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Intracranial Adeno-Associated Virus-Mediated Delivery
of Anti-Pan Amyloid �, Amyloid �40, and Amyloid �42
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Accumulation of amyloid � protein (A�) aggregates is hypothesized to trigger a pathological cascade that causes Alzheimer’s disease
(AD). Active or passive immunizations targeting A� are therefore of great interest as potential therapeutic strategies. We have evaluated
the use of recombinant anti-A� single-chain variable fragments (scFvs) as a potentially safer form of anti-A� immunotherapy. We have
generated and characterized three anti-A� scFvs that recognize A�1–16, A�x-40, or A�x-42. To achieve widespread brain delivery,
constructs expressing these anti-A� scFvs were packaged into adeno-associated virus (AAV) vectors and injected into the ventricles of
postnatal day 0 (P0) amyloid precursor protein CRND8-transgenic mice. Intracranial delivery of AAV to neonatal mice resulted in
widespread neuronal delivery. In situ expression of each of the anti-A� scFvs after intracerebroventricular AAV serotype 1 delivery to P0
pups decreased A� deposition by 25–50%. These data suggest that intracranial anti-A� scFv expression is an effective strategy to
attenuate amyloid deposition. As opposed to transgenic approaches, these studies also establish a “somatic brain transgenic” paradigm
to rapidly and cost-effectively evaluate potential modifiers of AD-like pathology in AD mouse models.
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Introduction
Numerous studies of Alzheimer’s disease (AD) support the hy-
pothesis that cerebral accumulation of amyloid � protein (A�)
triggers pathological changes leading to cognitive dysfunction.
Strategies to prevent A� aggregation by reducing A� levels or
targeting pathogenic A� aggregates are being developed (Golde,
2003). A� immunotherapies are potential AD therapeutics that
could work by reducing A� levels, enhancing clearance of A�
aggregates, neutralizing toxic aggregates, or combining some of
these mechanisms. In amyloid precursor protein (APP) trans-
genic mice, active A� immunization and passive immunization
with anti-A� monoclonal antibodies (mAbs) reduces cerebral A�
deposition, neuritic dystrophy, and gliosis and improves cogni-
tive deficits (Schenk et al., 1999; Bard et al., 2000; Bennett and
Holtzman, 2005). A clinical trial using aggregated A�1– 42 in
combination with QS-21 adjuvant was halted when �6% of the
vaccinated subjects developed meningoencephalitis (Orgogozo
et al., 2003; Gilman et al., 2005). However, patients who gener-

ated anti-A� antibodies had reduced cerebrospinal levels of tau
and showed a slower cognitive decline (Gilman et al., 2005;
Masliah et al., 2005). Because passive immunization with anti-A�
antibodies is theoretically safer than active vaccination with A�
peptides, several humanized anti-A� mAbs are currently being
evaluated in early-phase clinical trials.

Studies have suggested that to reduce A� deposition, it is not
necessary to use intact anti-A� antibodies (Bacskai et al., 2002;
Matsuoka et al., 2003; Wilcock et al., 2003; Tamura et al., 2005). It
may be possible to avoid potential side effects simply by targeting
A� with high-affinity binding agents that lack immune effector
functions. We have identified multiple anti-A� mAbs that
are effective as passive immunogens in APP mice (Levites et al.,
2006a) and generated recombinant single-chain variable frag-
ments (scFvs) from the hybridomas expressing these anti-A�
mAbs. We have injected adeno-associated virus serotype 1
(AAV1) vectors encoding anti-A�40-specific, anti-A�42-spe-
cific, and anti-pan-A� scFvs into neonatal CRND8 mice brains
and examined their effects on A� levels and plaque deposition.
Such studies establish a novel rapid, flexible, and cost-effective
paradigm for evaluating potential gene- or protein-based modi-
fiers of pathology in AD mouse models.

