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The low-density lipoprotein receptor-related protein (LRP) is an
abundant neuronal cell surface receptor that regulates amyloid
B-protein (ApB) trafficking into the cell. Specifically, LRP binds
secreted AB complexes and mediates its degradation. Previ-
ously, we have shown in vitro that the uptake of AB mediated by
LRP is protective and that blocking this receptor significantly
enhances neurotoxicity. To further characterize the effects of
LRP and other lipoprotein receptors on AB deposition, an in
vivo model of decreased LRP expression, receptor-associated
protein (RAP)-deficient (RAP—/—) mice was crossed with hu-
man amyloid protein precursor transgenic (hAPP tg) mice, and
plague formation and neurodegeneration were analyzed. We

found that, although the age of onset for plaque formation was
the same in hAPP tg and hAPP tg/RAP—/— mice, the amount of
amyloid deposited doubled in the hAPP tg/RAP—/— back-
ground. Moreover, these mice displayed increased neuronal
damage and astrogliosis. Together, these results further sup-
port the contention that LRP and other lipoprotein receptors
might be neuroprotective against A toxicity and that this re-
ceptor might play an integral role in AB clearance.
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The low-density lipoprotein receptor (LDL-R) family consists of
cell surface receptors that internalize extracellular ligands for
lysosomal degradation (Hussain et al., 1999; Herz and Strickland,
2001) and includes the LDL-R, apopoliprotein E receptor-2
(apoER?2), very low-density lipoprotein receptor (VLDL-R),
low-density lipoprotein receptor-related protein (LRP), and
Megalin/gp330 (Herz and Beffert, 2000; Herz, 2001a). Altered
functioning of members of this family has been proposed recently
to play an important role in Alzheimer’s disease (AD) (Herz and
Beffert, 2000) because they bind apoE (Herz and Beffert, 2000)
and are expressed by glial cells surrounding the plaques (Christie
et al.,, 1996), in which they modulate the inflammatory response to
amyloid (LaDu et al., 2000), and genetic polymorphisms are
probably linked to increased susceptibility to AD (Helbecque et
al., 2001). Among them, LRP might play an especially important
role in AD pathogenesis because ligands of this receptor, such as
amyloid precursor protein (APP) (Kounnas et al., 1995), apoE
(Herz and Beffert, 2000), and «2-macroglobulin (a2M) (Borth,
1992), are genetic risk factors for AD (Goate et al., 1991; Saun-
ders et al., 1993; Blacker et al., 1998) and are found in the amyloid
plaques (Rebeck et al., 1995). Furthermore, levels of LRP de-
crease with age, and a polymorphism in exon 3 of the LRP gene
(C776T) has been associated with increased risk for late onset
AD (Kang et al., 1997, 2000). Moreover, LRP and other lipopro-
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tein receptors might play a role in AD by influencing the clear-
ance of amyloid B-protein (AB) and the processing of APP, both
central to the pathogenesis of AD (Trommsdorff et al., 1998;
Ulery et al., 2000; Rebeck et al., 2001). ApB is one of the proteo-
lytic products of APP metabolism generated from the concerted
cleavage at the N- and C-terminal site of the molecule by B and
v secretase, respectively (Checler, 1995; Selkoe et al., 1996; Sinha
et al., 2000; Huse and Doms, 2001). The mechanisms by which
LRP and other lipoprotein receptors might regulate APP metab-
olism are under intense scrutiny (Kounnas et al., 1995). However,
most recent studies point to a central role for LRP. For example,
although binding of Kunitz protease inhibitor (KPI) containing
isoforms of APP (APP751 and APP770) to LRP results in in-
creased AP production, binding of AB to LRP ligands, such as
a2M or apoE, contributes to reduced AR levels (Qiu et al., 1999;
Rebeck et al., 2001). Furthermore, the C-terminal site of APP
interacts with LRP via the adapter protein Fe65 (Trommsdorff et
al., 1998; Kinoshita et al., 2001). This ectodomain interaction
might alter the endocytic process responsible for AB generation.
Thus, alterations on LRP and other lipoprotein receptor func-
tioning might contribute to AD by modifying the processing of
APP and the production and clearance of AB (Herz and Beffert,
2000).

