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Novel amyloid precursor protein transgenic mice, which contain the Swedish as well as the vasculotropic Dutch and Iowa mutations
(Tg-SwDI), were used to investigate the mechanisms of antibody-mediated clearance of amyloid-� (A�) from the brain. Export of the
A�-DI peptide across the blood– brain barrier is severely reduced because of the vasculotropic mutations. Therefore, antibody-mediated
clearance of A�-DI is dependent on antibodies entering the brain. In this report, we immunized Tg-SwDI mice with various peptide
antigens, including A�40-DI, A�42 , and an A� epitope vaccine. Immunization of Tg-SwDI mice with substantial cortical diffuse and
vascular fibrillar deposits failed to promote clearance of parenchymal or vascular amyloid deposits. We then immunized young Tg-SwDI
mice before the accumulation of A� and saw no evidence that anti-A� antibodies could diminish deposition of parenchymal or vascular
amyloid deposits. However, injection of anti-A� antibodies, affinity-purified from immunized Tg-SwDI mice, into the hippocampus
induced a rapid clearance of diffuse A� deposits but not vascular amyloid deposits. These results further support the “peripheral sink
hypothesis” as a legitimate mechanism of antibody-mediated clearance of A� when the blood– brain barrier remains intact. Thus,
approaches that deliver immunotherapy to the brain may be more effective at clearing A� than immunization strategies in which the
majority of the antibodies are in the periphery.
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Introduction
Several hypotheses have been proposed to account for clearance
of amyloid-� (A�) from the brain by anti-A� antibodies, which
can be divided into two classes depending on whether antibodies
actually enter the CNS or remain in the periphery to facilitate
clearance of A�. The “CNS clearance hypothesis” is dependent
on entry of anti-A� antibodies into the brain in which antibodies
bind to A� (Schenk et al., 1999, 2004; Bard et al., 2000). These
immune complexes are recognized by Fc receptors on local mi-
croglia, which facilitates clearance of A� via Fc receptor-
mediated phagocytosis, or immune complexes may be trans-
ported out of the CNS via the neonatal Fc receptor at the blood–
brain barrier (BBB) (Deane et al., 2005). The “peripheral sink
hypothesis” is based on the findings of active A� transport across
the BBB through low-density lipoprotein receptor (LRP-1) from

the CNS into the periphery (Deane et al., 2004) and from the
periphery into CNS through the receptor for advanced glycation
end products (Shibata et al., 2000; Deane et al., 2003). The pe-
ripheral sink hypothesis proposes that the majority of antibodies
remain in the periphery in which they bind to A� in the blood,
thereby sequestering A� in an immune complex, which lowers
the level of free A� in the blood. This alters the dynamics of
transport of A� between the CNS and the blood, which contrib-
utes to a net efflux of A� from the brain (DeMattos et al., 2001;
Holtzman et al., 2002; Lemere et al., 2003).

To investigate the relative importance of the peripheral sink
mechanism in clearance of A� from the CNS, we chose a novel
triple mutation transgenic (Tg) mouse model (Tg-SwDI), which
contains the amyloid precursor protein (APP) Swedish mutation
(K670/M671L), as well as two vasculotropic APP mutations, the
Dutch and Iowa (E693Q/D694N) (Davis et al., 2004; Miao et al.,
2005). Tg-SwDI mice exhibit early and robust cerebral microvas-
cular accumulation of the A�-DI peptide and extensive diffuse
cortical deposits. Because A�-DI mutant peptide transport across
the cerebral microvascular BBB is significantly attenuated as a
result of reduced affinity of the LRP-1 for the A� peptide with
Dutch and Iowa mutations, the peptide remains primarily in the
CNS and is essentially undetectable in the blood (Deane et al.,
2004; Davis et al., 2006). Therefore, the “peripheral sink mecha-
nism” is lacking in this model and anti-A� antibody-mediated
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clearance of A� will be dependent on entry of anti-A� antibodies
into the CNS. To investigate the major A� clearance mecha-
nisms, we immunized 11-month-old Tg-SwDI mice with sub-
stantial cortical diffuse and vascular fibrillar deposits as well as
young 3.5-month-old Tg-SwDI mice before the accumulation of
A�. High titers of anti-A�-specific antibodies were induced in all
of the immunized animals. We confirmed the functional activity
of affinity-purified antibodies in the series of in vitro studies. At
the end of the treatment, CNS A� levels were compared in con-
trol and immunized groups.

