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The allele E4 of apolipoprotein E (apoE4), the most prevalent genetic risk factor for Alzheimer’s disease, is associated histopathologically
with elevated levels of brain amyloid. This led to the suggestion that the pathological effects of apoE4 are mediated by cross-talk
interactions with amyloid � peptide (A�), which accentuate the pathological effects of the amyloid cascade. The mechanisms underlying
the A�-mediated pathological effects of apoE4 are unknown. We have shown recently that inhibition of the A�-degrading enzyme
neprilysin in brains of wild-type apoE3 and apoE4 mice results in rapid and similar elevations in their total brain A� levels. However, the
nucleation and aggregation of A� in these mice were markedly affected by the apoE genotype and were specifically enhanced in the apoE4
mice. We presently used the neprilysin inhibition paradigm to analyze the neuropathological and cognitive effects that are induced by
apoE4 after activation of the amyloid cascade. This revealed that apoE4 stimulates isoform specifically the degeneration of hippocampal
CA1 neurons and of entorhinal and septal neurons, which is accompanied by the accumulation of intracellular A� and apoE and with
lysosomal activation. Furthermore, these neuropathological effects are associated isoform specifically with the occurrence of pro-
nounced cognitive deficits in the ApoE4 mice. These findings provide the first in vivo evidence regarding the cellular mechanisms
underlying the pathological cross talk between apoE4 and A�, as well as a novel model system of neurodegeneration in vivo that is
uniquely suitable for studying the early stages of the amyloid cascade and the effects thereon of apoE4.
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Introduction
Alzheimer’s disease (AD) is associated with several molecular
hallmarks and genetic risk factors. These include amyloid � pep-
tide (A�) and hyperphosphorylated tau, which are the major
constituents of senile plaques and neurofibrilary tangles, respec-
tively (Alzheimer et al., 1995; Goedert and Spillantini, 2006; Mas-
ters and Beyreuther, 2006), and the allele E4 of apolipoprotein E
(apoE4), which is the most prevalent genetic risk factor for AD
(Corder et al., 1993; Saunders et al., 1993; Roses, 2006). His-
topathologically, apoE4 is associated with increased amyloid dep-
osition, hippocampal atrophy, and neuronal loss, as well as with
enhanced brain inflammation and impaired neuronal plasticity
(Schmechel et al., 1993; Arendt et al., 1997; Mori et al., 2002).

The finding that brain amyloid levels are specifically elevated
in apoE4-positive AD patients led to the suggestion that the

pathological effects of apoE4 are mediated by cross-talk interac-
tions with A�. Accordingly, in vitro studies revealed that apoE4
binds to A� isoform specifically (Strittmatter et al., 1993; LaDu et
al., 1994), and that, unlike the AD benign allele apoE3, it does not
protect against A�-induced toxicity (Puttfarcken et al., 1997; Jor-
dan et al., 1998). In addition, amyloid � protein precursor
(APP) � apoE double transgenic mice that express apoE4 have
higher levels of A� deposits than the corresponding apoE3 �
APP mice (Brendza et al., 2002; DeMattos, 2004; Holtzman,
2004).

The amyloid cascade is initiated by production of brain A�.
This is followed by the formation of distinct A� oligomers that
induce neuronal impairments and subsequent cell death (Hardy
and Selkoe, 2002; Hardy, 2006). The steps of the amyloid cascade
that are affected by apoE4 and the cellular and molecular mech-
anisms that underlie the resulting pathological effects are not
known. Because the increased A� deposition in apoE4 � APP
transgenic mice is apparent only in old mice (Holtzman et al.,
2000; Fryer et al., 2005), and it does not seem to be associated with
neuritic degeneration and neuronal loss (Holtzman et al., 2000;
Hartman et al., 2002), there is a great need for models that repro-
duce the pathological interactions between apoE4 and A� in
more detail. We have shown recently that intracerebroventricular
infusion of thiorphan, which inhibits the A�-degrading enzyme
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neprilysin in wild-type mice, induces A� deposition and fibriliza-
tion, and that similar treatments in apoE3 and apoE4 transgenic
mice result in marked and isoform-specific enhancement of the
nucleation and aggregation of A� in apoE4 mice (Dolev and
Michaelson, 2004, 2006). These effects are rapid and are apparent
within 1 week after the initiation of treatment.

In the present study, we used the neprilysin inhibition para-
digm to analyze the brain neuropathological processes and cog-
nitive impairments induced by apoE4 at distinctive time intervals
after activation of the amyloid cascade. Because apoE4 exacer-
bates the endosomal and lysosomal dysfunctions that occur in
AD (Ji et al., 2002), we assessed the extent to which the patholog-
ical effects of apoE4 correlate spatially and temporally with the
accumulation of intraneuronal A� and with the induction of
lysosomal activation.

Materials and Methods
Transgenic mice. APOE target replacement mice were created by gene
targeting, as described previously (Sullivan et al., 1997). Construction of
these mice differs from other apoE transgenic mice in that the human
APOE gene was used to replace the mouse apoE gene. The two lines of
apoE target replacement mice contain chimeric genes consisting of
mouse 5� regulatory sequences continuous with mouse exon 1 (noncod-
ing), the 5� half of mouse intron 1 continuous with the 3� half of human
intron 1, followed by human exons (and introns) 2– 4 (Sullivan et al.,
1997). The mice used were purchased from Taconic (Germantown, NY).
Mice were back-crossed to C57BL/6J for eight generations and were ho-
mozygous for the APOE3 (3/3) or APOE4 (4/4) allele. The apoE genotype
of the mice was confirmed by PCR analysis, as described previously (Levi
et al., 2003). All experiments with mice were performed on age-matched
male animals (3– 4 months of age). All experiments were approved by the
Tel-Aviv University Animal Care Committee, and every effort was made
to reduce animal stress and to minimize animal usage.

Implantation of Alzet miniosmotic pumps. Alzet (Palo Alto, CA) min-
iosmotic pumps (model 2004), which deliver their contents at a rate of
0.25 �l/h for up to 1 month, were each connected by means of a polyeth-
ylene catheter to a stainless steel cannula (Brain Infusion kit; Alzet) and
loaded either with 0.5 mM thiorphan (Sigma, St. Louis, MO) in artificial
CSF containing 1 mM ascorbic acid or with a similar solution without
thiorphan. Mice were anesthetized by intraperitoneal injection of ket-
amine (120 mg/kg), their skulls were carefully exposed, and a small hole
was drilled with a 25 gauge needle above the lateral ventricle (1 mm
posterior and 1.5 mm lateral to the bregma). The tip of the brain-infusion
cannula was inserted into the hole, and the cannula was glued to the skull
(Luctite 454). To complete the procedure, the pump was inserted subcu-
taneously on the mouse’s back, and the cut skin over the skull was su-
tured. An antibiotic (1% oxytetracycline) was added to the drinking
water for 10 d.