Materials and Methods
AAV construction and preparation
AAV was prepared by standard methods. Briefly, AAV vectors expressing
the scFv under the control of the cytomegalovirus enhancer/chicken
�-actin promoter, a woodchuck post-transcriptional regulatory element,
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and the bovine growth hormone, poly(A), were generated by plasmid
transfection with helper plasmids in HEK293T cells. Forty-eight hours
after transfection, the cells were harvested and lysed in the presence of
0.5% sodium deoxycholate and 50 U/ml Benzonase (Sigma, St. Louis,
MO) by freeze thawing, and the virus was isolated using a discontinuous
iodixanol gradient and affinity purified on a HiTrap HQ column (Am-
ersham Biosciences, Arlington Heights, IL). The genomic titer of each
virus was determined by quantitative PCR.

Mice
All animal husbandry procedures performed were approved by the Mayo
Clinic Institutional Animal Care and Use Committee in accordance with
National Institutes of Health guidelines under protocol A29803. To gen-
erate CRND8 mice, male CRND8 mice containing a double mutation in
the human APP gene (KM670/671NL and V717F) (Chishti et al., 2001)
were mated with female B6C3F1/Tac mice that were obtained from Tac-
onic (Germantown, NY). Genotyping of Tg2576 and CRND8 mice was
performed by PCR as described previously (Levites et al., 2006a). All
animals were housed three to five to a cage and maintained on ad libitum
food and water with a 12 h light/dark cycle.

mRNA isolation, cDNA synthesis, amplification of cDNAs
encoding variable heavy and variable light regions, and
construction of scFvs
mRNA was isolated from hybridoma cell lines using an mRNA isolation
kit (Qiagen, Chatsworth, CA). cDNA was synthesized using Moloney
murine leukemia virus reverse transcriptase (Promega, Madison, WI)
and random hexamers. The cDNA was then poly(G)-tailed with terminal
transferase (New England Biolabs, Beverly, MA). cDNAs encoding the
variable heavy (VH) and variable light (VL) chains were amplified using
anchor PCR with a forward poly(C) anchor primer and a reverse primer
specific for a constant region sequence of IgG2a (for pan Ab) and IgG1
for Ab40.1 and Ab42.2, as described by Gilliland et al. (1996). PCR prod-
ucts were then sequenced using the same primers, and the consensus VH

and VL subunits were determined. cDNAs encoding scFvs of three
anti-A� antibodies were constructed by ligating the VH and VL cDNAs in
VH-linker-VL orientation separated by a Gly4Ser3 linker. Nonspecific
scFv (scFv ns) was randomly obtained from a phage library (Medical
Research Council, Cambridge, UK) and showed no affinity to A�.

Fibrillar A� pulldown assays
One milliliter of conditioned media from HEK293T cells transiently
transfected with pSecTag plasmids encoding the anti-A� scFv was incu-
bated with 10 �g of fibrillar A�40 or A�42 [fibrillar A� (fA�)] at 4°C for
1 h. The fibrils were then spun down and resuspended in SDS-PAGE
loading buffer. The presence of scFv was determined by Western blot
with rabbit anti-His (Bethyl Laboratories, Montgomery, TX). To deter-
mine the A�40 binding properties of scFv secreted into the media, cap-
ture ELISA was used with A�40 peptide as capture and anti-c-myc-HRP
(1:2000; Invitrogen, San Diego, CA) as detection.

Neonatal injections. The following procedure was adapted from Passini
and Wolfe (2001). Briefly, postnatal day 0 (P0) pups were cryoanesthe-
tized on ice for 5 min. Two microliters of AAV–scFv were injected intra-
cerebroventricularly into both hemispheres using a 10 ml Hamilton sy-
ringe with a 30 gauge needle. The pups were then placed on a heating pad
with their original nesting material for 3–5 min and returned to their
mother for further recovery.

Analysis of A� in the brain. The following antibodies against A� were
used in the sandwich capture ELISA: for brain A�40, Ab9 capture with
Ab40.1-HRP detection; for brain A�42, Ab42.2 capture with Ab9-HRP
detection. Biochemical A� analysis and immunohistochemical analyses
were performed as described by Levites et al. (2006a).