Materials and Methods
Mice. Hemizygous Tg-SwDI B line mice (Davis et al., 2004; Miao et al.,
2005) that contain the Swedish as well as the vasculotropic Dutch and
Iowa APP mutations were used. All experiments with mice followed
National Institutes of Health guidelines and were approved by the Uni-
versity of California, Irvine (UCI) Institutional Animal Care and Use
Committee. All appropriate measures were taken to minimize pain and
discomfort in experimental animals.

Active immunization protocols. A�42 and Dutch/Iowa (E22Q/D23N)
A�40 (A�40-DI) peptides were synthesized at the UCI Core Facility.
Fibrillar forms of A�42 (fA�42) and A�40-DI (fA�40-DI) were prepared as
described previously (Cribbs et al., 2003). The epitope vaccine contain-
ing two copies of A�1–11 in tandem with the PADRE T-cell epitope (Epi-
A�) was synthesized as a multiple antigenic peptide (Invitrogen, Carls-
bad, CA) and was dissolved in PBS, pH 7.2, at 1 mg/ml (Agadjanyan et al.,
2005).

For active immunization, 100 �g of fA�40-DI, fA�42 peptides, or 50 �g
of Epi-A� vaccine were formulated with 50 �g (initial injection) or 20 �g
(subsequent injections) of Quil-A adjuvant (Brenntag Biosector, Fred-
erikssund, Denmark) in a total volume of 100 �l in PBS per injection.
One group of mice received injections of adjuvant only as a control. The
vaccines were delivered subcutaneously with a 2 week interval before the
first boost and monthly thereafter. Blood was collected before the first
immunization (pre-bleed) and 10 d after each boost.

Anti-A� antibody ELISA. The titers of anti-A� antibodies were mea-
sured as described previously with minor modifications (Cribbs et al.,
2003). Briefly, wells of Immulon 2HB 96-well plates (Thermo, Milford,
MA) were coated with 2.5 �M soluble A�42 in carbonate coating buffer,
pH 9.6, and incubated overnight at 4°C. The wells of the plate were then
subjected to blocking and washing steps, then HRP-conjugated goat anti-
mouse IgG antibodies were added to the wells (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) at a dilution of 1:4000, which was followed by an
incubation step for 1 h at 37°C with shaking, wells were then washed, and
Ultra-TMB ELISA substrate (Pierce, Rockford, IL) was added for 15 min.
The reaction was terminated with the addition of 2N H2SO4. Plates were
analyzed on a Synergy HT Spectrophotometer (Bio-Tek Instruments,
Winooski, VT) at 450 nm. Concentration of the antibodies was calcu-
lated using anti-A� 6E10 (Covance Research Products, Berkley, CA)
monoclonal antibody as a standard using KD4 Software (Bio-Tek
Instruments).

ELISA for A�. Soluble pools of A�40 and A�42 were determined by
using specific sandwich ELISAs on carbonate buffer extracted mouse
forebrain tissue, and the insoluble A�40 and A�42 levels were determined
by ELISA of guanidine lysates of the insoluble pellets from the carbonate
extracted brain tissue (Johnson-Wood et al., 1997; DeMattos et al.,
2002b). In the sandwich ELISAs, A�40 and A�42 were captured using
their respective C-terminal-specific antibodies m2G3 and m21F12, and
biotinylated m3D6, specific for human A�, was used for detection (De-
Mattos et al., 2002b).

Western blot analysis. Naive 14-month-old Tg-SwDI, Tg2576 (Hsiao et
al., 1996), wild-type animals, or Tg-SwDI mice immunized with Epi-A�
(n � 3– 4 per each group) were overdosed with 100 mg/kg Nembutal
(Abbott Laboratories, Abbott Park, IL) and intracardially perfused with
25 ml of ice-cold PBS, pH 7.2. Brains were rapidly removed and homog-
enized in 10 �l/mg of tissue of T-Per buffer (Pierce) with proteinase
inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). The tissue
homogenates were clarified by centrifugation at 100,000 � g for 60 min.

