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INTRODUCTION
Sporadic Alzheimer’s disease (AD)

comprises more than 95% of the cases of
this neurodegenerative disorder. Senile
plaques and neurofibrillary tangles, ab-
normal deposits of β-amyloid (Aβ) and
tau, respectively, are commonly seen in
the brains of these patients. These lesions
not only coexist in affected brain areas
but also seem to be mechanistically
linked. A growing body of evidence sug-
gests that one of the mechanisms linking
Aβ and tau pathologies involved en-
hanced calcium (Ca2+) influx. This
 deregulated Ca2+ influx triggered by
 aggregated Aβ is mediated by N-methyl-
D-aspartic acid (NMDA) receptors and

leads to the activation of calpain (1–6).
The activation of this Ca2+-dependent
protease plays an important role both in
synapse dysfunction underlying early
cognitive deficits and in neuronal degen-
eration associated with mid-stages and
late stages of this disease (4–6). Research
in our laboratory identified dynamin 1
and tau as two of the downstream effec-
tors in these pathological pathways, re-
spectively. Dynamin 1 is a neuron-
 specific mechanochemical GTPase
responsible for vesicle scission from the
synaptic terminal membrane (7,8). Aβ-
 induced calpain activation resulted in
dynamin 1 cleavage altering synaptic
vesicle recycling and, hence, synaptic

transmission in hippocampal neurons
(4,5,9). In addition, abnormally activated
calpain cleaved the microtubule-
 associated protein tau leading to the gen-
eration of a 17-kDa neurotoxic fragment
in hippocampal neurons (10–12).

No comparable information is avail-
able regarding the participation of these
mechanisms in early-onset familial
forms of AD. One of these autonomic-
dominant familial forms, hereditary
cerebral hemorrhage with amyloidosis–
Dutch type, is associated with the mis-
sense mutation G to C at codon 693
(E693Q), resulting in a glutamic acid to
glutamine substitution at position 22
(E22Q) in the Aβ-coding region of the
amyloid precursor protein (13). Clini-
cally, these patients suffer from cognitive
deficits secondary to intracerebral hem-
orrhage and, in some cases, progressive
AD-like dementia. These symptoms are
associated with extensive amyloid de-
posits in the wall of small cerebral arter-
ies as well as preamyloid diffuse plaques
surrounded by some dystrophic neurites
(14–17). Recently, several studies have
shown that Aβ carrying the Dutch muta-
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tion was toxic to cultured human lep-
tomeningeal smooth muscle and neurob-
lastoma cells (18–20). However, the ef-
fects of this mutant Aβ on central
neurons are yet to be determined.

In the present study, we analyzed the
contribution of the calpain-mediated
mechanisms in such effects. Our results
showed that the Dutch mutant Aβ was
capable of inducing loss of synaptic con-
tacts and calpain activation leading to
dynamin 1 cleavage, as the wild-type
(WT) form did in hippocampal neurons.
On the other hand, calpain-mediated
generation of a 17-kDa neurotoxic tau
fragment and cell death were signifi-
cantly decreased in E22Q Aβ–treated ma-
ture hippocampal neurons as compared
with WT Aβ–treated ones. The diverse
effects of the Dutch Aβ on the calpain-
mediated mechanisms underlying patho-
logical processes associated with AD
could have some bearing on the clinical
manifestations observed in patients car-
rying this Aβ mutation.

MATERIALS AND METHODS

Preparation of Primary Hippocampal
Cultures

Timed-pregnant Sprague-Dawley rats
were purchased from Taconic and euth-
anized by CO2 overdose at embryonic
d 18. Embryos were used to prepare
hippocampal neuron cultures as de-
scribed previously (21). Briefly, the hip-
pocampi were dissected and freed of
meninges. The cells were dissociated
using trypsin (0.25%) for 15 min at 37°C
followed by trituration with a fire-
 polished Pasteur pipette. The cell sus-
pension was plated in minimum essen-
tial medium (MEM) with 10% horse
serum (MEM10) on poly-L-lysine–coated
dishes at 800,000 cells per 60-mm dish.
After 4 h, the medium was changed to
glia-conditioned MEM containing 0.1%
ovalbumin, 0.1 mmol/L sodium pyru-
vate and N2 supplements (N2 medium)
(22). For immunocytochemical analyses,
neurons were plated (150,000 cells per
60-mm dish) onto poly-L-lysine–coated
coverslips in MEM10. After 4 h, the cov-

erslips were transferred to dishes con-
taining an astroglial monolayer and
maintained in N2 medium. Experiments
were performed using neurons cultured
for 18–22 d.