Measurement of scFv levels in the brain and A�–scFv complex in the
plasma. The levels of scFv expressed in the brain were evaluated after
immunoprecipitation with anti-His antibody from a radioimmunopre-
cipitation assay (RIPA) brain extract, followed by Western blotting and
detection with anti-c-myc antibody. A recombinant control protein,
Positope (Invitrogen), with the c-myc tag was used as a standard to
calculate the amount of c-myc-tagged scFv. Immunoprecipitation effi-
cacy of �40% was determined by spiking a noninjected brain lysate with

100 �l of conditioned media from scFv-transfected cells and comparing
the amount of scFv immunoprecipitated with the amount present in the
original media. Densitometric analysis of the c-Myc-positive bends was
performed using Odyssey software version 1.2. To measure the A�–scFv
complex in the plasma, ELISA was performed with a mAb against the free
end of an A� peptide as capture (for scFv9, mAb40.1; for scFv40.1 and
scFv42.2, mAb9) and anti-c-myc–HRP as detection.

Statistical analysis
One-way ANOVA followed by the Dunnett’s multiple-comparison tests
were performed using the scientific statistic software GraphPad Prism
(version 4; Graph Pad, San Diego, CA).

Results
Construction and characterization of the scFvs
scFvs were cloned from hybridomas expressing an anti-A�1–16
mAb9 (IgG2ak), anti-A�40-specific mAb40.1 (IgG1k), and anti-
A�42-specific mAb42.2 (IgG1k). The parent antibodies show
high specificity for A�, recognize amyloid plaques, and effectively
attenuate amyloid deposition when administered to young
Tg2576 mice (Levites et al., 2006a). The amino-acid sequences of
scFv9, scFv40.1, scFv42.2 (derived from anti-A�1–16 mAb9,
A�x-40-specifc mAb40.1, and anti-A�x-42-specific mAb42.2,
respectively) are shown in Figure 1A along with a non-A�-
binding scFv ns used as a control.

Before testing the effects of the scFv in vivo, we characterized
the anti-A� scFvs expressed from HEK293T cells. Anti-A� scFvs
are detected both in the 1% Triton cell lysate and in the condi-
tioned media after transient transfection (Fig. 1B). The �28 kDa
band detected on an SDS-PAGE gel with an anti-His antibody
represents monomeric scFvs secreted from the cells. ScFvs can
also be visualized in the cell by immunocytochemistry with an
anti-6XHis antibody (data not shown). To show that the scFvs
bind A�, we used a fA� pulldown assay (see Materials and Meth-
ods). After fA�42 pulldown, an �29 kDa band was detected from
the conditioned media of cells transfected with scFv9 and
scFv42.2 but not scFv40.1, whereas after fA�40 pulldown, a 29
kDa band is detected from the conditioned media of cells trans-
fected with scFv9 and scFv40.1 but not scFv42.2 (Fig. 1C). In
addition, when conditioned media was loaded on an A�40-
coated ELISA plate and the bound scFv was detected with HRP-
conjugated anti-myc antibody, the media from scFv9- and
scFv40.1-transfected cells gave a significant signal. When the
same media was administered to an ELISA plate coated with
A�42, a significant signal was only seen from scFv9- and
scFv42.2-secreting cells (Fig. 1D), confirming the pulldown data.
These scFvs were also able to detect amyloid plaques on paraffin
sections from brains of old Tg2576 mice (Fig. 1E). Collectively,
these data demonstrate that the three anti-A� scFvs maintain the
binding properties of the parent mAbs.

Intracranial expression of green fluorescent protein and anti-
A� scFv using AAV1 transduction of the neonatal brain
Injection of AAV1 into the cerebral ventricles of newborn mouse
pups has been reported to result in widespread neuronal trans-
duction and life-long expression of the packaged gene (Passini et
al., 2003). We therefore bilaterally injected into the cerebral lat-
eral ventricles of P0 Swiss-Webster mice, AAV1 encoding hu-
manized green fluorescent protein (hGFP) (2 � 10 10 genome
particles/ventricle). GFP expression was detected by green fluo-
rescence at 3 weeks and 10 months after injection (Fig. 2A). The
most striking expression was seen in the neuronal cell layers of
hippocampal CA1 to CA3 region, choroid plexus, and ependymal
cells lining the ventricle. hGFP-positive signals were also detected
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in the periventricular areas and the frontal cortex. Injection of
10-fold higher titers of AAV1– hGFP (total 4 � 10 11 genome
particles) resulted in localized green fluorescence in the choroid
plexus and in a single layer of cells around the ventricle (data not
shown). In pups injected at P1 or P2, the transduction of AAV1,
as visualized by hGFP expression, was dramatically reduced with
expression localized to the periventricular region (data not
shown). GFP expression is more readily detected in neuronal cell
bodies 3 weeks after injection but redistributes into neuronal
processes by 10 months of age. No toxic side effects or mortalities