To better understand the role of LRP and other lipoprotein
receptors in AD and APP metabolism in vivo, transgenic (tg)
mice overexpressing mutant human APP (hAPP) under the
platelet-derived growth factor (PDGF) B chain promoter (Mucke
et al., 2000b) were crossed with receptor-associated, protein-
deficient (RAP—/—) (Van Uden et al., 1999a) mice, and plaque
formation and levels of AB,_,, and AB,_,, were evaluated. For
these experiments, RAP—/— mice were selected because previ-
ous studies have shown that it is possible to reduce the levels of
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LRP and other lipoprotein receptors (Van Uden et al., 1999a;
Veinbergs et al., 2001) by deleting the RA P gene and because the
homozygous LRP knock-out model is lethal (Willnow et al.,
1995).

MATERIALS AND METHODS

Generation of transgenic mice. The generation of mice expressing hAPP
from the PDGF promoter has been described previously (Mucke et al.,
2000b). The hAPP tg line J9 selected for this study expresses an alter-
natively spliced minigene, 74 PP, bearing the amyloidogenic V717F and
K670M/N671L mutations that have been linked to familial AD (Games
et al., 1995). The line has been maintained by crossing heterozygous
transgenic mice with nontransgenic (C57BL/6J X DBA/2) F1 breeders.
The generation (Willnow et al., 1995) and further characterization (Van
Uden et al., 1999a; Veinbergs et al., 2001) of RAP—/— mice on a
C57BL/6 X 129 hybrid background have also been described. Compared
with mice expressing endogenous RAP (RAP+/+), RAP—/— mice were
selected because previous studies have shown that it is possible to reduce
the levels of LRP and other lipoprotein receptors by 75% by deleting the
RAP gene (Willnow et al., 1995; Veinbergs et al., 2001) and because the
homozygous LRP knock-out model is lethal (Willnow et al., 1995).
Interestingly, although RAP—/— mice do not exhibit any gross alter-
ations (Willnow et al., 1995; Umans et al., 1999; Van Uden et al., 1999a),
they are difficult to breed (Umans et al., 1999) and display significant
age-related alterations in somatostatin-expressing neurons, accompanied
by performance deficits in the water maze (Van Uden et al., 1999a).
Deletion of the RA P gene results in reduced trafficking of LRP and other
lipoprotein receptors to the plasma membrane because this 39 kDa
chaperone molecule (Bu, 2001) facilitates the trafficking of lipoprotein
receptors to the membrane (Bu et al., 1995; Willnow et al., 1996).
Heterozygous hAPP transgenic mice (hAPP+/— tg) were crossed with
homozygous RAP knock-out (RAP—/—) mice, and the resulting off-
spring (hAPP+/— tg/RAP+/—) were intercrossed to obtain the geno-
types used in this study. The resulting groups of littermates contained
comparable random mixtures of the C57BL/6, DBA/2, and 129 strains.
All mice used in this study were wild type for the mouse 4PP gene.
Genomic DNA was extracted from tail biopsies and analyzed by PCR for
the presence of the hAPP transgene (Mucke et al., 2000b) and the
endogenous RAP gene (Van Uden et al., 1999a).

Tissue processing. Mice were killed by transcardiac saline perfusion
under anesthesia with chloral hydrate; brains were removed and divided
sagitally. The right hemibrain was snap frozen and stored at —70°C for
RNA or protein analysis (Van Uden et al., 1999b), and the left was drop
fixed in phosphate-buffered 4% paraformaldehyde at 4°C for 48 hr and
serially sectioned sagitally at 40 wm with the Vibratome 2000 (Leica,
Deerfield, IL) for neuropathological analysis (Van Uden et al., 1999a;
Veinbergs et al., 2001).