Immunohistochemistry and immunofluorescence staining. Mice were
anesthetized with ketamine and xylazine and perfused transcardially with
saline and then with 4% paraformaldehyde in 0.1 M phosphate buffer, pH
7.4. Their brains were removed, fixed overnight in 4% paraformaldehyde
in 0.1 M phosphate buffer, pH 7.4, and then placed in 30% sucrose for
48 h. Frozen coronal sections (30 �m) were then cut on a sliding mic-
rotome and collected serially. The free-floating sections were immuno-
stained as described previously (Matsumori et al., 2006), with the follow-
ing primary antibodies (Abs): biotinylated anti-A� monoclonal Ab
(mAb) 4G8 (1:200; Signet, Dedham, MA); rabbit anti-A�42 (1:500;
Chemicon, Temecula, CA); rabbit anti-A�40 (1:500; Chemicon); goat
anti-apoE (1:5000; Calbiochem, La Jolla, CA); biotinylated mouse anti-
neuronal nuclei (anti-NeuN) (1:500; Chemicon); rabbit anti-
microtubule-associated protein-2 (MAP-2) (1:1000; Chemicon); rabbit
anti-synaptophysin (1:200, SYP H-93; Santa Cruz Biotechnology, Santa
Cruz, CA); and rabbit anti-cathepsin D (1:500; Calbiochem). Accord-
ingly, sections were washed with 10 mM PBS, pH 7.4, after which the
primary antibody, diluted in PBS with 0.1% Triton X-100 (PBST) and
with 2% of the appropriate serum, was applied overnight at 4°C. After

having been rinsed in PBST, sections were incubated for 1 h at room
temperature in the secondary antibody (Vector Laboratories, Burlin-
game, CA) and then diluted 1:200 in PBST that contained 2% of the
appropriate serum (this step was omitted when biotinylated first Abs
were used). After several additional rinses in PBST, sections were incu-
bated for 0.5 h in avidin-biotin-horseradish peroxidase complex (ABC-
Elite; Vector Laboratories) in PBST. After rinses in PBST, sections were
placed for up to 10 min in diaminobenzidine chromagen solution (Vec-
tor Laboratories). The reaction was monitored visually and stopped by
rinses of PBS. For the A� staining, sections were similarly treated, except
that they were preincubated before adding the first antibody with 70%
formic acid for 7 min. To minimize variability, sections from all animals
were stained simultaneously. For hematoxylin staining (Mayer’s Hema-
toxylin, #S3309; Dako Cytomation, Carpinteria, CA), free-floating sec-
tions were first mounted on slides and then stained according to the
manufacturer instructions.

Immunofluorescence staining. Coexpression of A� with MAP-2/apoE/
cathepsin D and synaptophysin was evaluated by double and single im-
munostaining, using fluorescent chromogens. In brief, sections were first
blocked by incubation with 0.1% Triton X-100 and 10% normal donkey
serum in PBS for 1 h at room temperature. The primary antibodies were
then dissolved in 0.1% Triton X-100 and 2% normal donkey serum in
PBS, and finally incubated with the sections for 48 h at 4°C. Next, the
bound primary antibodies were visualized by incubating the sections for
1 h at room temperature with Alexa-fluor 488/633-conjugated donkey
anti-rabbit (1:1000; Invitrogen, Eugene, OR), Alexa-fluor 546-
conjugated donkey anti-goat (1:1000; Invitrogen), or streptavidin-
Alexa-fluor 488/633 (1:1000; Invitrogen), depending on the appropriate
initial antibodies. The sections were then mounted on dry gelatin-coated
slides, and fluorescence was visualized using a confocal scanning laser
microscope (LSM 510; Zeiss, Oberkochen, Germany). Images (1024 �
1024 pixels) were obtained by a 63� water-immersion lens averaging
eight scans per slice. All images were processed using Adobe Photoshop
7.0 (Adobe Systems, San Jose, CA).

Image analysis. The peroxidase-immunostained sections were viewed
and photographed with a 40� objective and a Nikon DS-5M camera
(Nikon Instech, Tokyo, Japan). The intensities of immunohistochemical
staining as the percentage area stained were determined with the aid of
the Image-Pro Plus system (version 5.1; Media Cybernetics, Silver
Spring, MD). Other than making moderate adjustments for contrast and
brightness, the images were not manipulated.

The image analysis was based on our previous studies indicating that
the extracellular deposition of A� is maximal from bregma �1.5 to �3.5
(Dolev and Michaelson, 2004). Accordingly, the kinetic study, in which
the levels of cellular A� and the neuronal pathology (NeuN) were as-
sessed, focused on three serial sections from approximately �1.5 to �3.5
mm bregma, which were evenly spaced at 480 �m and of which CA1
domains were traced using a mouse brain atlas (Franklin and Paxinos,
1997). This revealed a maximal effect at 2 weeks and at bregma �2.5. The
brain area specificity of the immunostaining was assessed using sections
from mice that were treated with thiorphan for 2 weeks. Accordingly,
images were taken at 40� from the CA1, dentate gyrus (DG), entorhinal,
and visual cortex all at bregma �2.5 and from the medial septum and
motor cortex at bregma �0.6, and their intensities of staining were then
analyzed as described above. In addition, volumetric estimation of the
levels of A� and NeuN staining of the entire hippocampal CA1 subfield
was performed 2 weeks after the thiorphan treatment. Accordingly, the
stained area of the CA1 subfield of each of the sections was calculated
from every other frame at 40� and extrapolated for the entire slab, up to
the next section. Summation of all the volumes of the positively stained
slabs resulted in a total volumetric estimation of the entire stained CA1
subfield. This was calculated as (total CA1 area [�m 2] � percentage of
the CA1 area that was stained � 480 �m). Analysis of CA1 volume
revealed no changes between mouse groups and no side effects of
treatment.

Immunoblot analysis. Total soluble A� and apoE of coronal brain slices
(�1.5 to �3.5 mm from bregma) were extracted as described by Lesne et
al. (2006). For determining apoE, samples were blotted and immunore-
acted with goat anti-apoE (1:5000; Calbiochem). For A� analysis, sam-
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ples were extracted with 6 M guanidine HCl, fol-
lowed by immunoblot assays using mAb 4G8
(1:2000; Signet, Dedham, MA) as described pre-
viously (Dolev and Michaelson, 2004).