Protein concentrations of the resulting supernatants was determined us-
ing the BCA Protein Assay kit (Pierce). The levels of Ig in the brain
homogenate samples were determined by quantitative immunoblotting.
Briefly, 50 �g of total protein from each sample was electrophoresed in
NuPAGE Bis-Tris 4 –12% polyacrylamide gel (Invitrogen), and the pro-
teins were transferred onto nitrocellulose membranes (GE Healthcare,
Fairfield, CT). Membranes were blocked overnight with 5% nonfat milk
in PBS with 0.5% Tween 20. The membranes were probed with horse-
radish peroxidase-coupled goat anti-mouse IgGs (Vector Laboratories,
Burlingame, CA) to detect both heavy and light chains of mouse IgGs
using a SuperSignal West Pico kit (Pierce). Synthetic A�40-DI peptide
was diluted at 1 mg/ml in H2O and then left to assembly for 2–3 h at room
temperature. Peptide, 100 ng, was subjected to electrophoresis in a
Novex Tricine 10% gel (Invitrogen) and transferred onto a nitrocellulose
membrane, and then various forms of A�40-DI peptide were detected
with 6E10 or purified anti-A�1–11 antibodies isolated from immunized
Tg-SwDI mice.

Immunohistochemical analysis. Mice were overdosed with 100 mg/kg
Nembutal and intracardially perfused with ice-cold PBS, pH 7.2, and
their brains were bisected along the midsagittal plane. One hemisphere
was snap frozen on dry ice and used for ELISA. The other hemisphere was
placed in 70% ethanol overnight, subjected to increasing sequential de-
hydration in ethanol, followed by xylene treatment and embedding in
paraffin. For immunostaining of human A� and collagen IV, sections
were cut in the sagittal plane at 10 �m using a microtome, placed on a
flotation water bath at 45°C, and then placed onto glass slides as de-
scribed previously (Davis et al., 2004). Primary antibodies included a
horseradish peroxidase-conjugated MAb66.1 recognizing amino acid
residues 1–5 of human A�, monoclonal anti-A� MAb20.1 recognizing
amino acid residues 1– 8 of A�, monoclonal anti-A� 6E10, and poly-
clonal rabbit antibody to collagen type IV (Research Diagnostics, Con-
cord, MA). Primary antibodies were visualized with diaminobenzidine
solution (Invitrogen) or alkaline phosphatase-conjugated secondary an-
tibody and the fast red substrate system for collagen type IV (Spring
Bioscience, Fremont, CA), respectively, and sections were counter-
stained with hematoxylin (Davis et al., 2004). Multiple tissue sections
from individual mice were visually examined by two observers blinded to
the source of the tissue that was obtained from either immunized or
non-immunized mice. Because there were no apparent differences in
cerebral microvascular deposits or the diffuse parenchymal A� deposits
between the two groups, we did not further pursue a complete quantita-
tive stereological analysis.

Affinity purification of anti-A� antibodies. Anti-A� immune responses
from immunized mice were assayed with the ELISA, and sera from re-
sponding mice were combined for affinity purification. Affinity column
was prepared by conjugation of A�1–18 peptide synthesized with a
C-terminal end cysteine residue (Multiple Peptide Systems, San Diego,
CA) to the column using SulfoLink kit (Pierce). Sera from injected ani-
mals were applied to the column and processed according to the instruc-
tions of the manufacturer (Pierce). Purified mouse polyclonal anti-
A�1–11 or anti-A�1– 42 antibodies (from epitope vaccine or fA�42

immunized animals, respectively) were transferred to PBS buffer, pH 7.2,
and concentration was adjusted to 1 mg/ml.

Inhibition of A�42 assembly in vitro. To detect the effect of affinity-
purified anti-A�1–11 and anti-A�42 antibodies on formation of A�42

fibrils, we used a fluorescence spectroscopic assay with thioflavin T
(ThT) as described previously (Solomon et al., 1996; Delmastro et al.,
1997). Briefly, A�42 (25 �M) in assembly buffer (10 mM HEPES, 100 mM

NaCl, and 0.02% sodium azide, pH 7.4) was incubated at 37°C with
agitation for up to 160 h in the absence or presence of 0.5 �M affinity-
purified antibodies diluted in PBS buffer. Samples were monitored via
ThT fluorescence assay (10 �l aliquots plus 120 �l 3 �M ThT). Fluores-
cence was measured at �ex of 442 nm and �em of 482 nm until equilib-
rium was reached in the PBS controls.