RNA extraction and analysis. Total RNA from snap-frozen hemibrains
or dissected brain regions (neocortex and hippocampus) was isolated
with Tri-reagent (Molecular Research Center, Cincinnati, OH) and
stored in Formazol buffer (Molecular Research Center) at —20°C. Total
RNA (10 ug/sample) was analyzed by solution hybridization RNase
protection assay as described previously (Van Uden et al., 1999b). Sam-
ples were separated on 5% acrylamide—8 M urea Tris-borate—-EDTA
gels, and dried gels were exposed to Kodak XAR film (Eastman Kodak,
Rochester, NY). mRNA levels were quantitated from PhosphorImager
readings of probe-specific signals corrected for RNA content-loading
errors by normalization to B-actin signals. The following **P-labeled
antisense riboprobes were used to identify specific mRNAs [protected
nucleotides (nt) (GenBank accession number)]: hAPP [nt 780-1009
(accession number NM  000484) of hAPP exon 6], murine APP (mAPP)
[nt 702-881 (accession number X59379) of mAPP exon5], and mpB-actin
[nt 480-565 (accession number X03672) of mouse B-actin mRNA].

Western blot analysis. Levels of RAP, LRP, LDL-R, and hAPP expres-
sion in the brain were assessed by Western blot, as described previously
(Van Uden et al., 1999b; Veinbergs et al., 2001). Briefly, aliquots from
cytosolic and particulate fractions assayed by the Lowry method were
loaded (15 pg/lane) into SDS-PAGE gels (10%) and then blotted onto
nitrocellulose paper. Blots were incubated with rabbit polyclonal anti-
bodies against RAP (1:20,000) and LRP (1:1000, both courtesy of Dr.
Robert Orlando, University of New Mexico, Alburquerque, NM) and the
mouse monoclonal antibodies against LDL-R (Calbiochem, San Diego,
CA) (1:1000) and hAPP (8ES; 1:10,000; courtesy of Elan Pharmaceuti-
cals, South San Francisco, CA), followed by '*I-protein A. Finally, blots
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were exposed to PhosphorImager (Molecular Dynamics, Sunnyvale, CA)
screens and analyzed with ImageQuant software (Molecular Dynamics).

Detection of A deposits. Vibratome sections were incubated overnight
at 4°C with the biotinylated mouse monoclonal antibody 3D6 (1:600;
courtesy of Elan Pharmaceuticals), which specifically recognizes Ap.
Binding of primary antibody was detected with the Vector Laboratories
(Burlingame, CA) Elite kit using diaminobenzidine (DAB)-H,O, for
development. Sections were counterstained with 1% hematoxylin and
examined with a Vanox light microscope (Olympus Optical, Tokyo,
Japan) using a 2.5X objective. The percentage area of the hippocampus
covered by 3D6-immunoreactive (IR) material (“plaque load”) was de-
termined with the Quantimet 570C as described previously (Mucke et al.,
2000a,b). Three immunolabeled sections were analyzed per mouse, and
the average of the individual measurements was used to calculate group
means.

Some sections were double immunolabeled with the rabbit polyclonal
antibody against AB [R1280; 1:500; courtesy of Dr. Dennis Selkoe
(Brigham and Women’s Hospital, Harvard University, Boston, MA)]
(Joachim et al., 1991) and either phosphorylated neurofilaments (SMI
312; 1:1000; Sternberger Monoclonals, Baltimore, MD) or phosphory-
lated tau (ATS; 1:100; Innogenetics, Norcross, GA), as described previ-
ously (Mucke et al., 2000b). Sections were analyzed with the laser
scanning confocal microscope (LSCM), and serial optical z-sections (0.2
wm thick) of the double-immunolabeled neuritic plaques were collected
from each region using the dual-channel imaging capability of the con-
focal microscope (Mucke et al., 2000b). The Texas Red channel collected
the R1280-immunolabeled amyloid deposits, and the fluorescein isothio-
cyanate (FITC) channel collected the corresponding images of the
SMI312- or ATS8-immunolabeled elements in the plaques.

Determinations of AB by ELISA. Briefly, as described previously (Rock-
enstein et al., 2001), brain samples of human or mouse cortex were
homogenized in an ice-cold buffer containing 5 M guanidine-HCI and
PBS containing 1X protease inhibitor cocktail (Calbiochem), pH 8.0.
The homogenate was then mixed for 3-4 hr at room temperature and
centrifuged at 16,000 X g for 20 min at 4°C. The supernatant was diluted
10-fold in Dulbecco’s PBS, pH 7.4, containing 5% bovine serum albumin
and 0.03% Tween 20. Quantification of AB,_,, and AB,_,, in the diluted
brain homogenates was performed with a commercially available
sandwich-type ELISA for AB,_4, and AfB,_,, (Biosource, Camarillo,
CA).