Behavioral experiments. To prevent
swimming-related complications resulting from
the implanted Alzet pumps, the spatial naviga-
tion test was performed by a dry maze modifica-
tion of the hole board test (Van der Zee et al.,
1992), which monitors the ability of the mice to
locate a small water-filled well in a circular
arena.

Water deprivation. Two days before implant-
ing the Alzet pumps and throughout the entire
experiment, the mice were subjected to a 23
h/day water deprivation regime, in which mice
were able to drink ad libitum for 1 h every day.
After the implantation of the Alzet pumps, the
mice had 5 d to recover. For habituation, at day
6 after implantation of the Alzet pumps, the
mice were placed in a circular arena (95 cm di-
ameter, with 20 evenly separated wells; 1 cm
depth, 0.5 cm diameter) in which all the wells
were filled with 100 �l of water. Every mouse
then underwent three runs per day for 2 d; each
run consisted of 120 s. Mice were allowed to
drink from all the wells they could locate during
these runs. The arena was cleaned with 70% eth-
anol between every run. Learning the principle
started after the habituation stage (day 8) by
subjecting each mouse to five runs per day; each
run lasted up to 120 s and only one well was
filled with water. If the mouse found the
water-filled well, then it was allowed to drink
for 15 s, whereas if the mouse did not find the
well, the mouse was brought to it after 120 s
and allowed to remain there for 15 s. This was
performed for 6 d (days 8 –13 after the initia-
tion of the thiorphan treatment). To elevate
the level of complexity of the test, the location
of the water-filled well was then changed to a
new location on day 14, and the performance
of the mice was then tested in this configura-
tion for three more days. The trajectories of
locomotion of the mice throughout the experi-
ment were photographed and analyzed by EthoVi-
sion version 3.1 (Noldus Information Technology,
Wageningen, The Netherlands), which was set up
for the distance traveled (centimeters), the time
required for the mice to locate the water-filled well
(seconds), and their traveling velocity
(centimeters/second).

Novel object recognition task. This test was per-
formed after the spatial navigation test. Briefly,
the mice were first placed individually for 5 min
in an empty arena (50 � 50 � 20 cm). This was
followed on day 2 by a training session, during
which one object was placed in the open field.
The mice were then allowed to individually ex-
plore this object for 5 min, and the actual explo-
ration time was then recorded. The ability of the
mice to remember the object and to distinguish
between novel and non-novel objects was then
assessed by a retention test that was performed
on day 3. Accordingly, each mouse was placed in the same box in which
there was an object identical to the one used on day 2 and a different
object placed in opposite corners of the box (10 cm from the corner). The
mice were allowed to freely explore the arena for 5 min. The time spent
exploring each of the objects was then recorded, and the extent to which

the mice showed a preference for the new object, which is an indication
that it remembered the old object, was then assessed by determining the
ratio of the time spent at the new object to the total time spent at both
objects. The objects used were �10 –15 cm in height and were washed in
alcohol between successive tests. Replacing the object used in the training

Figure 1. Accumulation of extracellular and intracellular A� deposits in apoE3 and apoE4 mice after inhibition of neprilysin.
ApoE3 and apoE4 mice were injected intracerebroventricularly using Alzet mini pumps with the neprilysin inhibitor thiorphan for
2 weeks or sham injected, after which the brains were processed for immunohistochemistry and confocal microscopy, as de-
scribed in Materials and Methods. A, Coronal sections of sham- and thiorphan-treated apoE3 and apoE4 mice that were stained
immunohistochemically with the anti-A� mAb 4G8. The left panels depict extracellular A� deposits (arrows), which are present
specifically in the thiorphan-treated apoE4 mice. Scale bar, 500 �m. The rectangles indicate the CA1 subfield shown at a higher
magnification in the right panels. Scale bar, 100 �m. They depict the specific accumulation of A� in the CA1 hippocampal field
of the thiorphan-treated apoE4 mice. B, Double-labeling confocal microscopy of A� (left), the cytoplasmic marker MAP-2
(middle), and their merged images (right) in the thiorphan-treated apoE3 and apoE4 mice. Scale bar, 50 �m. C, Kinetics analysis
and quantitation of the levels of A� in CA1 hippocampal neurons of apoE3 and apoE4 mice after inhibition of neprilysin. Results
were obtained from coronal sections at bregma �2.5 stained immunohistochemically with mAb 4G8 and were analyzed at the
indicated time points in terms of the fraction of the CA1 field stained for A� as described in Materials and Methods. They are
presented (mean � SE of n � 5 per group � treatment) as the percentage of the sham-treated apoE3 mice. The symbols Œ and
F represent the thiorphan-treated apoE3 and apoE4 mice, whereas ‚ and E represent the corresponding sham-treated mice
(*p � 0.04 for comparing the results of the thiorphan-treated apoE4 with those of the other mouse groups).
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session on day 2 with an identical object for the retention test on day 3
was done to control for possible olfactory effects.

Electron microscopy. For electron microscopy studies, apoE3 and
apoE4, sham- and thiorphan-treated transgenic mice were killed at 2 and
4 weeks after initiating the thiorphan treatment (n � 5 mice per group).
Accordingly, the mice were anesthetized by intraperitoneal injection of
ketamine and xylazine and perfused transcardially with PBS, followed by
4% paraformaldehyde and 0.2% glutaraldehyde in PBS. The heads were
removed and kept refrigerated at 4°C for 1.5–2 h after perfusion, after
which the brains were removed and postfixed with 4% paraformalde-
hyde in PBS. The next day, the brains were vibratomed at 50 �m, after
which coronal sections from bregma �2.5 mm to bregma �2.70 mm,
corresponding to images 51–53 in the study by Franklin and Paxinos
(1997), were collected and maintained in their original sequence in PBS.
The sections were osmicated, dehydrated in a series of graded ethanol,
and then flat-embedded in Epon/Araldite resin. Two sections from the
indicated bregma of each brain were glued on transparent cylinders made
from Epon/Araldite. Each block was trimmed to include the CA1 layer of
the hippocampus before ultrathin sectioning. The obtained 90 nm sec-
tions were mounted onto 200 mesh nickel grids, and every 10th section
was examined using a JEOL (Akishima, Japan) 1200EX electron micro-
scope. Accordingly, the number of sections per brain was six. The level of

ultrastructural abnormalities in the form of flat vacuoles and membranes
inclusions were assessed in distal and proximal dendrites and in the cell
bodies. This was performed by scanning fields of 4 � 10 4 �m 2 of coded
sections and counting the number of dendrites and cell body profiles,
which contained and which did not contain either vacuoles or membra-
nous inclusions. Results shown are the percentage �SD of the dentritic
and cell body profiles in each of the mice groups that contained the
ultrastructural abnormalities.