after the operation were observed in
CRND8 mice injected with AAV1– hGFP
at any stage of the experiment.

Having confirmed the ability of AAV1
to mediate widespread delivery of a trans-
gene to P0 mouse pups, we injected new-
born P0 CRND8 mice as well as nontrans-
genic littermates with AAV1 vectors
encoding the various anti-A� scFvs (2 �
10 10 genome particles/ventricle). Three
weeks after the injection, scFv expression
was detected by immunohistochemistry
with anti-His antibody throughout the
brain (Fig. 2B). The distribution of each
anti-A� scFv was similar to each other and
to hGFP, thus demonstrating that wide-
spread delivery of the transgene was
achieved using AAV1 vectors. Cell body
staining was noted despite scFv being a
secreted protein; a general increase in the
background was also observed, possibly
attributable to secreted scFv or scFv
present in neuronal processes. The
amount of anti-A� scFv expressed in
the brain at steady state was determined in
the nontransgenic littermates 3 months af-
ter injection, as described in Materials and
Methods. The levels of scFv9, scFv40.1,
and scFv42.2 were 1.1 � 0.42, 2.4 � 0.9,
and 2.0 � 0.2 pmol/g, respectively.

Anti-A� scFv reduces A� deposition in
CRND8 mice
Initial studies were performed with the
anti-pan A� scFv9 and the anti-A�42-
specific scFv42.2. Control mice were in-
jected with AAV1– hGFP. After the P0 in-
jection, CRND8 mice were killed at 5
months, and A� levels were analyzed in
the brain. Both anti-A� scFvs significantly
attenuated A�40 and A�42 levels in SDS-
soluble and SDS-insoluble, formic acid
(FA)-soluble extracts (Fig. 3). ScFv9 and
scFv42.2 reduced SDS and FA A�40 and
A�42, respectively, and appeared to de-
crease immunoreactive A� loads as well
(Fig. 3). A second, more complete study
was then conducted in CRND8 mice. After
P0 injection of AAV expressing scFv9,
scFv42.2, and scFv40.1, brain A� levels
were analyzed in CRND8 mice at 3 months
of age. In addition to a PBS injection con-
trol, we also used an AAV1 expressing a

scFv ns, which has no affinity to A� as an additional control
group. A� levels in scFv ns-treated mice were not significantly
different from control mice injected with PBS (Fig. 4B,C). In all
scFv-treated mice, plaque loads were decreased significantly (Fig.
4A,B). A�40 and A�42 levels in the SDS-soluble fraction were
also reduced significantly by all scFvs (Fig. 4C) as follows: scFv9
(25 and 20% reduction in A�40 and A�42, respectively);
scFv40.1 (40% reduction in both A�40 and A�42); and scFV42.2
(30 and 20% reduction in A�40 and A�42, respectively). The
largest effect was demonstrated by scFv40.1, which was possibly

