—We assessed next
whether membrane cholesterol mediated 17-kDa Tau pro-
duction by affecting NMDA receptors at the cell surface be-
cause these receptors were identified as the primary players in
A�-induced Ca2� influx leading to calpain activation in ma-
ture hippocampal cultures (16, 42). For these experiments, we
harvested whole cell lysates from mature neurons that had
been previously treated in the absence or presence of A�, the
universal NMDA receptor antagonist memantine, or both.
Blots of these samples were labeled with a phosphorylation-
independent Tau antibody (Tau5), which detects both full-
length Tau (�48 and �66 kDa) as well as the 17-kDa Tau
fragment (15, 17). As we have shown previously, A� treat-
ment caused a reduction in full-length Tau immunoreactivity
and a concomitant increase in 17-kDa Tau band density lead-
ing to an increase in the overall 17-kDa/full-length Tau ratio
as compared with untreated controls (Fig. 2, A and B) (17). In
contrast, no reduction of full-length Tau was detected, and

the production of 17-kDa Tau was almost completely abro-
gated when memantine was added to the culture medium of
mature hippocampal neurons 1 h before the addition of A�.
Therefore, the 17-kDa/full-length ratio in these neurons was
significantly lower than in neurons treated with A� alone and
comparable with those of controls and cells treated with me-
mantine alone (Fig. 2, A and B; see also supplemental Fig. 1).

We next examined whether the preventive effect of this
NMDA receptor antagonist treatment on A�-dependent 17-
kDa Tau production correlated with a decrease in A�-in-
duced calpain activation as assessed by spectrin degradation.
Spectrin cleavage from its full-length form (240 kDa) to a 150-
kDa fragment is specific for calpain activity and is commonly
used as a surrogate marker of this protease’s activity (15, 43).
Blotting membranes were probed with a spectrin antibody,
and a ratio between calpain-cleaved and full-length spectrin
was established. Comparable with what we have previously
reported, a strong spectrin immunoreactive band at 240 kDa
and very little of the 150-kDa spectrin cleavage product were
detected in untreated mature neurons, whereas the opposite
pattern was observed in A�-treated neurons leading to an
increase in the 150:240-kDa spectrin ratio indicative of in-
creased calpain activation (Fig. 2, A and B) (17). In contrast,
preincubation with memantine significantly attenuated A�-
induced calpain activation as shown by decreased 150-kDa
spectrin immunoreactivity and maintained normal full-length
spectrin levels resulting in a 150:240-kDa spectrin ratio simi-
lar to that of untreated controls or neurons treated only with
memantine (Fig. 2, A and B).

To address whether the NMDA receptor antagonist-depen-
dent decrease in A�-induced calpain activation leading to the
17-kDa Tau production was the result of decreased extracel-
lular Ca2� influx, we performed fura-2 imaging in live mature
neurons treated as described above. Ca2� concentrations in
fura-2-loaded cells were determined using Metafluor Image
Analysis software (see “Experimental Procedures”). Untreated
neurons displayed basal Ca2� levels (111 � 14 nM), whereas
intracellular Ca2� in A�-treated cells was nearly four times
greater than those of untreated neurons (Fig. 2C). On the
other hand, no changes in intracellular Ca2� levels were de-
tected in mature neurons treated with memantine before the
addition of �� when compared with untreated controls or
neurons incubated with memantine alone (Fig. 2C). Similar
changes in Tau cleavage, calpain activation, and intracellular
Ca2� concentrations were detected when hippocampal neu-
rons were treated with ifenprodil, an NR2B antagonist, before
the addition of A� (supplemental Fig. 2, A–C).
We next determined to what extent NMDA receptors were

also involved in A�-induced calpain activation and 17-kDa
Tau production and in cholesterol-enriched young neurons.
For these series of experiments, young neurons were treated
with A�, cholesterol, memantine, or a combination of these
agents, after which lysates were prepared and immunoblotted
with Tau and spectrin antibodies. Tau cleavage into the 17-
kDa fragment was not detected in control and A�-treated
lysates, whereas a faint Tau immunoreactive band at 17 kDa
was observed in cells treated with cholesterol alone. In agree-
ment, only basal levels of active calpain and intracellular Ca2�

FIGURE 1. Age-related changes in A�-membrane binding were inde-
pendent of membrane cholesterol content. A–C, membrane samples
were prepared from untreated young and mature cultured neurons (A), ma-
ture neurons (B) treated with A� (20 �M) for 6 h after preincubation with (�)
or without (�) MBCD (2 mM), or young neurons (C) treated with A� (20 �M)
for 6 h after preincubation with (�) or without (�) cholesterol (30 �M).
These lysates were loaded by total protein and immunoblotted using an
antibody against A� (clone 6E10). Although more A� was bound to mature
versus young membranes, changing membrane cholesterol content did not
alter A� immunoreactivity for either age. D–F, quantitative analysis of mem-
brane-bound A� from cells treated as described above. Values represent
the mean � S.E. from five independent experiments per condition. *, dif-
fered from 7 days in culture cells, p 	 0.05. C, control; CH, cholesterol.
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were detected in young cells under these experimental condi-
tions (Fig. 3, A–C). Young neurons treated with cholesterol
and A� revealed a decrease in full-length Tau immunoreac-
tivity and an enhanced Tau-reactive band at 17 kDa resulting
in an increased 17-kDa/full-length Tau ratio when compared
with young neurons treated with cholesterol alone (Fig. 3, A
and B) (17). The production of the 17-kDa Tau fragment was
prevented when cholesterol-treated young neurons were in-
cubated with memantine prior to A� treatment. Under these
same experimental conditions, memantine also attenuated the
A�-induced calpain activation as indicated by reduced spec-
trin cleavage from 240 to 150 kDa (Fig. 3, A and B). Finally, in
young neurons pretreated with cholesterol, memantine also
reduced intracellular Ca2� levels caused by A� to levels com-
parable with untreated controls (124 � 12 nM versus 117 � 10
nM, respectively) (Fig. 3C).
Membrane Cholesterol Alterations Induced Synapse Forma-

tion Only in Young Neurons—The results described above
suggested that NMDA receptors were involved in A�-induced
Ca2� influx and subsequent calpain activation and Tau cleav-

age mediated by age-dependent or pharmacologically induced
changes in membrane cholesterol. Because cholesterol is a
necessary component for synaptic formation and mainte-
nance, it was possible that changes in its levels might affect
the total number of synapses and, hence, functional mem-
brane NMDA receptors (44–48). To address this possibility,
we labeled control and cholesterol-altered mature and young
neurons with an antibody specific for synaptophysin, an inte-
gral synaptic vesicle membrane protein commonly used as a
synaptic marker (49–51). Synaptophysin immunoreactive
puncta were easily detectable around cell bodies and along the
neurite processes extended by both mature and young un-
treated hippocampal neurons (supplemental Fig. 3, A–H).
However, the number of these immunoreactive spots was sig-
nificantly higher in mature neurons when compared with
young ones (113 � 6 versus 71 � 4 synapses per cell, respec-
tively; p 	 0.01) (supplemental Fig. 3, G, I and J). The number
of synapses formed by mature neurons was not significantly
changed when their cholesterol content was decreased by
MBCD (118 � 6 synapses per cell; see also supplemental Fig. 3J).