Statistical analysis. All numerical analyses were performed using SPSS
version 12. The two groups in each of the treatments (sham and thior-
phan) were compared by two-way ANOVA (using a 2 � 2 design) and
further analyzed, where appropriate, by Student’s t test analysis. For the
spatial navigation test, statistical analysis of repeated measurements was
used (group � treatment � trial design).

Results
Intraneuronal accumulation of A� and ApoE
Inhibition of neprilysin by intracerebroventricular injection of
thiorphan for 2 weeks triggered the formation of extracellular
plaque-like deposits of A�, the levels of which were higher in the
apoE4 than in the corresponding apoE3 mice (Fig. 1A). The size
of the A� deposits was �10 �m, and, as observed previously with
a different line of apoE4 transgenic mice (Dolev and Michaelson,
2004, 2006), they were present in the hippocampus as well as in
the cortex and subcortical areas. Additional examination of the
brain sections revealed enhanced A� staining of CA1 neurons of
the thiorphan-treated apoE4 mice, which was more pronounced
than that observed in either the corresponding apoE3 mice or the
sham-treated apoE3 and apoE4 mice (Fig. 1A). Control experi-
ments revealed that both the extracellular and CA1-associated A�
staining were blocked by the addition of exogenous A�. Similar
results were observed with an additional anti-A� antibody (rab-
bit anti-rodent; Chemicon). Furthermore, immunohistochemi-
cal experiments using AbR7334 (rabbit polyclonal), which is di-
rected against the C-terminal of APP (Grimm et al., 2003),
revealed no differences between the staining of CA1 and other
hippocampal and cortical neurons of sham and naive apoE3 and
apoE4 mice, and no changes after the thiorphan treatment (data
not shown). This suggests that the increased immunostaining
observed with the anti-A� mAb in CA1 neurons of the apoE4
mice, after the thiorphan treatment, is indeed a result of A� and
not of APP- or other A�-containing fragments of APP. Double-
labeling confocal microscopy, using the cytoplasmic marker
MAP-2 (Fig. 1) and the neuronal nuclear marker NeuN (data not
shown), confirmed the immunohistochemical findings and re-
vealed that the CA1-associated A� of the apoE4 mice is neuronal
and perinuclear (Fig. 1B).

Kinetic analysis of the accumulation of neuronal A� in the
perikerya of the CA1 neurons was performed on coronal sections
at bregma �2.5, which is where the staining was most pro-
nounced. This revealed that the levels of CA1 A� peaked and
reached a plateau by 2 weeks, which was maintained for at least
the 4 week duration of the thiorphan treatment (Fig. 1C). Statis-
tical analysis of these results revealed significant effects of
group � treatment at 2 and 4 weeks ( p � 0.001) and that the
levels of A� in CA1 neurons of the thiorphan-treated apoE4 mice
were significantly higher than those of the other mouse groups
( p � 0.04). Similar results were observed in the dendritic fields of
the CA1 neurons, except that A� staining was maximal at 2 weeks
and declined back to basal levels by 4 weeks (data not shown).
Quantitation of the levels of A� in the perikerya of hippocampal
CA1 neurons was also performed by stereological volumetric es-
timation using brain sections of mice that were treated with thi-
orphan for 2 weeks. This revealed that the presence of apoE4

Figure 2. Accumulation of A�42 and A�40 in CA1 neurons of apoE3 and apoE4 mice after
inhibition of neprilysin. The mice were injected intracerebroventricularly, using Alzet mini
pumps, with the neprilysin inhibitor thiorphan for 2 weeks or sham injected, after which the
brains were processed for immunohistochemistry, as described in Materials and Methods. Re-
sults shown are from coronal sections at bregma �2.5, which were stained with anti-A�42
(Chemicon) and anti-A�40 antisera (Chemicon). Scale bar, 100 �m. Quantitation of the results
(mean � SE; n � 5 per group � treatment) was performed by computerized densitometry, as
described in Materials and Methods, and is presented for each of the A� stainings as a percent-
age of the sham-treated apoE3 mice. The striped and dotted bars correspond, respectively, to
A�42 and A�40 (*p � 0.005 for comparison of the thiorphan-treated apoE4 with the other
mouse groups).
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resulted in an approximately fourfold ele-
vation in the levels of A� in CA1 neurons of
the thiorphan-treated apoE4 mice (380 �
50% of the corresponding sham-treated
mice) and a much smaller (160 � 30%)
elevation in the treated apoE3 mice. Statis-
tical analysis of these results revealed a sig-
nificant effect of group � treatment ( p �
0.05), and that the A� levels of the
thiorphan-treated apoE4 mice were signif-
icantly higher than those of the other
mouse groups ( p � 0.04).

Additional immunohistochemical ex-
periments using polyclonal Abs directed
specifically at A�42 and A�40 revealed that
the CA1 neurons of the thiorphan-treated
apoE4 mice contained elevated levels of
A�42, and that the A�42 levels in the cor-
responding apoE3 mice and in the sham-
treated apoE3 and apoE4 mice were low
and similar (Fig. 2). In contrast, the levels
of A�40 were slightly elevated in the apoE3
but not in the apoE4 mice after the thior-
phan treatment (Fig. 2). Statistical analysis
revealed a significant effect of group �
treatment for A�42 ( p � 0.005), and that
the A�42 levels of the thiorphan-treated
apoE4 mice were higher than those of all
the other mouse groups ( p � 0.005). In
contrast, the increase in A�40 in the treated
apoE3 mice was insignificant. This indi-
cates that the increase in CA1 A�, which is
observed with the pan A� mAb 4G8 in the
apoE4 mice after the thiorphan treatment
(Fig. 1), is mainly caused by the accumula-
tion of A�42 in these neurons. Immuno-
blot experiments revealed, in accordance
with our previous findings (Dolev and
Michaelson, 2004), that the thiorphan-
treated apoE3 and apoE4 mice contained
similarly elevated levels of A� (data not
shown), suggesting that the elevation of A�
levels in CA1 neurons is attributable to spe-
cific effects of ApoE4 on the accumulation of A� in these neurons
and not on the overall levels of A�. We next examined the extent
to which the accumulation of A� in CA1 neurons of the apoE4
mice is associated with parallel and isoform-specific accumula-
tion of apoE4 in these neurons. Confocal microscopy revealed
that apoE accumulated in CA1 neurons after the thiorphan treat-
ment, and that this effect was markedly more pronounced in the
apoE4 than in the apoE3 mice (Fig. 3A). Double-labeling confo-
cal microscopy revealed that many of the apoE4-containing CA1
neurons also had A�. There were, however, CA1 neurons that
stained positively for A� but had no detectable apoE4 and vice
versa. Additional examination of the confocal images revealed
that in the cells that stained positively for both A� and apoE4,
only a fraction of these molecules was colocalized. Immunoblot
experiments revealed that the total brain levels of apoE in the
apoE3 and apoE4 mice were similarly elevated by the thiorphan
treatment (Fig. 3B), suggesting that the observed preferential ac-
cumulation of apoE4 in the CA1 neurons of the apoE4 mice is not
caused by differences in the total apoE levels of the apoE3 and

apoE4 mice but instead is driven by an isoform-specific property
of apoE4.