Analysis of neurodegeneration. To determine whether the alterations in
APP metabolism in the hAPP tg/RAP—/— were associated with in-
creased neurodegeneration, vibratome brain sections were immuno-
stained with the mouse monoclonal antibodies against glial fibrillary
acidic protein (GFAP) (1:500; marker of astrogliosis in response to
neuronal injury; Chemicon, Temecula, CA) or microtubule-associated
proteins (MAP2) (1:10; marker of dendrites; Chemicon) as described
previously (Hsia et al., 1999; Rockenstein et al., 2001). For GFAP,
sections were processed by standard immunoperoxidase techniques using
the avidin-biotin complex Elite kit (Vector Laboratories) with DAB. For
each case, sections were immunolabeled in duplicate and analyzed with
the Quantimet 570C to determine the levels of GFAP immunoreactivity
(corrected optical density) in the neocortex and hippocampus.

For anti-M AP2 (1:10; Chemicon), sections were incubated overnight,
followed by incubation with FITC-conjugated horse anti-mouse IgG
(1:75; Vector Laboratories). Sections were then transferred to Super-
Frost slides (Fisher Scientific, Houston, TX), mounted under glass cov-
erslips with anti-fading medium (Vector Laboratories), and imaged with
the LSCM, as described previously (Mucke et al., 2000b). For each
experiment, we first determined the linear range of the fluorescence
intensity of immunoreactive dendrites in non-tg control sections. This
setting was then used to collect all images analyzed in the same experi-
ment. For each mouse, 12 confocal images (four per section) of the
neocortex and caudate-putamen, each covering an area of 7282 um?,
were obtained. Digitized images were transferred to a Macintosh com-
puter (Apple Computers, Cupertino, CA) and analyzed with NTH Image
1.43 software. The area occupied by MAP2-IR dendrites was quantified
and expressed as a percentage of the total image area (Mucke et al.,
2000b). This method of quantifying MAP2-IR dendrites has been used
extensively to assess neurodegenerative alterations in diverse experimen-
tal models and in diseased human brains. It has also been validated
previously by comparisons with quantitative immunoblots and modifica-
tions of the stereological “dissector” approach. To ensure objective
assessments and reliability of results, all sections in any given experiment
were blind coded and processed in parallel.
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Statistical analyses. For all studies described, mice were coded to
ensure objective assessment, and codes were not broken until the analysis
was complete. Statistical analyses were performed with the StatView 5.0
program (SAS Institute, Cary, NC). Differences among means were
assessed by one-way ANOVA followed, as indicated, by Dunnett’s or
Tukey-Kramer post hoc tests. Correlation studies were performed by
simple regression analysis. The null hypothesis was rejected at the 0.05
level.

RESULTS
Generation of hAPP tg mice lacking murine RAP

To study in vivo the influence of LRP and other lipoprotein
receptors on amyloid deposition and other AD-related neuropa-
thology, we bred RAP—/— mice with hAPP tg mice. These crosses
yielded the following groups of mice: (1) non-tg expressing the
endogenous mRAP (RAP+/+) (n = 15, 10 months; n = 14, 18
months), (2) non-tg lacking endogenous mRAP (RAP—/—) (n =
8, 10 months; n = 8, 18 months), (3) hAPP tg expressing both
copies of the endogenous mRAP (rn = 15, 10 months; n = 14, 18
months), and (4) hAPP tg lacking endogenous mRAP (n = 5, 10
months; n = 5, 18 months) (hAPP tg/RAP—/—). Levels of hAPP
expression were comparable in both groups of tg mice lacking or
expressing endogenous RAP (Fig. 14,B). Furthermore, levels of
mAPP expression were unchanged among the four groups (Fig.
1A4,B). Western blot analysis confirmed that hAPP expression
levels were comparable in both groups of tg mice lacking or
expressing endogenous RAP (Fig. 1C,D). Moreover, in both
hAPP tg and non-tg mice bred on the RAP—/— background,
levels of LRP immunoreactivity were similarly reduced by ~80%
(Fig. 1C,D). LDL-R immunoreactivity levels were reduced in
both RAP—/— groups by ~40% (data not shown). Patterns of
hAPP immunoreactivity (Fig. 24-D) were unchanged in mice
expressing endogenous mRAP (Fig. 2E,F) compared with mice
in which this chaperone protein was deleted (Fig. 2G.H). Con-
sistent with the Western blot analysis, immunocytochemical anal-
ysis with an LRP antibody showed that, compared with non-tg
and hAPP tg mice (Fig. 21,J), mice bred on the RAP—/—
background display a similar reduction in levels and patterns of
LRP immunoreactivity (Fig. 2K,L).