FIGURE 2. Memantine significantly hindered A�-induced 17-kDa Tau generation, calpain activation, and Ca2� influx in mature neurons. A, immuno-
blot analysis of 17-kDa Tau production and calpain activity, by means of spectrin (spec) degradation, in whole cell lysates prepared from mature hippocam-
pal cultures incubated in the presence (�) or absence (�) of A� peptide (20 �M), memantine (10 �M), or both. The 17-kDa Tau fragment and calpain activa-
tion were nearly absent in A�-treated lysates that were preincubated with memantine as compared with those treated with A� alone. B, quantification of
the 17-kDa/full-length Tau ratio as well as the 150:240-kDa spectrin ratio in whole cell lysates treated as described in A. Tubulin (tub) was used as an internal
control, and the values were expressed as a percent of A�-treated neurons. C, using fura-2 imaging, intracellular Ca2� levels were calculated in live mature
neurons treated as mentioned in A after their base-line levels had been established. Ca2� influx induced by A� treatment was abrogated in cells that were
pretreated with memantine. Values represent the mean � S.E. from five independent experiments per condition. *, differs from A�-treated cells (B) or un-
treated controls (C), p 	 0.01. Mem, memantine.
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In contrast, quantitative analysis showed a significant increase
in the number of synaptophysin immunoreactive puncta in
cholesterol-enriched young neurons when compared with
their age-matched untreated controls (85 � 2 synapses per
cell; p 	 0.05; see also supplemental Fig. 3I).
Reduction in Membrane Cholesterol Decreased NR1 Con-

tent and Altered the Localization of NMDA Receptor Subunits
in Membrane Microdomains of Mature Neurons—We ana-
lyzed next whether altering cholesterol content modifies one
or more of the NMDA receptor subunits at the cell surface.
NMDA receptors expressed in hippocampal neurons are
composed of at least one NR1 subunit and two or more NR2A
and NR2B subunits (52, 53). The NR2A subunit increased
developmentally with age in cultured hippocampal neuron
whole cell lysates (Fig. 4, A and C). Furthermore, both the
NR1 and NR2A content in cell membranes increased in an
age-dependent manner (Fig. 4, B and D). Quantitative immu-
noblotting experiments showed no changes in the NR2A or
NR2B levels when the content of cholesterol was reduced in

mature hippocampal neurons (Fig. 5A). However, decreasing
cholesterol in these cells significantly decreased the NR1 sub-
unit content as compared with untreated controls (Fig. 5A). In
contrast, immunoblotting analysis of membrane fractions
detected no change in NR1, NR2A, or NR2B content in cho-
lesterol-treated young neurons as compared with controls
(Fig. 5B).
We next performed immunocytochemical and biochemical

experiments to determine to what extent membrane choles-
terol changes affected NMDA receptor subunit localization at
the cell surface. For immunolabeling experiments, neurons
were fixed with paraformaldehyde or methanol and labeled
with NR1-, NR2A-, or NR2B-specific antibodies that recog-
nize extracellular epitopes. Untreated and cholesterol-modi-
fied mature neurons displayed disperse, bright NMDA sub-
unit receptor-immunoreactive punta along the neuronal
processes (Fig. 6, A–C). Quantification of the total number of
puncta per cell showed that NR1 and NR2B values were un-
changed in cholesterol-reduced mature neurons as compared