Neuropathology
According to the amyloid hypothesis, the apoE4-induced in-
crease in the accumulation of A� is expected to cause neurode-
generation. Indeed, treatment of the apoE4 mice with thiorphan
for 2 weeks resulted in decreased density of NeuN-positive CA1
neurons, whereas the corresponding CA1 neurons of the apoE3
mice were not affected (Fig. 4A). A similar decrease in the CA1
neurons in the thiorphan-treated apoE4 mice was also observed
in hematoxylin-stained hippocampal sections (Fig. 4A), suggest-
ing that the observed decrease in NeuN staining is indeed a result
of neuronal loss and not to shrinkage of the nucleus or loss of the
NeuN antigen. Kinetic experiments revealed that the decreased
NeuN staining in the neprilysin-inhibited apoE4 mice, like that of
the accumulation of A� in these neurons (Fig. 1C), was apparent
1 week after initiation of the inhibition of neprilysin and reached
a plateau by 2 weeks (Fig. 4B). In contrast, the levels of NeuN
staining in the treated apoE3 mice were not affected during the

Figure 3. The levels of brain apoE in apoE3 and apoE4 mice after inhibition of neprilysin. ApoE3 and apoE4 mice were injected
intracerebroventricularly, using Alzet mini pumps, with the neprilysin inhibitor thiorphan for 2 weeks or sham injected, after
which the brains were processed for confocal microscopy and immunoblot assays, as described in Materials and Methods. A,
Double-labeling confocal microscopy of apoE (left) and A� (middle) of CA1 neurons and their merged images (right) in the
thiorphan-treated apoE3 and apoE4 mice. Scale bar, 50 �m. As shown, the thiorphan-treated apoE4 mice contain higher levels
of apoE in CA1 neurons than do the corresponding apoE3 mice. Importantly, the A� and apoE of the apoE4 mice do not fully
overlap in the CA1 neurons. B, Immunoblots of brain apoE of thiorphan- and sham-treated apoE3 and apoE4 mice, including
tubulin gel-loading controls.
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first 2 weeks of the thiorphan treatment and decreased partially at
4 weeks (Fig. 4B). Therefore, the neprilysin inhibition paradigm
also affects the CA1 neurons in the apoE3 mice, but this effect is
less pronounced and delayed relative to that obtained in the pres-
ence of apoE4. Statistical analysis of these results revealed signif-
icant effects of group � treatment at 1 and 2 weeks ( p � 0.005)
and that the levels of NeuN staining in CA1 neurons of the
thiorphan-treated apoE4 mice were significantly lower than
those of the other mouse groups ( p � 0.03). Quantitation of the
observed neuropathology by stereological volumetric estimation
was performed at the 2 week time point. This revealed a decrease
of 26 � 5% in the levels of NeuN-positive CA1 neurons in the
thiorphan-treated apoE4 mice, and no change at this time point
in the corresponding NeuN levels in the apoE3 mice, which were
similar to those of the sham-treated apoE3 and apoE4 mice ( p �

0.03 for group � treatment; p � 0.03 for
treated apoE4 vs the other mouse groups).
Confocal microscopy measurements of the
effects of the thiorphan treatment on hip-
pocampal synapses were performed using
the presynaptic marker synaptophysin
(Levi et al., 2003). In accordance with the
NeuN results, there was a significant de-
crease in synaptophysin staining of the
thiorphan-treated apoE4 mice and no such
change in the corresponding apoE3 mice
( p � 0.02 for group � treatment; p � 0.05
for treated apoE4 vs the other mouse
groups) (Fig. 5).

Next, ultrastructural alterations in the
CA1 region of the hippocampus in the
thiorphan-treated apoE mice were exam-
ined. The results indicated the presence of
abundant flat vacuoles and pathological
inclusions in the distal dendrites of the
apoE4 mice at 2 weeks after the thiorphan
treatment, and that such structural alter-
ations were markedly less frequent in the
corresponding apoE3 mice (Fig. 6). These
effects increased by 4 weeks, after the thi-
orphan treatment, and continued to be
more pronounced in the apoE4 than in the
apoE3 mice at this time point (Fig. 6).
Vacuoles and pathological inclusions were
also observed in CA1 cell bodies. This ef-
fect was, however, apparent only at the 4
week time point and was also more pro-
nounced in the apoE4 mice.

Brain area specificity
The extent to which the observed effects of
ApoE4 are specific to CA1 neurons was ex-
amined by measuring the effects of the thi-
orphan treatment on other hippocampal
neurons (e.g., DG granular neurons), on
brain areas that are directly connected to
the hippocampus (e.g., entorhinal cortex
and septum), and on other brain areas. The
results thus obtained are depicted in Figure
7A. As can be seen, the levels of NeuN-
positive neurons of the CA1, entorhinal
cortex, and the septum decreased in the
ApoE4 transgenic mice after the thiorphan

treatment, whereas the corresponding brain areas of the ApoE3
mice were not affected. In contrast, DG and cortical neurons that
are not connected directly to the hippocampus (e.g., the visual
cortex adjacent to and on the same section as the assessed ento-
rhinal cortex) were not affected by the thiorphan treatment in
either the ApoE4 or ApoE3 mice. Two-way ANOVA revealed a
significant effect of group � treatment in the CA1 and entorhinal
cortex ( p � 0.03) and in the septum ( p � 0.002), which was
associated with a significant reduction in the neuronal levels of
the CA1 (26 � 5%; p � 0.03), entorhinal cortex (25 � 6%; p �
0.03), and septum (44 � 5%; p � 0.002) of the treated ApoE4
mice.