Intracranial injections. The 14-month-old Tg-SwDI mice were used in
this study. Mice were anesthetized with Nembutal (50 mg/kg body
weight) and placed in a stereotactic apparatus (MyNeuroLab, St. Louis,
MO) with a mouse adaptor as described previously (Oddo et al., 2004).
Affinity-purified antibodies from immunized Tg-SwDI mice, anti-A�
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monoclonal 6E10, and IgG1 control (Sigma, St.
Louis, MO) were adjusted to a concentration of
1 mg/ml in PBS and injected into the left hip-
pocampus through a 33 gauge injector attached
to a 10 �l Hamilton syringe (Hamilton, Reno,
NV). The coordinates, with respect to bregma,
were �2.7 mm posterior, �2.5 mm lateral, and
�3.0 mm ventral to the skull. Two microliters
of antibodies were injected over the span of 5
min, after which the cannula was left in place
for an additional 2 min to allow for diffusion.
Animals were placed on a warming pad until
they had fully recovered from anesthesia and
were kept in individual cages to prevent damage
to the sutures.

Statistical analysis. Data were analyzed by
two-tailed Student’s t test and were judged to be
significant at p � 0.05 significance level.

Results
Anti-A� antibody response to an Epi-
A� vaccine in Tg-SwDI mice
The initial immunization protocols used
fibrillar (fA�40-DI) or fA�42 peptides as an-
tigens and Quil-A as the adjuvant. However,
the immune response induced in Tg-SwDI
mice was poor, with a low number of re-
sponders and generally low antibody con-
centrations. Although antibody titers to im-
munization with fA�42 did modestly
increase with multiple injections, we rea-
soned that the failure to clear A� may have
been attributable to inadequate peripheral
levels of anti-A� antibodies, which limited
the entry of antibodies into the CNS. To cir-
cumvent this problem, we decided to use an
Epi-A� vaccine, which we have shown pre-
viously induces very high anti-A� antibody
titers in mice (Agadjanyan et al., 2005). Im-
munization with the Epi-A� vaccine and
Quil-A adjuvant induced a rapid and ro-
bust antibody response to the A� B cell
epitope in all immunized Tg-SwDI mice
(Fig. 1A,B). High antibody titers were
maintained for the duration of the experi-
ments by monthly boosts. In older ani-
mals, the concentration of antibodies
reached 26.07 �g/ml after two injections
and was 42.82 �g/ml at the end of experi-
ment. In younger mice, concentration of
anti-A� antibody was 57.57 �g/ml after
three injections and increased to 269.01
�g/ml at the end of experiment.

Anti-A� antibodies induced by the
epitope vaccine were affinity purified and
were judged to be potentially therapeutic
based on their ability to bind to plaques in
Tg2576 and Tg-SwDI mouse brain sec-
tions. In addition, in in vitro experiments,
we demonstrated that affinity-purified anti-A� antibodies from
immunized Tg-SwDI mice blocked the assembly of A�42 as well
as the MAb20.1, bound equally well to A�42 or A�40-DI peptides
by ELISA, and recognized monomers and oligomers of synthetic
preaggregated A�40-DI peptide on a Western blot (Fig. 1C–F).

Ineffectiveness of high titers of anti-A� antibodies to clear
established amyloid deposits in Tg-SwDI mice
Several studies using active immunization protocols on older
APP/Tg mice have failed to show clearance of A� in response to
elevated levels of anti-A� antibodies (Das et al., 2001; Austin et
al., 2003; Zhou et al., 2005). Therefore, we chose 11-month-old

Figure 1. Immunization of old and young Tg-SwDI mice with the Epi-A� vaccine formulated in Quil-A adjuvant induces robust
and uniform anti-A� antibody responses. Anti-A� antibody responses in individual mice revealed by ELISA in older 15-month-old
(A) or younger 11-month-old (B) mice immunized with the Epi-A� vaccine (injection number is reflected on the graphs). C,
Functionally active anti-A� antibodies: affinity-purified anti-A� antibodies from Tg-SwDI immunized mice efficiently block A�42

fibril formation. A�42 peptide was incubated for up to 7 d alone or in the presence of affinity-purified antibodies or control
anti-A� N-terminus monoclonal 20.1 antibody (50:1 molar ratio of peptide to antibody). Aliquots were taken at the indicated
time, and fluorescent assay for fibril formation was performed with thioflavin T. D, Sera from mice immunized with the Epi-A�
vaccine recognized A� deposits in the brains of Tg-SwDI and Tg2576 mice, as well as the monoclonal 6E10 antibody, and sera from
non-immune mice were negative (data not shown). E, Affinity-purified anti-A� antibodies from Epi-A� vaccine immunized mice
as well as control 6E10 antibodies recognize monomers and higher oligomeric forms of synthetic A�40-DI peptide on a Western
blot. F, Pooled serum from multiple mice immunized with Quil-A–Epi-A� recognize A�40-DI and wild-type human A�42 pep-
tides equally well on ELISA plates, as well as control MAb20.1 antibody. OD, Optical density.
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Tg-SwDI because they have parenchymal and microvascular A�
deposits and are still young enough that anti-A� immunotherapy
should still be effective (Schenk et al., 1999; Zhou et al., 2005).
After 4 months of anti-A� immunotherapy, mice were killed and
their brains were analyzed for A� levels by visual examination of
multiple tissue sections immunostained for A� and by ELISA for
A�40 and A�42 and compared with age-matched non-immunized
Tg-SwDI mice. As shown in Figure 2A, there was no visible dif-