FIGURE 3. Memantine reduced A�-dependent 17-kDa Tau production, calpain activation, and Ca2� influx in cholesterol-enriched neurons. A, whole
cell lysates prepared from young hippocampal cultures incubated in the presence (�) or absence (�) of A� peptide (20 �M), cholesterol (30 �M), meman-
tine (10 �M), or a combination of these agents were blotted with Tau and spectrin (spec) antibodies to detect 17-kDa Tau production and calpain activation,
respectively. Memantine greatly reduced A�-dependent Tau cleavage and calpain activity in cholesterol-enriched cells. B, quantification of the 17-kDa/full-
length Tau ratio as well as the 150:240-kDa spectrin ratio in whole cell lysates treated as described in A. Tubulin (tub) was used as an internal control, and
the values were expressed as a percent of A�-treated neurons. C, fura-2 imaging was used to quantify intracellular Ca2� levels in young neurons treated as
mentioned in A after their base-line levels had been established. The significant increase in Ca2� influx caused by A� treatment of cholesterol-enriched
neurons was prevented with memantine pretreatment. Values represent the mean � S.E. from five independent experiments per condition. *, differs from
A�-treated cells (B) or untreated controls (C), p 	 0.01. Mem, memantine; CH, cholesterol; N/D, not detectable.
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with their age-matched controls (Table 1). In contrast, the
total number of NR2A puncta per cell in MBCD-treated neu-
rons was reduced by nearly 45% (Table 1). In addition, many
of the NR1, NR2A, and NR2B immunoreactive puncta were of
a noticeably larger size in MBCD-treated mature neurons
(Fig. 6, A–C). Therefore, we examined the relative size of the
NMDA receptor subunit puncta in control and MBCD-
treated cells using MetaMorph Image Analysis software. The
area of the majority of the observed puncta for each receptor
subunit ranged from 0.3 to 3 �m2 under all experimental con-
ditions analyzed. However, the percentage of larger NR1,
NR2A, and NR2B puncta (area ranging from 3 to 6 �m2)
nearly doubled in cholesterol-reduced mature neurons as
compared with untreated ones (Table 1). There was also a
2-fold increase in the largest puncta of NR1 (6–10 �m2) when
MBCD-treated cells were compared with controls (Table 1).
To determine whether the larger (�3 �m2) NMDA receptor
subunit puncta were located at places of synaptic contact, we
double-labeled mature neurons treated with or without
MBCD with NR1, NR2A, or NR2B and synaptophysin anti-
bodies. Under normal conditions, mature neuron NR1 and
synaptophysin immunoreactive spots colocalized along the
neuronal processes (Fig. 6D). In contrast, the majority (�60%)
of the larger puncta for each NMDA receptor subunit ob-
served in cholesterol-reduced hippocampal neurons was not
juxtaposed to synaptophysin-labeled presynaptic sites (Fig.
6D). A similar pattern was detected when neurons were
stained using NR2A or NR2B antibodies and the anti-synap-
tophysin one (data not shown).
Finally, we assessed whether cholesterol content modulated

the distribution of each NMDA receptor subunit in DRM and

DSM domains. For these experiments, each fraction was im-
munoblotted using antibodies against the NMDA receptor
subunits, and a ratio was established between subunit expres-
sion in the DRM and DSMmicrodomains. As shown in Table
2, the DRM/DSM distribution ratio of the NR1 subunits in
MBCD-treated mature neurons was increased nearly 70% as
compared with control cells. This ratio change was due in
part to an increase in NR1 content in DRMs and an even
greater decrease in NR1 subunit content in the DSM fractions
(data not shown). Contrastingly, the distribution of the NR2A
and NR2B subunits remained unchanged with respect to un-
treated age-matched control neurons (Table 2). No changes in
the overall distribution of NR1, NR2A, or NR2B subunits be-
tween DRM and DSM fractions were detected in cholesterol-
treated young neurons when compared with untreated con-
trols (Table 2).

DISCUSSION

The data described above suggest that age-dependent dif-
ferences in membrane cholesterol content modulated the sus-

FIGURE 4. NMDA receptor content changed in hippocampal neurons as
they aged in culture. A and B, 7 and 21 days in culture neuron whole cell
lysates (A) and membrane fractions (B) were immunoblotted using antibod-
ies against NMDA receptor (NR) subunits as follows: NR1, NR2A, and NR2B.
Samples were loaded using tubulin as an internal control (A) or by total pro-
tein (B). C and D, NMDA receptor subunit bands were quantified and com-
pared between young (white bars) and mature (black bars) cells. Mature
neuron whole cell fractions (C) contained more NR2A, whereas their mem-
branes fractions (D) revealed more NR1 and NR2A immunoreactivity than
young neurons. Values in the graphs represent the mean � S.E. from five
independent experiments per condition. Quantification from 7 days in cul-
ture lysates was considered 100%. * differs from young neurons, p 	 0.01.

FIGURE 5. Membrane cholesterol modifications induced changes in
NMDA receptor content in mature but not young hippocampal neu-
rons. A and B, membrane fractions obtained from mature (A) and young
(B) neurons in culture treated with (�) or without (�) MBCD (2 mM) or cho-
lesterol (30 �M) immunoblotted with NMDA receptor (NR) subunit antibod-
ies as follows: NR1, NR2A, and NR2B. Receptor subunit band densities were
quantified and compared between control (white bars) and treated (black
bars) cells. NR1 content at the membrane was decreased after MBCD treat-
ment in mature cells, whereas no significant change in NMDA receptor sub-
unit content was observed in cholesterol-treated young cells. Samples were
loaded by total protein. Values in the graphs represent the mean � S.E.
from five independent experiments per condition. Untreated age-
matched controls were considered 100%. * differs from control, p 	
0.05. CH, cholesterol.