Measurements of the levels of cellular A�42 revealed an ele-
vation in all the examined brain areas except the visual cortex of
the thiorphan-treated ApoE4 mice. This effect was significant in

Figure 4. Neuronal loss in the hippocampus of apoE3 and apoE4 mice after inhibition of neprilysin. ApoE3 and apoE4 mice
were injected intracerebroventricularly, using Alzet mini pumps, with thiorphan- or sham-injected for the indicated times. Their
brains were then excised and sectioned, after which they were stained immunohistochemically, with antisera directed against
the neuronal marker NeuN, and histochemically with hematoxylin, as described in Materials and Methods. A, Representative
NeuN-stained sections of the CA1 hippocampal subfield of thiorphan- and sham-treated apoE3 and apoE4 mice. The panels on the
right depict sections of CA1 neurons of the thiorphan-treated mice that were stained histochemically with hematoxylin. Scale bar,
100 �m. B, Computerized densitometric analysis of the kinetics of the effects of apoE and thiorphan on the loss of hippocampal
CA1 neurons. Results were obtained from coronal sections at bregma �2.5, which were stained immunohistochemically for
NeuN and were analyzed, as described in Materials and Methods, in terms of the fraction of the CA1 field stained for NeuN. They
are presented (mean � SE of n � 5 per group � treatment) as the percentage of sham-treated apoE3 mice. The symbols Œ and
F represent the thiorphan-treated apoE3 and apoE4 mice, whereas ‚ and E represent the corresponding sham-treated mice
(*p � 0.03 for comparing the kinetics and volumetric results of the thiorphan-treated apoE4 mice with those of the other mouse
groups).

Belinson et al. • ApoE4 Induces Lysosomal Activation and Apoptosis J. Neurosci., April 30, 2008 • 28(18):4690 – 4701 • 4695



the CA1 and entorhinal cortex ( p � 0.03; two-way ANOVA) and
close to being significant in the septum ( p � 0.06; two-way
ANOVA) but, because of larger variations, was not significant in
the DG. Post hoc analysis revealed that the elevation in the levels
of A�42-containing neurons of the ApoE4 mice was most pro-
nounced and significant in CA1 neurons (250 � 15%; p � 0.001),
and that it was also significant in the entorhinal cortex (138 �
10%; p � 0.01).

Neuronal ApoE levels were also elevated isoform specifically
in the thiorphan-treated ApoE4 mice (Fig. 7C). This effect was
statistically significant only in CA1 and DG neurons ( p � 0.001
and p � 0.05 by two-way ANOVA, respectively) and, similar to
that observed with A�42, was most pronounced in CA1 neurons
(1300 � 330%; p � 0.001).

Lysosomal activation
Previous studies of AD brains revealed generalized upregulation
of the lysosomal system in neurons of affected brain areas (Nixon
and Cataldo, 2006), and that apoE4 exacerbates endosomal and
lysosomal dysfunction (Cataldo et al., 1997). In addition, cell

culture in vitro studies revealed that apoE4 potentiates A�-
induced neuronal death by enhancing lysosomal activation and
leakage (Ji et al., 2002, 2006). We therefore examined the possi-
bility that the presently observed synergistic pathological effects
of apoE4 and A� in the neprilysin inhibition model are associated
with lysosomal activation. The experiments focused on CA1 neu-
rons in which the accumulation of intraneuronal ApoE and A�
were most pronounced. Double-labeling confocal microscopy,
using the lysosomal marker cathepsin D, revealed that the CA1
neurons of the thiorphan-treated apoE4 mice contained intracel-
lular punctate cathepsin D-positive lysosomes, the size and levels
of which were markedly higher than those of the corresponding
apoE3 mice, as well as increased levels of diffused granular ca-
thepsin D staining (Fig. 8). Furthermore, a large fraction of the
A� and punctate cathepsin D staining of the CA1 neurons in the
apoE4 mice colocalize (Fig. 8), suggesting that at least some of the
accumulated A� is associated with lysosomes.

Behavioral experiments
We next investigated the extent to which the brain neuropathol-
ogy of the ApoE4 mice is associated with impaired cognitive per-
formance. This was first assessed by monitoring spatial naviga-
tion, which is known to be affected by hippocampal dysfunction
(Morris and Frey, 1997), using a dry maze paradigm that moni-
tors the ability of the mice to locate a small water-filled well in an
open field (Van der Zee et al., 1992). As described in Materials
and Methods, the mice were first tested for 6 d (five trials per day)
with the water-filled well at a fixed position. Both the sham- and
the thiorphan-treated apoE3 and apoE4 mice improved their
performance during the training period and similarly shortened
the length of their trajectories to the water-filled well ( p � 0.001
for the effect of days on all mouse groups) (Fig. 9A). Similar
improvements were noted when the performances of the mice
were assessed in terms of the time it took them to find the water-
filled well (data not shown). Analysis of the speed of locomotion
revealed that it was similar in the sham-treated apoE3 and apoE4
mice (7.6 � 0.8 and 7.7 � 0.8 cm/s, respectively) and the corre-
sponding thiorphan-treated mice (8.8 � 0.4 and 8 � 1.4 cm/s,
respectively).

In the second part of the experiment, the water was placed in a
different well positioned in the opposite quadrant of the field,
and the mice were tested for three consecutive days for their
ability to reach the new location. As expected, the performance of
all the mouse groups was poor in the first trial after the position of
the water-filled well was changed (Fig. 9B). However, in subse-
quent trials during the first day, the performances of the sham-
and thiorphan-treated apoE3 mice improved markedly, whereas
those of the sham- and thiorphan-treated apoE4 mice improved
only slightly and did not differ from each other (Fig. 9B). The
performance of the sham-treated apoE4 mice improved mark-
edly during the next 2 d of testing, as did that of the sham- and
thiorphan-treated apoE3 mice. In contrast, the thiorphan-
treated apoE4 mice did not improve their performance, and the
length of their trajectories to the water-filled well on day 3 after
the position of the well was changed was similar to their perfor-
mance during the very first trial (Fig. 9B). Repeated-
measurements analysis of the results obtained on day 3 revealed
that group and treatment had a significant effect ( p � 0.001), and
that the trajectory of the thiorphan-treated apoE4 mice was sig-
nificantly longer than that of the other groups ( p � 0.001; t test
post hoc analysis). Regression analysis revealed an inverse linear
correlation between the performance of the thiorphan- and
sham-treated apoE3 and apoE4 mice at day 3 after the relocation