The Northwestern University Animal
Care and Use Committee approved the
experimental protocol used in this study
in accordance with U.S. Public Health
Service regulations and applicable fed-
eral and local laws.

Preaggregation of Aβ
Synthetic WT and Dutch mutant

(E22Q) Aβ1–40 peptides were dissolved in
N2 medium at a final concentration of
0.5 mg/mL. These Aβ solutions were
kept at 37°C for 3 d to preaggregate the
peptides (23). Neurons were incubated
in the presence of the peptides for 24 h
at concentrations ranging from 2 to
20 μmol/L (10).

Cell Death Assay
Cell viability was assessed by the try-

pan blue exclusion method and by using
a Live/Dead Viability/Cytotoxicity kit
(Invitrogen, Carlsbad, CA, USA) as pre-
viously described (6,23,24). Briefly, con-
trol hippocampal neurons cultured on
coverslips for 21 d, and sister cultures
treated for 24 h in the presence or ab-
sence of WT or E22Q Aβ, were incu-
bated in 0.2% trypan blue stain (Sigma
Aldrich, St. Louis, MO, USA) for 5 min at
room temperature or in the ethidium
 homodimer/calcein acetoxy methyl ester
combination of vital dyes (Live/Dead
 Viability/Cytotoxicity kit) for 30 min at
37°C. The cells were rinsed in phosphate-
buffered saline (PBS) and immediately
counted. Cells that did not exclude try-
pan blue were counted as dead cells.
Neurons stained using the Live/Dead kit
were observed using a fluorescence mi-
croscope (Nikon Diaphot, Melville, NY,
USA). Live (red) and dead (green) neu-
rons were counted. Ten non-overlapping
microscopic fields from three indepen-
dent cultures were analyzed for each ex-
perimental condition. Cell death was ex-
pressed as a percentage of total cells in
each field.

Apoptotic cell death was assessed
using the In Situ Cell Death Detection Kit
(Roche Applied Science, Indianapolis,
IN, USA). Briefly, cells were fixed for
15 min with 4% paraformaldehyde in
PBS containing 0.12 mol/L sucrose, per-
meabilized in 0.1% Triton X-100 in 0.1%
sodium citrate for 2 min, and tetram-
ethylrhodamine (TMR) fluorescein-
 labeled nucleotide was incorporated at
3′-OH DNA ends using the enzyme ter-
minal deoxynucleotidyl transferase
(TdT). Apoptotic cells (TUNEL+ [trans-
ferase-mediated dUTP nick-end labeling]
cells) were counted using a fluorescence
microscope (Nikon Diaphot) and ex-
pressed as a percentage of total number
of cells in each field.

Immunocytochemistry
Hippocampal neurons were cultured

on coverslips and treated with or without
WT or E22Q Aβ peptides for 24 h. Neu-
rons were then fixed in 4% paraformalde-
hyde in PBS containing 0.12 mmol/L su-
crose for 15 min and permeabilized in
0.3% Triton X-100 in PBS for 4 min. Cov-
erslips 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 antitubulin (clone
DM1A, 1:1,000; Sigma) and antisynapto-
physin (1:500; Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Antimouse or an-
tirabbit AlexaFluor secondary antibodies
(1:200; Molecular Probes, Eugene, OR,
USA) were used for protein detection.
Images were taken using a Photometrics
Cool Snap HQ2 camera coupled with a
fluorescent microscope (Nikon Diaphot,
Melville, NY, USA). Images were ana-
lyzed using MetaMorph Image Analysis
software (Universal Imaging, Fryer Com-
pany, Huntley, IL, USA).

Synapse Counts
The number of synapses per neuron

was determined by double labeling 
cultured hippocampal neurons with 
antisynaptophysin and antitubulin
 antibodies, as described above. The 
number of synapses per cell was calcu-
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lated by counting the synaptophysin-
 immunoreactive puncta using MetaMorph
Image Analysis software and dividing
these values by the total number of cells as
observed with tubulin labeling.