mAPP mRNA
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Figure 1. Characterization of APP and
LRP expression in hAPP tg/RAP—/—
mice. 4, Ribonuclease protection assay.
A total of four mice per group was ana-
lyzed. Representative autoradiogram for
mAPP and hAPP is shown. The leftmost
lane represents the undigested (U) radio-
labeled probes; the other lanes contain
the same riboprobes plus brain RNA
samples digested with RNases. Protected
mRNAs are indicated on the right. The
hAPP, mAPP, and actin mRNA bands
were detected as fragments of 230, 180,
and 85 nt, respectively. B, Analysis of
levels of hAPP and mAPP mRNA ex-
pression in tg mice; results are expressed
as a ratio of APP to actin. Error bars are
mean = SEM. C, Western blot analysis
with antibodies against hAPP and LRP.
The hAPP-specific antibody identified a
broad band at an approximate molecular
weight (MW) of 110 kDa. The specific
antibody against the C-terminal region
of LRP detected a band at an approxi-
mate MW of 85 kDa. D, Analysis of
hAPP and LRP immunoreactivity; re-
sults are expressed as integrated pixel
intensity. Error bars are mean = SEM.
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Figure 2. Immunocytochemical analysis of hAPP, RAP, and LRP ex-
pression in hAPP tg/RAP—/— mice. A-D, hAPP immunoreactivity with
the 8ES monoclonal antibody; E-H, RAP immunoreactivity in the frontal
cortex of 18-month-old mice; /-L, LRP immunoreactivity in the frontal
cortex of 18-month-old mice. A, No hAPP immunoreactivity was observed
in non-tg mice. B, hAPP tg mice displayed immunostaining of a subset of
pyramidal neurons in the neocortex. C, No hAPP immunoreactivity was
observed in RAP—/— mice. D, hAPP tg/RAP—/— tg mice hAPP-
immunoreactive pyramidal neurons in the neocortex. £, Non-tg; F, hAPP
tg mice showed extensive immunostaining of pyramidal neurons in the
neocortex. In the RAP—/— (G) and hAPP tg/RAP—/— (H), no RAP
immunoreactivity was observed. Non-tg (/) and hAPP tg (J) mice showed
extensive LRP immunostaining of pyramidal neurons in the neocortex. In
the RAP—/— (G) and hAPP tg/RAP—/— (H), no LRP levels of LRP
immunoreactivity were decreased. Scale bar, 25 um.