Cholesterol Induces Changes in NMDA Receptors

982 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 2 • JANUARY 14, 2011



ceptibility of hippocampal neurons to A�-induced Tau cleav-
age by modifying synaptic sites. In addition, our results
provide insights into a dual mechanism by which cholesterol
regulates this A�-induced neurodegenerative pathway. Phar-
macological lowering of membrane cholesterol in mature
neurons reduced NMDA receptor content and changed their
localization in membrane microdomains. On the other hand,
increasing membrane cholesterol in young neurons caused a
significant increase in synaptic number and hence the func-
tional NMDA receptors in these cells. Both cholesterol-medi-
ated changes at the synaptic level altered, at least in part, the
ability of A� to induce Ca2� influx leading to calpain activa-
tion and cleavage of Tau into a neurotoxic 17-kDa fragment.
Recently, we have shown that membrane cholesterol played

a critical role in determining the age-dependent susceptibility
of cultured hippocampal neurons to A�-induced Tau toxicity.
Those results indicated that A� treatment caused a significant
increase in intracellular Ca2� levels leading to the activation
of calpain and subsequent cleavage of the Tau protein into a
neurotoxic 17-kDa fragment only in mature neurons (17).
This increase in susceptibility of mature neurons to A�-in-
duced neurotoxicity occurred concomitantly with an age-de-
pendent increase in membrane cholesterol levels. Further-
more, decreasing membrane cholesterol levels in mature
neurons to the levels detected in their young counterparts
attenuated their susceptibility to A�-dependent Tau toxicity.
On the other hand, increasing membrane cholesterol in
young neurons to levels similar to those of mature neurons
made them more susceptible to the detrimental effects of A�
(17).
The mechanisms by which membrane cholesterol modu-

lates A�-induced Ca2� influx leading to calpain activation
and Tau dysfunction remain poorly understood. The data
presented here provide insights into such mechanisms. Our
results showed that the binding of A� to neuronal mem-
branes was developmentally regulated. Furthermore, the
amount of membrane-bound A� correlated with the extent of
A� toxicity mediated by Tau cleavage in these neurons (17).
Based on these results, it is tempting to speculate that choles-
terol might modulate the susceptibility of developing hip-
pocampal neurons to A�-induced toxicity by determining the
extent of A�-membrane interactions. Previous reports have
shown that A� binds specifically to lipid raft areas of the

FIGURE 6. Decreasing membrane cholesterol altered NMDA receptor
cluster size and synaptic localization. A–C, control and MBCD-treated
mature neurons were fixed and labeled with antibodies against the NMDA
receptor (NR) subunits as follows: NR1 (A), NR2A (B), and NR2B (C). Labeling
with antibodies against each of these subunits revealed larger puncta in the
neuron processes in MBCD-treated cells as compared with controls. D, ma-
ture neurons were incubated in the absence or presence of MBCD and
double-labeled with NR1 and synaptophysin antibodies to determine
whether the large NR1 puncta were located in sites juxtaposed (arrow-
heads) or away from (arrows) presynaptic terminals. Control neuron NR1
puncta were at synaptic sites, whereas the large NR1 puncta observed in
MBCD-treated cells were not. Scale bars, 5 �m. C, control; NR1, NR1 sub-
unit; Syn, synaptophysin.

TABLE 1
NMDA receptor subunit puncta size was increased after cholesterol
reduction in mature hippocampal neurons
Twenty one days in culture hippocampal neurons were treated with or without
MBCD, fixed, and labeled with antibodies against the NMDA receptor subunits.
Cells were imaged using a Nikon inverted microscope connected to a PhotoSnap
HQ2 camera. Puncta number and size were analyzed using MetaMorph software;
n � 5 per condition. The results represent the mean � S.E.