ference in the immunoassaying intensity
or the area covered by diffuse plaques in
either group. Analysis of ELISA data on
soluble and insoluble A�40 and A�42 also
failed to show a difference between immu-
nized and non-immunized Tg-SwDI mice
(Fig. 2B). Finally, visual examination of
cerebral microvascular A� deposits in the
thalamus and the subiculum also failed to
show significant differences in either
group. Similarly, a pilot passive immuni-
zation study also failed to lower the extent
of A� deposition in Tg-SwDI mice (data
not shown).

Inability of peripheral anti-A�
antibodies to block A� deposition in
young Tg-SwDI mice
Because there is some evidence that
plaques can act as sinks for CNS A�, which
may compete for export of A� out of the
CNS across the BBB (Maggio et al., 1992;
Tseng et al., 1999; DeMattos et al., 2002b;
Oddo et al., 2006), we performed a second
study in which immunization was initi-
ated before diffuse parenchymal and mi-
crovascular A� deposits had occurred in
the Tg-SwDI mice (Davis et al., 2004).
Young 3.5-month-old Tg-SwDI mice im-
munized with the Epi-A� vaccine, consis-
tently generating a rapid and robust anti-
body response. The immunized Tg-SwDI
mice maintained high antibody titers
throughout the course of the trial, and
mice were killed after 7.5 months of
anti-A� immunotherapy. Surprisingly,
anti-A� immunotherapy was completely
ineffective at blocking deposition of dif-
fuse parenchymal and fibrillar microvas-
cular A� deposits in young Tg-SwDI mice as
measured by visual comparison of multiple
tissue sections from immunized and non-
immunized Tg-SwDI mice using the total
load of anti-A� immunostaining (Fig. 3A)
and by ELISA on the soluble and insoluble
A�40 and A�42 (Fig. 3B). Although previous
studies with multiple APP/Tg mouse models
and the Elan AN1792 human clinical trial
have failed to show clearance of established
cerebrovascular A� deposits using an im-
munotherapy approach (Bacskai et al., 2001,
2002; Nicoll et al., 2003; Ferrer et al., 2004;
Masliah et al., 2005), this is the first report of
a failure of anti-A� antibodies to block A�
accumulation in the cerebral vasculature.

Direct delivery of anti-A� antibodies to the CNS clears
established amyloid in Tg-SwDI mice
To test whether the failure to clear diffuse parenchymal and
fibrillar microvascular A� deposits in Tg-SwDI mice was attrib-
utable to lack of insufficient entry of anti-A� antibodies into the
CNS of Tg-SwDI mice relative to another AD mouse model
Tg2576 mice or wild-type mice, we measured the level of Ig in the