Increased ApB deposition in hAPP tg/RAP—/— tg mice

Cerebral deposition of AB was compared in all four groups of
mice at 10 and 18 months of age. No amyloid deposits were
detected in non-tg controls (Fig. 34) and in RAP—/— mice (Fig.
3C). In contrast, hAPP tg (Fig. 3B,1,J) and hAPP tg/RAP—/—
mice (Fig. 3D,H,L) developed typical AD-like plaques at ~10
months of age, with progressive accumulation of plaques ob-
served at 18 months of age (Fig. 44). At both ages analyzed,
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Figure 3. Patterns of AB immunoreactivity in hAPP tg/RAP—/—. A-D,
AP immunoreactivity in the neocortex; E—-H, low-power view (60X) of the
hippocampal dentate gyrus; /-L, higher-power view (200X) of the dentate
gyrus; M, P, GFAP immunoreactivity in the hippocampus. All images are
from 18-month-old mice. A, No AB deposits were observed in non-tg
controls. B, Mature and diffuse amyloid plaques in hAPP tg/R AP tg mice.
C, No AP deposits were observed in RAP—/— mice. D, hAPP tg/
RAP—/— mice displayed increased AB immunoreactive plaques. Scale
bar, 20 um. E, I, No AB deposits were observed in the molecular layer of
the dentate in non-tg controls. F, J, Abundant diffuse amyloid plaques in
hAPP tg mice. G, K, No AB deposits were observed in RAP—/— mice. H,
L, hAPP tg/RAP—/— mice displayed increased AB deposits in the
molecular layer of the dentate. Scale bar, 60 um. M, Mild astrogliosis in
non-tg mice. N, Increased astroglial reaction in hAPP mice. O, Mild
astroglial immunostaining in RAP—/— mice. P, Enhanced astroglial re-
action in hAPP tg/RAP—/— mice. Scale bar, 30 um.

hAPP tg/R AP—/— mice had a higher plaque load than hAPP tg
mice (Fig. 44). Compared with non-tg control (Fig. 3M) and
RAP—-/— (Fig. 30) mice, hAPP tg (Fig. 3N) and hAPP tg/
RAP—/— mice (Fig. 3P) developed reactive astrocytosis that was
most prominent at 18 months of age (Fig. 4C).

The increased amyloid deposition in the hAPP tg/RAP—/—
mice could be because of effects of LRP and other lipoprotein
receptors on the production, removal, or aggregation of AS. RAP
expression did not affect cerebral hAPP mRNA or protein ex-
pression (Fig. 14,B) or the characteristics of the plaques; how-
ever, the levels of AB;_,, in the hippocampus were elevated (Fig.
4B). Thus, the amyloidogenic effect of LRP and other lipoprotein
receptors appears to result from decreased AB clearance rather
than from increased expression of the hAPP transgene or in-
creased AB production.

Because loss of synaptic connections and dendritic damage is
associated with cognitive deficits in AD (DeKosky and Scheff,
1990; Terry et al., 1991; Zhan et al., 1993; Dickson et al., 1995)
and in hAPP tg mice (Hsia et al., 1999; Mucke et al., 2000b), we
analyzed the levels MAP2 immunoreactivity (dendritic marker)
in the hippocampus as an indicator of neurodegeneration. Com-
pared with non-tg controls (Figs. 4D, 54,F), RAP—/— mice
expression had normal levels of MAP2-IR dendrites (Figs. 4D,
5C,G), indicating that decreased expression of LRP does not by
itself affect the integrity of these structures. In contrast, hAPP tg
mice had decreased levels of M AP2 immunoreactivity (Figs. 4C,
5B,F), and the absence of RAP in these mice resulted in addi-
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Figure 4. Quantitative analysis of amyloid production and neurodegen-
eration. A, Determination of percentage area of the neuropil occupied by
ApB immunoreactive deposits in the frontal cortex and hippocampus. B,
Determination of A levels in the hippocampus by ELISA in 10- and
18-month-old mice. *p < 0.05, different by two-tailed unpaired ¢ test when
compared with hAPP tg mice. C, Densitometrical analysis of GFAP
immunoreactivity in the hippocampus using the Quantimet 570C in 10-
and 18-month-old mice. *p < 0.05 different from non-tg control by
one-way ANOVA post hoc Dunnet’s test. D, Levels of MAP2-IR in the
outer molecular layer of the dentate gyrus in 10- and 18-month-old mice.
*p < 0.05, different by one-way ANOVA post hoc Dunnet’s test.

hAPP tg/RAP-/-

Figure 5. Patterns of dendritic degeneration in hAPP tg/RAP—/—.
Sections from 18-month-old mice were immunolabeled with an antibody
against MAP2 and imaged with the laser scanning confocal microscope.
A-D, Neocortex; E—H, molecular layer of the hippocampal dentate gyrus.
Scale bar, 20 pm.

tional decreases in the levels of MAP2 immunoreactivity (Figs.
4C,5D,H).