Receptor
subunit Treatment Puncta/cell

Puncta size (% of total)
0.3–3 �m2 3–6 �m2 6–10 �m2

NR1 None 212 � 33 91.1 � 0.6 6.5 � 0.4 2.3 � 0.3
MBCD 211 � 9 82.6 � 0.6a 13 � 0.3a 4.4 � 0.4a

NR2A None 335 � 49 94.3 � 0.8 4.2 � 0.6 1.5 � 0.1
MBCD 185 � 37b 90.6 � 0.9a 7.5 � 0.9a 1.9 � 0.3

NR2B None 149 � 30 93.5 � 0.9 4.9 � 0.6 2 � 0.3
MBCD 241 � 55 92.5 � 0.2 6.2 � 0.3b 1.3 � 0.2a

a Values differ from untreated cells, p 	 0.01.
b Values differ from untreated cells, p 	 0.05.

TABLE 2
NMDA receptor distribution in membrane microdomains after
cholesterol modifications
Hippocampal neurons were cultured for 21 or 7 days and treated with or without
either MBCD (2 mM) or cholesterol (30 �M), respectively. DRM and DSM
fractions were isolated and immunoblotted with NMDA receptor subunit
antibodies. Band densities were determined and expressed as a ratio between the
DRM and DSM fractions. The results represent the mean � S.E., n � 5 per
condition. Untreated age-matched control values were considered 100%.

Days in culture Treatment Receptor subunit DRM:DSM Ratio

% control
21 MBCD NR1 167 � 26a
21 MBCD NR2A 99 � 8
21 MBCD NR2B 90 � 5
7 Cholesterol NR1 90 � 8
7 Cholesterol NR2A 107 � 20
7 Cholesterol NR2B 99 � 11

a Values differ from age-matched controls, p 	 0.01.
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plasma membrane, although it remains controversial whether
cholesterol is necessary for this interaction (36–40, 54–56).
In our model system, changes in membrane cholesterol levels
did not affect the amount of membrane-bound peptide either
in mature or young neurons. These results suggested that A�-
membrane binding was cholesterol-independent in hip-
pocampal neurons. These data are in agreement with previous
reports identifying raft components other than cholesterol as
the mediator in A�-membrane interactions (36, 56).

Alternatively, cholesterol might mediate developmental
changes in the susceptibility of hippocampal neurons to A�-
induced neurotoxicity by regulating the molecular mecha-
nisms involved in Ca2� homeostasis. We have previously
shown that A� induced a sustained increase in Ca2� levels
only in mature neurons (17). This increase in Ca2� levels was
the result of enhanced extracellular Ca2� influx and not of its
mobilization from intracellular storage sites (42). Further-
more, the NMDA glutamate receptors seemed to be involved
in this mechanism (42). A growing body of evidence impli-
cates glutamate receptors as key players in the excitotoxic
events that underlie AD and other neurodegenerative diseases
(reviewed in Refs. 57–59). However, little is known about
their role in determining the age-dependent susceptibility of
central neurons to these neurodegenerative processes. The
results presented in this study showed an increase in NMDA
receptor content at the cell surface in mature neurons as
compared with young ones. These data extended previous
reports indicating that the expression of the different NMDA
receptor subunits was developmentally regulated in the brain
(30, 52, 53, 60–71). In addition, this study provides more di-
rect evidence of the role of NMDA receptors in A�-depen-
dent neurodegeneration mediated by Tau cleavage into the
neurotoxic 17-kDa fragment in hippocampal neurons. Pre-
treatment of mature neurons with the NMDA receptor antag-
onist memantine inhibited the aforementioned cellular cas-
cade triggered by A� treatment. Memantine also attenuated
A�-dependent Ca2� influx, calpain activity, and Tau cleavage
in cholesterol-enriched young neurons.
One possible mechanism by which cholesterol could modu-