Figure 2. High titers of peripheral anti-A� antibodies do not reduce A� deposits in aged Tg-SwDI mice. A, A� deposition was
unchanged in immunized mice (bottom) when compared with untreated (top) or adjuvant-treated Tg-SwDI mice at 15 months of
age in Tg-SwDI mice after 4 months of immunotherapy. Abundant diffuse amyloid deposits can be seem at low magnification and
in the cortex at higher magnification. Pronounced microvessel deposition of A� is seen in the thalamus. A� deposits (anti-A�
6E10 staining; brown) and blood vessels (anti-collagen IV staining; pink) are shown. Scale bars: low magnification, 1 mm; high
magnification, 50 �m. B, Total A�40 and A�42 are shown in the top row and insoluble A� and soluble A� in the bottom row in
untreated, adjuvant-treated, and immunized (2 groups) Tg-SwDI mice remained unchanged. Data are mean � SD of n � 5– 8
mice per group.
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CNS of naive Tg-SwDI, Epi-A�-
immunized Tg-SwDI mice, as well as naive
wild-type C57BL/6 and Tg2576 mice that
were extensively perfused with PBS to re-
move serum Ig. As shown in Figure 4, the
IgG heavy and light chain bands on a
Western blot were equivalent for all four
types of mice (Fig. 4C). Another possibility
for the failure of active immunization to
block deposition of A�-DI peptide even in
young prepathology Tg-SwDI mice could
be attributable to the refractory nature of
the CNS A�-DI deposits to antibody-
mediated clearance. To test this hypothe-
sis, we directly administered the anti-A�
antibodies by intrahippocampal injection,
which has been shown previously to clear
both diffuse and fibrillar parenchymal
amyloid deposits (Wilcock et al., 2003;
Oddo et al., 2004). Fourteen-month-old
Tg-SwDI mice with extensive diffuse A�
deposits were administered a single injec-
tion (ipsilateral) of 2 �l containing 2 �g of
an isotype control IgG1, anti-A� mono-
clonal 6E10 (IgG1) (data not shown), or
affinity-purified polyclonal anti-A� anti-
bodies isolated from Epi-A� vaccine im-
munized Tg-SwDI mice. The contralateral
hemisphere serves as an internal control
for regional A� deposition. The was no ev-
idence of A� clearance when the isotype
control IgG1 was injected, but there was
obvious clearance of diffuse parenchymal
A� deposits on the ipsilateral side that re-
ceived affinity-purified anti-A� antibodies
from Tg-SwDI mice immunized with the
Epi-A� vaccine (Fig. 4A). Using NIH Im-
aging software, we measured the extent of
antibody-mediated clearance by antibod-
ies injected into the CNS (Fig. 4B). Addi-
tional experiments with injection of
anti-A� antibodies into the thalamus
failed to show clearance of microvessel A�
deposits (data not shown) using the
anti-A� 6E10 monoclonal antibody. Fur-
thermore, we confirmed that very little
A�-DI peptide crosses the BBB and gains
access to the blood in Tg-SwDI mice (Fig.
4D) (Deane et al., 2004; Davis et al., 2006).

Discussion
The importance of defining the major
mechanism or mechanisms of antibody-
mediated clearance of A� may be crucial in
ultimately developing safer and more expedient immunothera-
peutic approaches, especially in elderly patients in which their
ability to mount an effective immune response may be severely
compromised, and there has been a general decline in multiple
natural A� clearance mechanisms (Roher et al., 2003; Deane et
al., 2004; Kalback et al., 2004; Caccamo et al., 2005; Shinall et al.,
2005; Wang et al., 2005). Although multiple hypotheses have
been proposed to account for clearance of A� from the CNS by
anti-A� antibodies (Solomon et al., 1996, 1997; Frenkel et al.,

1999; Bard et al., 2000; DeMattos et al., 2001; Holtzman et al.,
2002; McLaurin et al., 2002), they can be divided into two general
classes depending on whether antibodies are required to enter the
CNS (CNS clearance hypothesis) or whether their presence in the
periphery (peripheral sink hypothesis) is sufficient to facilitate
CNS clearance of A�. However, whether therapeutically relevant
concentrations of anti-A� antibodies cross the BBB under nor-
mal healthy conditions in the aging brain needs additional clari-
fication (Holtzman et al., 2002; Levites et al., 2006). For example,

Figure 3. High titers of peripheral anti-A� antibodies do not block A� deposition in young Tg-SwDI mice, although immuni-
zation was initiated before the onset of plaque or microvessel deposition in the mice. A, A� deposition was unchanged in
immunized mice (bottom row) when compared with untreated (top row) or adjuvant-treated Tg-SwDI mice (data not shown) in
11-month-old Tg-SwDI mice after 7.5 months of immunotherapy. A� deposits (anti-A� 6E10 staining; brown) and blood vessels
(anti-collagen IV staining; pink) are shown. Scale bars: low magnification, 1 mm; high magnification, 50 �m. B, Total A�40 and
A�42 are shown in the top row and insoluble A� and soluble A� in the bottom row in untreated, adjuvant-treated, and
immunized (2 groups) Tg-SwDI mice remained unchanged. Data are mean � SD of n � 5– 6 mice per group.
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measurements of the concentration of A� in the CNS of elderly
Alzheimer’s disease (AD) patients can exceed 15 �M, whereas the
estimated levels of anti-A� antibodies that actually enter the CNS
in the Elan AN1792 immunization trial, in which they arbitrarily
assigned a titer of 1:2000 as high responders, is of the order of 3
pM; thus, the approximate ratio of specific antibody to A� is
calculated to be �1:500,000. This obviously limits the type of
clearance mechanisms that can realistically be considered as con-
tributing to the reduction in CNS A� in immunized AD patients.