Figure 1. Expression and binding properties of anti-A� scFvs. HEK293T cells were transiently transfected with scFv9, scFv40.1,
and scFv42.2 in pSecTag. A, The sequence alignment of the anti-A� scFvs. B, Western blot of a 1% Triton lysate and conditioned
media, detected with anti-His primary antibody and anti-rabbit-HRP secondary antibody, showing expression of the anti-A�
scFvs. C, Western blot of a pull down of conditioned media with fA�, detected with anti-His primary antibody and anti-rabbit-HRP
secondary antibody, showing that the anti-A� scFvs maintain the binding selectivity of the parent antibodies. D, Conditioned
media from scFv9-, scFv40.1-, and scFv42.2-transfected cells was tested in an ELISA with A�40 or A�42 as capture and anti-c-
myc–HRP as detection. *p � 0.01 versus control. E, Paraffin sections of Tg2576 mice brains were stained with conditioned media
from scFv-transfected cells (bottom) and anti-His primary antibody or with a corresponding parent anti-A� mAb (top). Repre-
sentative plaque staining is shown. Magnification, 200�.
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attributable to a higher expression level in the mouse brain. In
this study, there was insufficient A� present in the FA fraction (in
3-month-old mice) to make any reliable measurements. None of
these studies showed any untoward side effects; no evidence for
microhemorrhage was seen with Prussian Blue staining, and low
levels of cerebral amyloid angiopathy (CAA) present in 5-month-
old mice were decreased by scFv treatment (data not shown).

A complex of scFv bound to A� was detected in the plasma of
CRND8 mice by ELISA with an antibody specific to a free end of
A� as capture and anti-c-myc–HRP as detection. For scFv9, we
used mAb40.1 as capture, and for scFv40.1 and scFv42.2, mAb9
was used as capture (Fig. 4D). The highest relative level of the
scFv–A� complex was detected for scFv40.1. This result suggests
that scFv alone, or in a complex with A�, is cleared from the brain
to the plasma.

Discussion
These studies demonstrate that intracranial expression of multi-
ple anti-A� scFvs are effective at reducing A� deposition in an
AD mouse model. These findings are similar to a recent report in
which AAV vectors were used to express a single anti-A� scFv in
the cortex and hippocampus of APPSwe Tg2576 mice (Fukuchi et
al., 2006), although no appropriate controls were used in that
study. These data add to a growing body of findings demonstrat-
ing that an intact antibody is not required to effectively attenuate
A� deposition in the brain. Although microhemorrhage has been
associated with passive immunotherapy in some studies, it is not
a consistent consequence of anti-A� mAb administration (Chau-
han and Siegel, 2004; Wilcock et al., 2004; Racke et al., 2005;
Levites et al., 2006a). No adverse effects were noted after scFv
administration in this study. As in our previous studies, in which
the parent mAbs were peripherally administered to APP mouse
models (Levites et al., 2006a), CAA was reduced by these anti-A�
scFvs, and there was no evidence for microhemorrhage. How-
ever, because anti-A�-induced microhemorrhage has only been
reported in old APP mice with robust CAA (Pfeifer et al., 2002), it

Figure 2. Expression of an anti-A� scFv in the neonatal mouse brain using AAV1. A, P0
Swiss-Webster pups were injected intracerebroventricularly with AAV1– hGFP, a total of 4 �
10 12 genomes. AAV expression in a mouse brain 3 weeks and 10 months after injection. Mag-
nification: top, 40�; bottom, 200�. B, Newborn CRND8 mice were injected intracerebroven-
tricularly with AAV1 scFv. After 3 weeks, brain paraffin sections were analyzed for scFv expres-
sion using anti-His primary antibody and anti-rabbit secondary antibody. Magnification,
200�. C, Representative Western blot of a rabbit anti-His immunoprecipitation from brains of
scFv-treated CRND8 mice, detected with chicken anti-c-myc primary antibody and anti-chicken
HRP secondary antibody, showing the anti-A� scFvs expressed in the brain.

Figure 3. Anti-A� scFvs attenuate A� deposition in 5-month-old CRND8 mice. Newborn
CRND8 mice were injected intracerebroventricularly with AAV1 scFv9 and scFv42.2. Control
mice received AAV1– hGFP. Five months later, mice were killed after treatment; one hemibrain
was processed for immunohistochemistry, and the other was processed for biochemical analy-
sis. A, Representative immunostained sections for amyloid plaques from brains of scFv-treated
CRND8 mice. Magnification, 40�. B, A� levels in the SDS-soluble and SDS-insoluble FA-soluble
fractions analyzed by A� sandwich ELISA. n � 5; *p � 0.05 versus control.
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is also possible that the lack of microhemorrhage in 5-month-old
CRND8 mice might be attributed to the modest levels of CAA
present. Such data suggest that delivery of anti-A� scFvs might be
a safe therapeutic modality for the treatment or prevention of AD
by using scFv derived from mAbs that are well characterized.