Figure 5. Synaptic loss in the hippocampus of apoE3 and apoE4 mice after inhibition of
neprilysin. ApoE3 and apoE4 mice were injected intracerebroventricularly, using Alzet mini
pumps, with thiorphan for 2 weeks or were sham injected. The brains were then excised and
sectioned, after which they were stained immunohistochemically and visualized by confocal
microscopy, as described in Materials and Methods. A, Representative sections of the CA1 hip-
pocampal subfield (bregma �2.5) of thiorphan-treated apoE3 and apoE4 mice. Scale bar, 50
�m. B, Computerized densitometric analysis of the synaptic levels of thiorphan- and sham-
treated apoE3 and apoE4 mice. Results shown were obtained from coronal sections at bregma
�2.5, as described in Materials and Methods, and are presented (mean � SE; n � 5 per
group � treatment) as3 percentage of the sham-treated apoE3 mice (*p � 0.05 for com-
paring the thiorphan-treated apoE4 with the other mouse groups).
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of the water-filled well, and the A� content of their CA1 neurons
(r 2 � 0.45 and p � 0.02). Similar results were obtained when the
performance of the mice was analyzed in terms of the time to
reach the water-filled well, which at day 3 was 17.4 � 4 and 12.6 �
4 s, respectively, for the sham-treated apoE3 and apoE4 mice and
9.7 � 0.7 and 98 � 5 s, respectively, and for the corresponding
thiorphan-treated apoE3 and apoE4 mice. Next, the mice were
subjected to an object recognition test, which monitors the ability
of the mice to distinguish between a new and a previously seen
object (Chen et al., 2000). According to the results, the sham- and
thiorphan-treated apoE3 mice and the sham-treated apoE4 mice
performed similarly and had a preference toward the new object,
whereas the thiorphan-treated apoE4 mice had no such prefer-
ence and reacted similarly to the old and new objects (Fig. 9C). A
summary of the correlation between A�, the levels of CA1 neu-
rons, and the cognitive performances of the individual
neprilysin- or sham-treated apoE3 and apoE4 mice is depicted in
Figure 9D. As shown, the thiorphan-treated apoE4 mice form a
cluster characterized by low densities of CA1 neurons, high levels
of A� in CA1 neurons, and impaired learning and memory that is
clearly distinguishable from the other mouse groups.

Discussion
This study revealed that activating the amyloid cascade by inhib-
iting the A�-degrading enzyme neprilysin triggers the specific
degeneration of hippocampal CA1 neurons and of entorhinal
cortex and septal neurons of ApoE4 mice but does not affect the
corresponding neurons of ApoE3 mice. This was associated with
accumulation of A� in these neurons in ApoE4 but not in ApoE3
mice, which was most pronounced in CA1 neurons. Further-
more, accumulation of A� in the affected neurons was associated
with elevated intracellular ApoE levels that were also most pro-
nounced in CA1 neurons of the treated ApoE4 mice, and with

enhanced lysosomal activation. These neuropathological effects
correlate with impairments in learning and memory of the
ApoE4 mice.

The thiorphan treatment also induced deposition of extracel-
lular A�, the levels of which were higher in the apoE4 than in the
corresponding apoE3 mice, which, however, do not correlate ei-
ther spatially or temporarily with the observed neuropathology
(compare Figs. 1A and 4 –7.). This suggests that the extracellular
A� deposits do not play a primary role in the observed neuronal
and cognitive deficits of the apoE4 mice.

The presently observed specific vulnerability of the hip-
pocampal CA1 neurons and of entorhinal cortex and septal neu-
rons to the thiorphan treatment and the ability of the hippocam-
pal DG neurons to withstand this treatment, parallel the situation
in AD (West et al., 1994; Geula and Mesulam, 1999; Hof and
Morrison, 1999). Furthermore, several lines of APP transgenic
mice are associated with the specific degeneration of CA1 neu-
rons (Oddo et al., 2003; Casas et al., 2004; Tseng et al., 2004). In
addition, the observed correlation between the cognitive impair-
ments of the apoE4 mice and loss of their CA1 entorhinal and
septal neurons (Figs. 7, 9D) is in accordance with the role of these
neurons in learning and memory, suggesting that these patholog-
ical and behavioral effects may be causally related.

The rapid rate at which the apoE4-dependent A�-mediated
neurodegeneration and behavioral deficits evolve (t1/2 	 1 week)
render this in vivo model particularly suitable for studying the
mechanisms underlying the pathological cross talk between
apoE4 and the amyloid cascade. The rapidity of the model is a
particular advantage, because it enables a detailed dissection of
the interactions of apoE4 with the different stages of the amyloid
cascade. In addition, this model, unlike the APP transgenic mice,
is not associated with elevated levels of either APP or of its pro-

Figure 6. Ultrastructural alterations in CA1 neurons of thiorphan-treated apoE3 and apoE4 mice. The apoE transgenic mice were injected intracerebroventricularly with thiorphan or were sham
treated for the indicated time, after which their brains were processed and visualized by electron microscopy (magnification, 10,000�), as described in Materials and Methods. At 2 weeks after
thiorphan treatment of the apoE3 mice, scattered flat vacuoles and inclusions in the distal dendrites (top middle) were observed, whereas in the apoE4 mice, at this time point, abundant flat vacuoles
and inclusions in the distal dendrites (top right) were observed. At 4 weeks after thiorphan treatment of apoE3 mice, flat vacuoles and inclusions in the distal dendrites (bottom middle) were
observed, whereas in the apoE4 mice, at this time point, there was further elevation in the levels of flat vacuoles and inclusions in the distal dendrites (bottom right). The neuronal inclusions in the
different sections are indicted by arrows, whereas dendrites and vacuole are indicated by d and v, respectively. Sham controls are depicted in the left panels. Semiquantitative analysis of the vacuolar
neuronal pathology at 2 and 4 weeks was performed as described in Materials and Methods, and the results obtained are depicted in the graphs on the right. The dark and light bars correspond,
respectively, to the thiorphan-treated apoE3 and apoE4 mice.
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teolytic breakdown peptides. This model can also be used for
studying aspects of the amyloid cascade that are not related to
apoE4. However, because neurodegeneration in the absence of
apoE4 is slower (Fig. 4), this may require longer durations than
with the apoE4 mice.

The observed kinetic and spatial correlation between the ac-
cumulation of A� in CA1 and entorhinal neurons and their de-
generation (Figs. 1, 4, 7) suggests that the pathological effects of

apoE4 are initiated by intraneuronal accumulation of A�, which
then triggers neuronal loss and cognitive impairments. These
results are in accordance with previous findings from AD and
transgenic animal model studies, which revealed that A� accu-
mulates intraneuronally and can thereby induce neuronal dys-
function (for review, see LaFerla et al., 2007). The finding that DG
and septal neurons have comparable levels of A� after thiorphan
treatment, but that the DG neurons, unlike those of the septum,
are not affected by this treatment (Fig. 7), suggests that DG neu-
rons are less susceptible to A�. The finding that only a fraction of
the CA1, entorhinal, and septal neurons are affected by thiorphan
(Fig. 7), suggests that subpopulations of these neurons are differ-
entially susceptible to the thiorphan treatment and to A�.