Electrophoresis and Immunoblotting
Twenty-one days in culture hippocam-

pal neurons incubated in the presence or
absence of WT or E22Q Aβ were homog-
enized in Laemmli buffer and boiled for
10 min. Lysates were then loaded and
run on sodium dodecyl sulfate
(SDS)–poly-acrylamide gels as previ-
ously described (25). The proteins were
transferred onto Immobilon membranes
(Millipore, Billerica, MA, USA) and im-
munoblotted (26,27). Immunodetection
was performed using a phosphorylation-
independent anti-tau (clone tau5; 1:1,000;
BioSource International, Foster City, CA,
USA), anti–phosphorylated tau at
Ser202/Thr205 (clone AT8; 1:1,000; Thermo
Scientific, Rockford, IL, USA), at Thr217

(1:500; BioSource International), at Ser262

(1:500; BioSource International), at Ser356

(1:500; BioSource International) and at
Ser409 (1:1,000; Invitrogen) and antispec-
trin (1:1,000; Chemicon, Temecula, CA),
anti–dynamin 1 (1:2,000; Affinity BioRe-
agents, Golden, CO, USA) and anti–α-
tubulin (clone DM1A; 1:200,000; Sigma)
antibodies. Secondary antibodies conju-
gated to horseradish peroxidase (1:1,000;
Promega, Madison, WI, USA) were used
followed by enhanced chemilumines-
cence for the detection of proteins (28). A
ChemiDoc XRS system and Quantity
One Software (Bio-Rad, Hercules, CA,
USA) were used to image and analyze
immunoreactive bands.

Cytoskeletal Fractioning and Tau In
Vitro Cleavage by Calpain 1

Cytoskeletal fractions were prepared
as described previously (29). In short,
untreated hippocampal neurons and
neurons incubated in the presence of WT
or E22Q Aβ were rinsed in microtubule-
stabilizing buffer (MTSB: 4 mmol/L
magnesium chloride, 10 mmol/L ethyl-
ene glycol-bis (2-amino-ethylether)-
N,N,N′,N′-tetraacetic acid (EGTA),

130 mmol/L HEPES, pH 6.9) followed by
extraction with MTSB containing 0.2%
Triton X-100 (Sigma) for 90 s. The re-
maining cytoskeleton was rinsed with
detergent-free MTSB and harvested in
Laemmli buffer for Western blotting. For
in vitro calpain assays, cytosolic extracts
and cytoskeleton preparations were col-
lected from 21 d in culture hippocampal
neurons in lysis buffer (150 mmol/L
sodium chloride, 5 mmol/L EGTA,
5 mmol/L ethylene-diamine-tetraacetic
acid, 20 mmol/L Tris–hydrochloric acid,
pH 7.4, 1% Triton X-100) per 800,000 cells
and centrifuged at 16,000g for 10 min.
The tau-containing supernatant was re-
moved and incubated with 0.55 U cal-
pain per 35 μL lysate for 1 h at 30°C. An
equivalent volume of Laemmli was
added, and samples were boiled for
10 min to stop the reaction. The cleavage
products were run on SDS gels as de-
scribed above.

Statistical Analyses
All experiments performed in this

study were conducted in at least three in-
dependent cultures. The compiled data
were analyzed across the experimental
conditions using one-way analysis of
variance (ANOVA) followed by Fisher
least significant differences (LSD) post hoc
test. The values in the graphs represent
the mean ± standard error of the mean
(SEM). The statistical significance is indi-
cated in the graphs.

RESULTS

Toxic Effects of the Dutch Mutant Aβ
on Cultured Hippocampal Neurons

We have extensively characterized
preaggregated Aβ-induced neurodegen-
eration in mature cultures of hippocam-
pal neurons (4–6,9–11,23,27,30). In con-
trast, little is known regarding the effects
of the Dutch mutant Aβ on central neu-
rons. In the present study, we assessed
whether preaggregated E22Q Aβ has
similar toxic effects as those described in
WT Aβ–treated neurons. First, we deter-
mined cell death induced by E22Q Aβ in
mature hippocampal cultures using try-