Based on the above, we believe that it is reasonable to consider
alternative mechanisms, such as the peripheral sink hypothesis,
which was proposed by DeMattos and colleagues and is not de-
pendent on therapeutic levels of anti-A� antibodies entering the
CNS for effective clearance of CNS A� when the BBB remains
intact (DeMattos et al., 2001, 2002a). This mechanism is based on
lowering the free A� concentration in the blood by sequestering
A� in immune complexes, which disrupts the equilibrium be-

tween the CNS and the periphery, result-
ing in a net efflux of A� from the brain
(DeMattos et al., 2001, 2002a). Therefore,
it requires only levels of anti-A� antibod-
ies sufficient to form immune complexes
with the available A� in the blood. Con-
versely, the CNS clearance hypothesis
would require high antibody titers because
the level of therapeutic antibodies that en-
ter the CNS is �0.1% (Bard et al., 2000).
Holtzman and colleagues (DeMattos et al.,
2001) demonstrated that passive adminis-
tration of the anti-A� monoclonal anti-
body m266 effectively reduced the CNS
amyloid burden in PDAPP/Tg mice
(transgenic mice with PDGF promoter ex-
pressing APP) but dramatically increased
the A� level in the plasma. Two active im-
munization studies have provided addi-
tional support for the peripheral sink hy-
pothesis. The first, by Lemere et al. (2003),
observed a similar spike in plasma A� after
active immunization of PSAPP/Tg mice
(mice expressing mutant presenilin-1),
which was correlated with decreased
plaque burden in the CNS. The second
study, by Sigurdsson et al. (2004), reported
that immunization with nonfibrillogenic
A� derivatives induced an attenuated an-
tibody response, primarily of the IgM iso-
type that does not cross the BBB, but was
still able to improve cognitive perfor-
mance and reduce the amyloid burden.

A major problem in determining the
mechanisms involved in antibody-
mediated clearance of CNS A� are the
facts that both A� and antibodies move
across the BBB. Thus, to investigate
whether clearance of A� is dependent on
entry of anti-A� antibodies into the CNS,
we chose the Tg-SwDI mouse model be-
cause the A�-DI mutant peptide, gener-
ated by processing of the APP transgene, is
poorly exported across the BBB by the
LRP-1 system (Deane et al., 2004; Davis et
al., 2006). Hence, this transgenic model

provides a unique opportunity to test whether sufficient levels of
anti-A� antibodies enter the brain to facilitate clearance of A� in
the Tg-SwDI. Our initial immunization protocols used fibrillar
(fA�40-DI) or fA�42 peptide as antigens and Quil-A as the adju-
vant. However, the immune response by Tg-SwDI mice was poor,
with a low number of responders and generally low antibody
concentrations. We believe that the poor immune response to the
A�40-DI was attributable to the disruption of the A� T cell
epitope by inclusion of both the Dutch E22Q and Iowa D23N
mutations (Cribbs et al., 2003). Although antibody titers to im-
munization with fA�42 did modestly increase with multiple in-
jections, we reasoned that the failure to achieve clearance might
have been attributable to inadequate peripheral levels of anti-A�
antibodies, which limited the entry of antibodies to the CNS. In
the majority of our studies, Tg-SwDI mice were actively immu-
nized with a vaccine containing the major B cell epitope of A�
and non-self T cell epitope (Agadjanyan et al., 2005) and were