DISCUSSION

The present study showed that decreased expression of LRP and
other lipoprotein receptors resulted in increased amyloid deposi-
tion and neurodegeneration in hAPP tg/RAP —/— mice. These
results are consistent with previous studies showing that, in AD,
amyloid deposition correlates with decreased LRP activity and
supports the possibility that LRP might regulate AB clearance
(Kang et al., 2000). Because previous studies have proposed that
LRP might be centrally involved in the pathogenesis of AD (Herz
and Beffert, 2000; Ulery et al., 2000) and LRP might be the main
receptor responsible for AB endocytosis (Narita et al., 1997b; Qiu
et al., 1999), we hypothesized that the alterations observed in the
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hAPPtg/RAP—/— mice were probably most closely associated
with altered functioning of LRP. Nevertheless, in addition to
LRP, it is important to note that RAP also regulates the traffick-
ing of other lipoprotein receptors, such as LDL-R, VLDL-R, and
apoER?2, albeit to a lesser extent (Herz et al., 1991; Bu, 1998,
2001). Thus, we cannot completely rule out the possibility that
decreased expression of other receptors in the RAP—/— mice
might also play a role increasing AB deposition. However, it is
worth noting that, in the RAP—/— mice, LRP levels are reduced
by 75-80%, whereas levels of LDL-R and VLDL-R are reduced
by 40-50% (Veinbergs et al., 2001). In addition, LRP appears to
be the main lipoprotein receptor responsible for AB clearance
(Narita et al., 1997b; Qiu et al.,, 1999), suggesting that, in the
hAPP tg/RAP—/— mice, the effects of other RAP-dependent
receptors on AB deposition might be less critical. However, future
studies crossing hAPPtg mice with VLDL-R—/—, apoER2 —/—,
or LDL-R—/— mice will be necessary to investigate this
possibility.

Increased AB deposition in the hAPP tg/RAP—/— model
could be the result of increased AB production or decreased AB
clearance by lipoprotein receptors. Increased AP production
could result from increased hAPP synthesis or cleavage by 8 and
v secretases. However, because hAPP levels were not affected in
the hAPP tg/RAP—/—, we concluded that the most likely cause
for the increased AP deposition could be a decrease in AR
clearance by lipoprotein receptors. This is supported by studies
showing that AB40 and AB42 bound to o2M is cleared by LRP for
subsequent degradation (Kang et al., 2000), and blocking LRP
with R AP significantly decreased a2M-dependent AB clearance
in primary neuronal cultures and glial cells (Narita et al., 1997a;
Fabrizi et al., 1999; Qiu et al., 1999). Furthermore, A binding to
other LRP ligands, such as apoE, also contributes to reduced AB
levels (Kang et al., 2000; Shibata et al., 2000; Herz and Strickland,
2001). Alternatively, reduced LRP levels may promote increased
amyloid deposition in hAPP tg/RAP—/— mice by impeding the
clearance of apoE, o2M, and lactoferrin because all of these LRP
ligands also sequester AB and mediate its clearance (Narita et al.,
1997a; Yang et al., 1999; Kang et al., 2000). However, this possi-
bility is less likely because altered expression of apoE in crosses
between hAPP tg and apoE-deficient (Bales et al., 1997) or apoE
tg (Irizarry et al., 2000) mice results in delayed amyloid deposi-
tion and redistribution of AB in the hippocampus that differs
considerably with our observations in the hAPP tg/RAP—/—
mice.

Other receptors involved in A clearance include the receptor
for advanced glycation end products (R AGE), scavenger receptor
type A (SR-A) (Paresce et al., 1996; Yan et al., 1996; El Khoury
et al., 1998), and the G-protein-coupled receptor formyl peptide
receptor like-1 (FPRL1) (Yazawa et al., 2001). Some interesting
differences exist among these A receptors. For example, LRP is
found primarily in neurons, and AB binding is dependent on
coupling to a2M, apoE, and apoJ (Herz, 2001b). In contrast,
RAGE, SR-A, and FPRL1 are primarily found in macrophages,
and A binds to them as a free peptide (Shibata et al., 2000;
Yazawa et al., 2001). Furthermore, RAGE and SR-A mediate
brain endocytosis and transcytosis of AB, whereas LRP mediates
blood-brain barrier transport of plasma AB complexed to apoJ
(Shibata et al., 2000). It is unclear how these receptors regulate
A levels in concert. However, no significant effects on AR
deposition were observed in previous studies in which hAPP tg
mice were crossed with SR-deficient mice (Huang et al., 1999).
Together, these results suggest that in vivo lipoprotein receptor-