pan blue. Only viable neurons with an
intact plasma membrane were able to ex-
clude this large dye from their cyto-
plasm. Quantification of the percentage
of trypan blue–positive (dead) neurons
showed a significant increase in overall
cell death in both WT- and E22Q
Aβ–treated neurons when compared
with untreated controls (70% ± 2%** ver-
sus 55% ± 2%** versus 31% ± 1%, respec-
tively; **differs from untreated controls,
P < 0.01). However, cell viability was sig-
nificantly higher in cultures treated with
the mutant Aβ compared with those in-
cubated with the WT peptide (P < 0.01).
Similar results were obtained using fluo-
rescent dyes (63% ± 2%** versus 44% ±
2%** versus 25 % ± 1%, dead cells in WT-
and E22Q Aβ–treated neurons and un-
treated controls, respectively; **differs
from untreated controls, P < 0.01). Be-
cause we have previously shown that not
all cell death induced by Aβ was due to
apoptosis, we determined the percentage
of apoptotic neurons under these experi-
mental conditions. Quantitative analysis
showed that apoptotic cell death was sig-
nificantly higher in cultures treated with
the WT peptide when compared with
those incubated in the presence of the
mutant Aβ and with untreated controls
(44% ± 4%** versus 29% ± 4%** versus
19% ± 1% apoptotic cells, respectively;
**differs from untreated controls, P <
0.01).

Next, we determined the effect of E22Q
Aβ treatment on the number of synaptic
contacts formed by mature hippocampal
neurons using an antibody specific for
synaptophysin as a synaptic marker (31).
Synaptophysin immunoreactive puncta
were easily detectable around cell bodies
and along the neurite processes extended
by mature hippocampal neurons (Figure
1). Quantitative analysis of synapto-
physin-immunoreactive spots showed
that the number of these synaptic con-
tacts was significantly lower in E22Q
Aβ–treated mature neurons when com-
pared with untreated controls (see Figure
1). In contrast to cell death, no significant
differences in the number of synaptic
contacts/cell were detected when E22Q
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Aβ–treated neurons were compared with
WT Aβ–treated ones (Figure 1G).

Dutch Mutant Aβ Had Differential
Effects on Calpain-Mediated Dynamin
1 and Tau Cleavage in Cultured
Hippocampal Neurons

We have previously shown that, in ad-
dition to synapse loss and cell death, the
deposition of WT Aβ oligomers induced
synaptic dysfunction and neurite degen-
eration in mature hippocampal neurons
(4,5,9,10,23,27). The synaptic dysfunction
observed in the presence of WT Aβ was

mediated, at least in part, by a decrease in
dynamin 1 levels due to calpain- mediated
cleavage both in cultured hippocampal
neurons and in an AD animal model sys-
tem (4,5,9). To test whether E22Q Aβ has
similar synaptic effects, we analyzed dy-
namin 1 levels in cultured hippocampal
neurons incubated in the presence of in-
creasing concentrations of this mutant Aβ
form. Western blot analysis of whole cell
extracts obtained from E22Q Aβ–treated
neurons showed a dose-dependent de-
crease of full-length dynamin 1 (~100
kDa) and the appearance of an ~90 kDa

cleaved immunoreactive band (Figure 2A).
These results were similar to those ob-
tained when WT Aβ–treated neurons
were analyzed (see Figure 2A) (4). Quan-
titative analysis showed no significant dif-
ferences in dynamin degradation in E22Q
Aβ–treated neurons compared with WT
Aβ–treated ones (Figure 2B).

We next studied the extent of calpain
activation under these experimental con-
ditions. For these experiments, we deter-
mined calpain activation by assessing
spectrin cleavage (4,5,10). Spectrin degra-
dation is highly sensitive to calpain acti-
vation and is considered an excellent
marker for this protease activity (32).
Western blot analysis of whole cell ex-
tracts obtained from E22Q Aβ–treated
neurons and reacted with a specific spec-
trin antibody showed a significant de-
crease in full-length spectrin (240 kDa)
and a concomitant increase in the 150-
kDa degradation fragment (see Figure
2A) (4,5,10). Quantitative analysis of im-
munoreactive bands showed a significant
increase in the spectrin 150/240 kDa
ratio in hippocampal neurons treated
with either E22Q or WT Aβ when com-
pared with untreated controls (see Figure
2B). However, no differences were de-
tected in E22Q Aβ–treated neurons com-
pared with WT Aβ–treated ones.