Figure 4. Affinity-purified anti-A� antibodies from Epi-A� vaccine immunized mice efficiently clear diffuse amyloid plaques
if delivered intracranially. A, Purified antibodies (2 �g in 2 �l of PBS) as well as IgG control antibodies were intracranially injected
into the left hippocampus of 14-month-old Tg-SwDI mice. A, Seven days later, brain sections were immunostained for A� with
6E10. Original magnification was at 20�. The NIH ImageJ program was used to quantitate A� immunopositive staining in tissues
sections from passively immunized (intracranial delivery of antibody) mice and IgG control mice. B, A� levels were reduced by
78 –95% in anti-A� antibody injected Tg-SwDI mice, whereas in the IgG control-injected mice, there was a slight increase in
A�-positive staining. C, The lack of effective immunotherapy in Tg-SwDI mice was not attributable to a decrease in the entry of IgG
into the brain, because similar levels of IgGs were detected in naive and immune Tg-SwDI, wild-type littermates, and Tg2576 brain
extracts. As an internal standard for protein load, anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibodies were
used. D, Amyloid peptides A�40-DI and A�42-DI accumulate in the plasma of 14-month-old naive Tg-SwDI mice at very low levels
when compared with the A�40 and A�42 plasma levels in naive Tg2576 mice of the same age.
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boosted monthly to maintain high titers of anti-A� antibody, but
we also vaccinated mice with fibrillar A�42. Both active and pas-
sive immunization (data not shown) failed to promote clearance
of A� or block deposition even when young prepathology Tg-
SwDI mice were immunized. This is particularly surprising con-
sidering the fact that, in the young (3.5 month) immunized Tg-
SwDI, they rapidly developed serum antibody titers of 200 �g/ml,
which is �50-fold higher than the titers reached in the AN1792
clinical trial. In addition, although previous studies with multiple
APP/Tg mouse models and the Elan AN1792 human clinical trial
have failed to show clearance of established cerebrovascular A�
deposits using an immunotherapy approach (Bacskai et al., 2001,
2002; Nicoll et al., 2003; Ferrer et al., 2004; Masliah et al., 2005),
this is the first report of a failure of anti-A� antibodies to block
A� accumulation in the cerebral vasculature.

Because the Dutch and Iowa mutations are present in the A�
generated in the Tg-SwDI mice, there is some concern regarding
the potential of this novel mutant peptide to alter the antibody-
mediated clearance of CNS A� in these Tg mice, which does not
reflect the situation in other APP/Tg mice that lack the DI muta-
tions and in AD patients. It is possible the lack of A� clearance in
the Tg-SwDI mice is because the antibodies induced by active
immunization do not properly recognize the A�-DI peptide in
the blood or the CNS in the Tg-SwDI mice. To address this pu-
tative concern, we performed a series of experiments to test the
functional properties of the antibodies induced by Epi-A� vac-
cine. As shown in Figure 1, the antibodies generated in the Tg-
SwDI mice recognize the human wild-type A� and the A�-DI
peptide equally well on an ELISA plate, they bind to plaques in
Tg2576 and Tg-SwDI mice equally well, and they bind mono-
mers, oligomers, and high-molecular-weight assemblies of
A�-DI peptide on a Western blot.

The salient hypothesis of the present study is that insufficient
levels of A�-specific antibodies enter the CNS to facilitate clear-
ance, and we show that equal levels of antibody get into the Tg-
SwDI mice as do in wild-type and Tg2576. Surprisingly, injection
of a small amount of affinity-purified anti-A� antibodies from
immunized Tg-SwDI mice into the hippocampus of older Tg-
SwDI mice with significant plaque deposition induced a rapid
clearance of A� deposits (Fig. 4). In this experiment, we injected
the same amount of antibody into the Tg-SwDI as other investi-
gators have used in various APP/Tg models (Oddo et al., 2004),
which represents �0.5% of antibody in the actively immunized
young Tg-SwDI mice, and we observed similar levels of amyloid
clearing.

Although there may be concerns regarding the biochemical
properties of the A�-DI peptide in the Tg-SwDI mice, we believe
that they provide a novel venue to test competing hypotheses
regarding the relative contribution of different mechanism(s) in-
volved in antibody-mediated clearance of A� from the CNS. Our
results provide support for the peripheral sink hypothesis as a
viable mechanism for anti-A� antibody-mediated clearance of
A� from the CNS when the BBB remains intact. However, relying
on a peripheral clearance mechanism for immunotherapy when
there are concerns regarding the loss of function in the aging
BBB, which results in a reduction in the efficiency of exporting
A� out of the CNS, as well as the risk of antibody-mediated
hemorrhages at sites of cerebral amyloid angiopathy, reduces en-
thusiasm for peripheral antibody-mediated reduction in the level
of A� in CNS. Alternatively, direct delivery of immunotherapy to
the CNS via mechanical pumps, viral vectors (Thomas et al.,
2001), or cell-based systems (Vasilevko and Cribbs, 2006) may
provide a more efficient form of therapy for treating AD patients

than active or passive immunization strategies in which the ma-
jority of the antibodies are in the periphery. Ultimately, refined
immunotherapy strategies remain promising for long-term re-
duction in the level of A� in the CNS.
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