Van Uden et al. « Increased Extracellular Amyloid Deposition, Neurodegeneration

mediated AB clearance is central to amyloid deposition. Addi-
tional studies in vivo in our models and others looking at circu-
lating AB levels are warranted for additional clues into the
clearance of AB. Although our in vivo model results in the
decreased expression of LRP and other lipoprotein receptors and
recent studies in vitro and in AD brains suggests that decreased
LRP levels are associated with decreased A clearance (Kang et
al., 2000), the precise mechanisms by which LRP regulates A
levels are complex and remain controversial. For example, in
human neuroglioma (H4) cells, lack of LRP activity results in
decreased AB production, whereas the presence of functional
LRP is associated with increased production and secretion of A
(Ulery et al., 2000). Long-term treatment with RAP results in
increased levels of both cell surface APP and secreted APP «,
along with decreased AB production (Ulery et al., 2000). These
effects might be the result of direct interactions between APP and
LRP, because fluorescence resonance energy transfer experi-
ments have shown that there is a close opposition of the extra-
cellular domains of KPI-containing APP and LRP that is RAP
sensitive (Kinoshita et al., 2001). The association of LRP with
forms of APP that contain the KPI domain alters APP process-
ing, leading to altered AB production (Kinoshita et al., 2001).
APP-LRP interactions in CHO cells have shown that decreased
LRP activity by genetic deletion or by addition of exogenous
RAP could result in decreased AB production from hAPP770-
transfected cells, and these ectodomain interactions alter the
endocytic pathway (Kinoshita et al., 2001). Together, these stud-
ies suggest that LRP might influence AB metabolism by different
mechanisms, including direct interactions with APP, as well as
internalization and clearance of AB bound to a2M.

The present study also showed that decreased expression of
LRP and other lipoprotein receptors resulted in greater synaptic
damage in the hAPP tg/RAP—/— mice. This is consistent with
previous studies showing that LRP expressed by neurons has the
capacity to signal and may be involved in long-term potentiation
(LTP) and in regulating synaptic plasticity (Herz and Strickland,
2001). Perfusion of hippocampal slices with RAP reduced late-
phase LTP. In addition, R AP also blocked the enhancing effect of
synaptic potentiation by exogenous application of the LRP ligand
tissue type plasminogen activator (tPA) in hippocampal slices
prepared from tPA knock-out mice, indicating that interactions
between tPA and cell surface LRP are important for synaptic
plasticity (Zhuo et al., 2000). Furthermore, RAP—/— mice dis-
play deficient somatostatin release and memory deficits in the
water maze (Van Uden et al., 1999a) that are ameliorated by
another LRP ligand, namely apoE (Veinbergs et al., 2001). In
addition, previous studies have shown that, in the presence of
a2M, LRP protects neural cell lines against the neurotoxic effects
of AB (Fabrizi et al., 1999; Van Uden et al., 1999b, 2000). These
effects were blocked by exogenous administration of RAP and are
dependent on calcium/calmodulin-dependent kinase 2 signaling
(Van Uden et al., 2000). In hAPP tg mice, previous studies have
shown that AB is synaptotoxic (Mucke et al., 2000b) and disrupts
synaptic transmission independently of plaque formation (Hsia et
al., 1999). Together, these studies suggest that LRP and its ligands
might protect neurons against the neurotoxic effects of AB by
facilitating AB clearance.

In summary, the present study showed that decreased AP
clearance in hAPP tg/R AP—/— mice results in increased amyloid
deposition and dendritic damage, supporting the contention that
decreased expression of LRP and other lipoprotein receptors
might play an important role in the pathogenesis of AD and that
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increasing LRP activity might represent a novel modality for
treatment of AD.
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