Interestingly, the deposition of extracellular A� in APP �
apoE4 double transgenic mice is not associated with accumula-
tion of intraneuronal A� and neurodegeneration of CA1 neurons
(Holtzman et al., 2000; Fagan et al., 2002; Holtzman, 2004). This
difference between the double transgenic mice and the presently
described thiorphan-treated apoE4 mice may be related to the
different kinetics of activation of the amyloid cascade in these
systems. Furthermore, the effects of apoE4 in the double trans-
genic mice are apparent only in aged mice and may thus be
masked by age-related processes.

Accumulation of intracellular A� in the ApoE4 mice was as-
sociated with a parallel elevation in the levels of intracellular
ApoE4, both of which were most pronounced in CA1 neurons
(Fig. 7). We next discuss the factors that determine the specific
ability of the ApoE4 neurons to accumulate A� and ApoE4, and
possible mechanisms that may mediate the resulting pathological
effects. Theoretically, the levels of intraneuronal A� after the thi-
orphan treatment can be determined by the synthesis and degra-
dation of A�, by the ability of the cells to accumulate A�, and by
experimental factors related to the distribution of thiorphan in
the brain. Immunohistochemistry using anti-APP N- and
C-terminal antibodies suggests that the rank order of the levels of
neuronal APP is CA1 
 entorhinal cortex 
 DG (data not
shown), suggesting that the specifically high levels of interneuro-
nal A� in CA1 neurons may be related to increased production of
A� in these neurons. Furthermore, because neprilysin levels are
particularly elevated in the molecular layer of the DG (Fukami et
al., 2002), it is possible that residual neprilysin activity, which
remains after thiorphan treatment, can play a role in lowering the
levels of A� in the DG. Because A� levels in CA1, DG, and ento-
rhinal neurons were analyzed in the same sections (bregma
�2.5), it is unlikely that caudodorsal differences in the distribu-
tion of thiorphan contributed much to the observed differences
in the A� levels of these neurons. This could, however, affect the
relative levels of A� in septal neurons, which reside caudally to
the other brain areas. Last, because the septum and entorhinal
cortex are directly connected to CA1 neurons, possibly some of
their A� is transported from the CA1 neurons.

ApoE is synthesized by glia and neurons (Xu et al., 1999). The
accumulated neuronal ApoE in the thiorphan-treated ApoE4
mice may therefore be attributable to uptake of ApoE4 produced
and secreted by glia and/or to neuronal synthesis. Recent studies
suggest that accumulation of A� in hippocampal neurons is apoE
dependent and is mediated via the low-density lipoprotein
receptor-related protein (LRP) (Zerbinatti et al., 2006). Further-
more, preliminary findings from our laboratory revealed that
LRP levels are elevated specifically in the hippocampus of the
apoE4 mice (data not shown), suggesting that accumulation of
A� and apoE in the CA1 neurons of the thiorphan-treated apoE4
mice may be mediated via LRP receptors. Additional studies are

Figure 7. Brain area specificity of the effects of thiorphan on NeuN, intracellular A�42, and
ApoE in distinct brain areas of apoE4 and ApoE3 transgenic mice. The mice were injected using
Alzet mini pumps with the neprilysin inhibitor thiorphan for 2 weeks or were sham injected,
after which their brains were sectioned and stained immunohistochemically (NeuN and A�42)
and for immunofluorescence (ApoE), and the results were quantified, as described in Materials
and Methods. Results of the CA1 and DG neurons and of the entorhinal (Ento Cx) and visual
cortex (Vis Cx) were obtained from the same section (bregma �2.5). However, the septum was
stained using sections of bregma 0.6. Results shown (mean � SE of 5 per group � treatment
for each brain area) are presented as a percentage of sham-treated ApoE3 mice. The black and
white bars correspond, respectively, to thiorphan-treated apoE4 and apoE3 mice (*p � 0.03 for
comparing the results of the thiorphan-treated apoE4 with those of the other mouse groups).
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required for unraveling the contribution of neuronal ApoE up-
take and synthesis to the observed difference between the levels of
ApoE in distinct brain neurons of the thiorphan-treated apoE4
mice (Fig. 7).

The study of the intracellular processes that mediate the neu-
ropathological effects of apoE4 in the thiorphan-treated mice
focused on CA1 neurons and the interactions among A�, ApoE4,
and the lysosomes. This revealed that degeneration of CA1 neu-
rons in thiorphan-treated apoE4 mice was associated with ele-
vated levels of enlarged lysosomes and with increased diffused
staining of the lysosomal marker cathepsin D (Fig. 8). Further-
more, the intracellular staining of A� was also punctate, and it
colocalized with the lysosomes (Fig. 8). In contrast, ApoE stain-
ing in the CA1 neurons is more homogeneous and does not spe-
cifically colocalize with the punctate staining of A� and the lyso-
somes (Fig. 3). This observed difference between the
interneuronal staining patterns of A� and ApoE may be attribut-
able to differential uptake and/or intracellular trafficking of
ApoE4 and A�. Lysosomal activation is associated with endocy-
tosis (Nixon and Cataldo, 2006), and it is therefore possible that
the large vacuolar inclusions, which appear in the distal dedrites
of the CA1 neurons after thiorphan treatment of the ApoE4 mice
result from lysosomal activation via the endocytotic pathway.
Previous immuno-electron microscopic studies of AD and trans-
genic mice, which used the same anti A�42 antisera as presently
used, revealed that distal dendrites are a major site of A� accu-
mulation (Takahashi et al., 2002). It is thus possible that presently
observed initiation of neuropathology of the distal neurites of the
CA1 neurons (Fig. 6) is driven by the accumulation of A� at this
site. Previous cell culture studies revealed that apoE4 potentiates
lysosomal activation and leakage in an A�-dependent process,
resulting in neuronal death (Ji et al., 2002, 2006). It is possible
that the presently observed synergistic pathological effects of
apoE4 and A� are caused by a similar process. However, addi-
tional studies are required for examining this possibility and the

role of additional mechanisms not directly
linked to the lysosomes (Huang et al.,
2004) in mediating the pathological effects
of ApoE4 and A�.

In conclusion, this study describes a
novel model of neurodegeneration and
AD, based on activating the amyloid cas-
cade in vivo by inhibiting the A�-degrading
enzyme neprilysin. Using this model, we
showed that apoE4 stimulates the accumu-
lation of intraneuronal A� and the degen-
eration of distinct hippocampal, entorhi-
nal, and septal neurons, which are
associated with cognitive impairments.
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with cathepsin D.
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