late NMDA receptor activity could involve the regulation of
synaptogenesis and hence the formation of clusters of NMDA
receptors juxtaposed to presynaptic terminals. Previous re-
ports have suggested that cholesterol is a necessary compo-
nent for synaptic development and maintenance (44–48, 72).
This seems to be the case in young hippocampal neurons with
pharmacologically enhanced membrane cholesterol content.
In these cells, quantitative analysis showed a significant in-
crease in the number of synaptic sites per cell as compared
with untreated controls. On the other hand, no changes in the
number of synaptic contacts were detected when cholesterol
content was decreased by MBCD in mature neurons. These
results suggested that an alternative mechanism(s) might un-
derlie cholesterol regulation of NMDA receptor-mediated
Ca2� influx in mature neurons treated with A�. This mecha-
nism(s) could involve changes in the overall levels or the lo-
calization of NMDA receptor in the membrane potentially
leading to altered excitability. Our findings indicated that the
reduction of membrane cholesterol caused a significant de-

crease in NR1 content at the cell surface in MBCD-treated
mature neurons. This change in NR1 content was not accom-
panied by modifications of the amount of NR2 subunits in the
membrane. Nevertheless, the decrease in membrane NR1
alone could be enough to lessen NMDA receptor-dependent
Ca2� influx because this subunit is essential for NMDA re-
ceptor function (73–75). Our data also revealed a decrease in
the number of NR2A puncta in cholesterol-reduced neurons
as compared with controls. Because the NR1 subunit predom-
inantly assembles with NR2A at synaptic sites, a reduction in
this NR2 subunit clusters might decrease overall synaptic cur-
rent induced by the A� peptide. The changes in the mem-
brane content of NR1 and number of NR2A immunoreactive
clusters described above were accompanied by changes in size
of NMDA receptor subunit spots. Our results showed a sig-
nificant increase in the subset of NMDA receptor immunore-
active subunit clusters of a size larger than 3 �m2 in choles-
terol-reduced mature neurons when compared with
untreated controls. Larger NMDA receptor clusters have been
implicated in enhanced synaptic activity (76–78). If that were
the case under the experimental conditions used in this study,
the reduction of cholesterol would have resulted in enhanced
Ca2� influx and calpain activation in mature neurons, an op-
posite phenotype to the one described above. A possible ex-
planation for this discrepancy could arise from the lack of
colocalization of these larger NMDA receptor clusters and the
presynaptic marker in cholesterol-reduced neurons. These
results suggested that the larger NMDA clusters observed in
MBCD-treated mature neurons were not at synaptic sites and
thus were unresponsive to synaptic activation.
Changes in the localization of NMDA receptor clusters

upon membrane cholesterol reduction in mature neurons
could be the result, at least in part, of their redistribution be-
tween DSM and DRMmicrodomains. Previous studies have
demonstrated that cholesterol reduction alters the membrane
localization of these complexes and their related proteins to
and from raft-like areas under other experimental conditions
(26, 79). In addition, it has been shown that cholesterol reduc-
tion by MBCD alters the detergent solubility of non-raft
membrane-bound proteins (80, 81). Therefore, the increase in
the NR1 DRM/DSM ratio might be due, at least in part, to a
loss of NR1 observed in the DSM domain of cholesterol-re-
duced neurons as reflected by our biochemical analyses. Fi-
nally, it is worth mentioning that the described cholesterol-
induced changes in the localization of NMDA receptor
subunits could be due, at least in part, to alterations in other
NMDA receptor-associated components, such as synaptic
receptor scaffolding proteins as described previously (26, 44,
64, 82).
Regardless, our results provide insights into the mechanism

underlying the role of cholesterol as a regulator of age-depen-
dent susceptibility of central neurons to A�-induced neurode-
generation. The identification of some of the key molecular
components of these mechanisms, such as NMDA receptors,
calpain, and the 17-kDa neurotoxic Tau fragment, opens in-
teresting new avenues of drug discovery for the treatment of
not only AD but also other neurodegenerative disorders asso-
ciated with excitotoxicity.
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