There are four rather curious aspects to our current data. First,
one might predict that intracranial expression of the anti-A� scFv
might lead to a more robust reduction in A� deposition. In pre-
vious studies, we and others have found that very little anti-A�
mAb enters the brain after active or passive immunization in
mice (Bard et al., 2000; DeMattos et al., 2002; Banks et al., 2005).
We have never been able to detect the anti-A� mAbs using sen-
sitive immunocytochemical staining methods, and biochemical
methods indicated that �0.1% (�1 pm/g brain) of peripherally
administered mAbs enter the brain. Moreover, the mAb–A�
complex is very stable but rapidly cleared from the brain; thus,
after passive administration, a very small amount of anti-A�
mAbs enters the brain and is only present in a free state to bind
A� (at least in mice with high levels of plasma A�) for short
periods of time (�12 h) (Levites et al., 2006b). Because the neo-
natal injections of the AAV1 vectors results in widespread pro-
duction of the anti-A� scFvs in situ, it is somewhat surprising that
the reduction in A� deposition is similar to that seen with periph-
eral administration of the parent mAbs. The steady-state level of
the anti-A� scFvs expressed in the brain in the current studies
ranges from �1.1 to 2.4 pmol/g. Given the scFv is expressed
constitutively in the CNS, additional kinetics studies will be
needed to determine its half life in the brain and to estimate what
levels of expression will lead to optimal efficacy. Although this
method likely delivers more anti-A� to the brain than peripheral
administration, additional studies will be needed to determine
whether the lack of a more robust reduction is attributable to a
general limitation of the anti-A� immunotherapy approach,
some limitation inherent to the scFvs we have used (e.g., stability,
affinity or target epitope), or some limitation of the immunother-

apy approach in the CRND8 mouse model
that has an extremely rapid onset of A�
deposition. Second, we find no significant
difference in the ratio of the deposited
A�40 and A�42, despite the fact that we
are expressing different anti-A� scFvs that
recognize total A� (scFv9, anti-A�1–16),
A�x-40 (scFv40.1), and A�x-42
(scFv42.2). Again, these studies are similar
to the data obtained using the parent anti-
bodies as passive immunogens (Levites et
al., 2006a). Given that shifting the ratio
of A�40/A�42 has profound effects on
A� deposition (Borchelt et al., 1996;
McGowan et al., 2005), such data would
suggest that the anti-A� antibodies and
scFvs are not likely to be working by tar-
geting monomeric A�. If they were target-
ing monomeric A� and shifting the ratio
of A�40/A�42, one might predict that this
would affect both the overall level and the
ratio of the deposited A�. Third, we find
that the most effective anti-A� scFv ap-
pears to be the one that selectively targets
A�40. At the present time, we have insuf-
ficient data to precisely determine what
makes one anti-A� scFv more effective
than others, although it is interesting to

note that the scFv40.1 may be expressed at higher levels both in
vitro and in vivo. Fourth, we find evidence for a complex of A�
and the anti-A� scFv in the plasma, suggesting that the anti-A�
scFvs are transported out of the brain either as a preformed com-
plex with A� or binds A� in the plasma. However, the presence of
the anti-A� scFv–A� complex in the plasma does not result in an
overall increase in plasma A� levels.

The ability to achieve widespread, apparently permanent ex-
pression of genes delivered intracerebroventricularly by AAV1 to
P0 mice establishes a novel cost and time-effective paradigm in
which to validate therapeutic targets or strategies in existing AD
mouse models. Such data extend studies whereby AVV1-
mediated delivery of a transgene is used to attenuate pathology in
mouse models of lysosomal storage disease (Passini et al., 2003).
We believe that a useful term for this technology is “somatic brain
transgenics.” Given the time and expense of creating transgenic
mice to validate targets, the somatic brain transgenic technology
is highly enabling and should advance the speed in which poten-
tial modifiers of AD pathology can be can be evaluated in vivo.
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