Our previous findings show that Aβ-
induced calpain activation also played a
key role in neurite degeneration by
cleaving tau into a neurotoxic fragment
(10,11). Therefore, we next assessed
whether the Aβ E22Q mutant was able
to induce calpain-mediated tau cleavage
leading to the generation of this 17-kDa
neurotoxic fragment. Western blot analy-
sis of whole cell extracts reacted with a
non–phosphorylation-dependent tau an-
tibody showed strong immunoreactive
full-length tau bands and the absence of
tau immunoreactivity at the 17-kDa mo-
lecular weight in untreated controls. On
the other hand, a clear band at this mo-
lecular weight was detected in cultured
hippocampal neurons treated with E22Q
Aβ (Figure 3A). As previously described,
the presence of this 17-kDa tau fragment
was also detected in hippocampal neu-

Figure 1. Reduced number of synaptic contacts in mature hippocampal neurons
treated with E22Q Aβ. (A–F) Twenty-one days after plating, untreated controls (A, B) and
neurons incubated with WT (C, D) or Dutch (E22Q) (E, F) Aβ (10 μmol/L) for 24 h were im-
munolabeled with tubulin (A, C, E) and synaptophysin (B, D, F) antibodies. Note the simi-
lar decrease in the numbers of synaptophysin immunoreactive spots in neurons treated
with either form of Aβ compared with untreated controls. (G) Quantification of the num-
ber of synaptophysin-positive puncta per cell in untreated neurons and in neurons
treated as described in A–F. Values represent the mean ± SEM for five independent ex-
periments per condition (n = 90 cells/condition). **Differs from untreated control, P <
0.01. Scale bar: 50 μm.
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rons treated with WT Aβ (see Figure 3A)
(10). Quantitative analysis of immunore-
active bands showed a dose-dependent
increase in 17-kDa tau in neurons
treated with either form of Aβ. However,
the 17-kDa tau/full-length tau ratio was
significantly lower in E22Q Aβ–treated
neurons compared with WT ones when
cultures were incubated with the aggre-

gated peptides at a final concentration of
at least 10 μmol/L (Figure 3B).

Increased Levels of Cytoskeletal-
Bound Tau Associated with Decreased
Calpain-Mediated Degradation in
E22Q Aβ–Treated Neurons

The results described above indicated
that despite similar calpain activation,

tau cleavage was significantly decreased
in cultured hippocampal neurons incu-
bated in the presence of E22Q Aβ
(10 μmol/L) when compared with those
incubated with WT Aβ. These differences
in tau cleavage induced by either aggre-
gated Aβ peptide could be due to a re-

Figure 2. E22Q Aβ–induced dynamin 1 cleavage in mature hippocampal neurons. (A)
Western blot analysis of whole cell extracts prepared from 21 d in culture hippocampal
neurons incubated in the absence (C ) or presence of increasing concentrations of WT or
Dutch (E22Q) Aβ and reacted with dynamin 1 and spectrin antibodies. Strong immunore-
active cleaved dynamin 1 (~90 kDa) bands were detected in either WT or E22Q
Aβ–treated neurons. Tubulin was used as a loading control. (B) Graphs on the left show
the levels of full-length (~100 kDa) and cleaved (~90 kDa) dynamin 1 bands, and the
spectrin 150/240-kDa ratio in control and WT or Dutch Aβ–treated hippocampal neurons.
Values are expressed as the percentage of untreated controls, considering the values ob-
tained in these neurons as 100%. Each number represents the mean ± SEM from five differ-
ent experiments. Charts on the right show the statistical significance of the differences
among all experimental conditions calculated by one-way ANOVA followed by Fisher LSD
post hoc test. *Differs from control, P < 0.05; **differs from control, P < 0.01.

Figure 3. Dutch Aβ was less effective than
WT Aβ in the generation of the 17-kDa tau
fragment in cultured hippocampal neu-
rons. (A) Western blot analysis of whole
cell extracts prepared from 21 d in culture
hippocampal neurons incubated in the
absence (C ) or the presence of increas-
ing concentrations of WT or Dutch (E22Q)
Aβ. The membranes were reacted with a
tau antibody (clone tau 5). Tubulin was
used as a loading control. Note the de-
crease in the immunoreactive bands cor-
responding to full-length tau and the in-
crease in the one corresponding to the
cleaved 17-kDa tau fragment as the dose
of either Aβ increased. (B) Graph showing
the 17-kDa/full-length tau ratio in control
and WT or Dutch Aβ–treated hippocam-
pal neurons. Values are expressed as the
percentage of untreated controls, consid-
ering the values obtained in these neurons
as 100%. Each number represents the
mean ± SEM from five different experi-
ments. One-way ANOVA followed by Fisher
LSD post hoc test were performed. *Differs
from control, P < 0.05; **differs from con-
trol, P < 0.01.
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duced access of active calpain to tau due
to changes in the distribution of this
 microtubule-associated protein. It was
shown that under normal conditions,
~75% of tau is associated with the cy-
toskeleton in cultured central neurons
(29). This association was significantly
reduced, and most of the tau content was
recovered in cytosolic fractions, in ma-
ture neurons treated with WT Aβ (27).
Therefore, we assessed both the distribu-
tion of tau in these two intracellular
pools and the susceptibility to cytosolic
and cytoskeletal tau to calpain cleavage.
Quantitative Western blot analysis
showed a significant decrease in cy-
toskeleton-bound tau in either E22Q Aβ–
or WT Aβ–treated neurons compared
with untreated controls. However, the
levels of microtubule-bound tau were
significantly higher in cytoskeletal frac-
tions prepared from neurons incubated

with E22Q Aβ compared with those in-
cubated with WT Aβ (Figure 4A).

We assessed next whether cytoskeleton-
bound tau was less susceptible to cal-
pain-mediated proteolysis than soluble
tau. For these experiments, cytosolic and
cytoskeletal lysates were incubated in the
presence of active calpain, and the final
proteolytic products were analyzed by
Western blotting. Tau present in cytosolic
fractions prepared from 21 d in culture
hippocampal neurons was almost com-
pletely degraded in the presence of ac-
tive calpain (Figure 4C). On the other
hand, a strong full-length tau immunore-
active band was detected in cytoskeletal
fractions incubated with active calpain 1
(see Figure 4C).

Because tau binding to the cytoskele-
ton is regulated by phosphorylation, we
analyzed next the extent of this tau post-
translational modification in neurons in-

cubated with E22Q Aβ and compared
with those treated with WT peptide.
Quantitative Western blotting using a se-
ries of phosphorylation-dependent anti-
bodies (at Ser202/Thr205, Thr217, Ser262,
Ser356 and Ser409) showed no significant
differences in tau phosphorylation at any
of these residues when neurons treated
with either Aβ peptide were compared
(data not shown).

DISCUSSION
Individuals affected with hereditary

cerebral hemorrhage with amyloidosis–
Dutch type show a continuous cognitive
decline similar to that of AD patients.
These deficits have been attributed to fre-
quent strokes caused by the extensive Aβ
deposits in the wall of cerebral vessels
leading to the formation of stenotic ves-
sels and microvasculopathies (14–17).
Our results strongly suggest the exis-
tence of an alternative mechanism that
might contribute to synaptic dysfunction
and memory and behavioral abnormali-
ties observed in these patients. This
mechanism involved both a decrease in
the number of synaptic contacts and the
cleavage of dynamin 1 in hippocampal
neurons. The E22Q Aβ–induced decrease
in dynamin 1 levels could play a critical
role in synaptic dysfunction in view of
recent results obtained under experimen-
tal conditions that led to loss-of-function
and/or dynamin cleavage like the one
described in this study. Those reports
showed that synapses lost their ability to
successively release neurotransmitters as
synaptic vesicles became trapped at the
plasma membrane and the synaptic vesi-
cle pool was depleted in neurons in
which dynamin 1 had been downregu-
lated and/or cleaved (4,5,7–9,33–35).

Our results showed no differences in
the deleterious effects of E22Q Aβ on
synapse number, dynamin 1 cleavage
and calpain activation when compared
with WT Aβ. However, milder cognitive
defects than those associated with AD
are described in patients suffering from
this form of amyloidosis. One potential
explanation for these milder effects of
E22Q Aβ could be the extent of deposi-

Figure 4. Decreased susceptibility of cytoskeletal-bound tau to calpain cleavage. (A)
Western blot analysis of cytoskeletal fractions prepared from 21 d in culture hippocampal
neurons incubated in the absence (C in panels A and B) or in the presence of WT Aβ or
Dutch (E22Q) Aβ. The membranes were reacted with tau and tubulin antibodies. (B) Graph
showing the results of the quantitative analysis of immunoreactive bands. Values are ex-
pressed as a percentage of the tau/tubulin ratio of untreated controls, considering the
values obtained in these neurons as 100%. Each number represents the mean ± SEM from
five different experiments. **Differs from control, P < 0.01. (C) Western blot analysis of cy-
tosolic and cytoskeletal fractions obtained from untreated hippocampal neurons and
then incubated in the presence (+) or absence (–) of active calpain. Membranes were re-
acted with a tau antibody (clone tau 5) and then stripped and reprobed with a tubulin
antibody as a loading control. Note that microtubule binding decreased the susceptibility
of tau to calpain cleavage.
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tion of this peptide in affected brain
areas. Thus, it has been shown that
E22Q Aβ burden in the brain
parenchyma of these patients is less ex-
tensive than the WT Aβ burden ob-
served in AD patients (36,37). A con-
tributing factor to this differential Aβ
deposition might be the aggregation
properties of E22Q Aβ. A series of re-
ports have shown that, compared with
WT peptide, the Dutch mutant Aβ ag-
gregates more rapidly into fibrils that
are less toxic than oligomeric forms
(20,37,38). Alternatively, the subtler be-
havioral phenotype in patients suffering
from hereditary cerebral hemorrhage
with amyloidosis–Dutch type could be
related to decreased cell death.

Interestingly, we observed a significant
decrease in cell death in E22Q
Aβ–treated hippocampal neurons when
compared with those treated with WT
Aβ under the experimental conditions
used in this study. A similar result was
obtained when the neurotoxic effects of
the Dutch Aβ were compared with those
of the Flemish mutant and WT Aβ in a
neuroblastoma cell line incubated in the
presence of these peptides for a very
short time (2 h). In contrast, E22Q Aβ
was more toxic than the Flemish mutant
and WT Aβ with longer incubation times
(24 h) (39). The enhanced survival ob-
served in E22Q Aβ–treated hippocampal
neurons could be due to the reduced rate
of calpain-mediated tau cleavage leading
to the generation of the 17-kDa tau frag-
ment. We have previously shown that
the expression of this fragment in hip-
pocampal neurons results in progressive
neurodegeneration followed by cell
death (10,11). Conversely, experimental
conditions that reduce tau cleavage pre-
vented neuronal death (6,12). Therefore,
it is tempting to speculate that a decrease
in the generation of this toxic fragment
could play a role in the regulation of
neurodegeneration in the presence of
E22Q Aβ. This differential effect of the
mutant Aβ on tau cleavage is consistent
with a decrease in other forms of tau
pathology in affected brain areas in these
patients. Thus, no tau aggregation into

neurofibrillary tangles has been identi-
fied in patients suffering from this type
of cerebral amyloid angiopathy
(15,36,40–42).

The reduced levels of the 17-kDa tau
fragment observed in E22Q Aβ–treated
neurons could be the result of the de-
creased activation of the protease respon-
sible for this cleavage. Our results show-
ing no significant differences in calpain
activation in neurons treated in the pres-
ence of WT or E22Q Aβ indicate that the
decrease in calpain-mediated tau cleav-
age observed in the mutant Aβ–treated
neurons was independent of the extent
of calpain activation. Alternatively, this
diminished production of 17-kDa tau
fragment could be due to differences in
calpain access to tau under these experi-
mental conditions. Calpain is a soluble
protease highly concentrated in the neu-
ronal cytoplasm, whereas tau is both sol-
uble and cytoskeletal bound (27,29,43). In
the presence of E22Q Aβ, we detected a
significantly higher ratio of tau/tubulin
in cytoskeletal fractions than in WT
Aβ–treated ones. This enhanced preser-
vation of tau binding to microtubules in
E22Q Aβ–treated neurons could prevent
its cleavage by calpain. Our results
showing that soluble tau was signifi-
cantly more susceptible to calpain degra-
dation than cytoskeletal-bound tau in in
vitro calpain assays suggest that this
might be the case in E22Q Aβ–treated
neurons.

The differences in the tau/tubulin
ratio in cytoskeletal fractions induced by
each Aβ peptide could be due to differ-
ential tau phosphorylation, a posttransla-
tional modification that regulates such
binding. As previously described, WT Aβ
induced a significant increase in this
posttranslational modification of tau in
cultured neurons (27,44). However, no
differences in tau phosphorylation levels
at several residues were detected in
E22Q Aβ–treated neurons compared
with WT Aβ–treated ones. Yet, we cannot
rule out a cumulative effect of small vari-
ations in the phosphorylation of different
tau epitopes resulting in an overall de-
crease in the phosphorylation of this mi-

crotubule-associated protein in the pres-
ence of E22Q Aβ.

CONCLUSION
Regardless of the mechanisms in-

volved, the results presented here pro-
vide evidence of the direct toxic effects of
the Dutch mutant Aβ on central neurons.
The complement of molecular mecha-
nisms underlying the neuronal pathobi-
ology of this familial form of AD awaits
further investigation.
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