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Alzheimer’s disease (AD) is a progressive dementing 
disorder characterized by age-related amyloid-beta (Aβ) 
deposition, neurofibrillary tangles, and synapse and neu-
ronal loss. It is widely recognized that Aβ is a principal 
pathogenic mediator of AD. Our goal was to develop 
an immunotherapeutic approach, which would specifi-
cally lead to the clearance and/or neutralization of Aβ 
in the triple transgenic mouse model (3xTg-AD). These 
mice develop the amyloid and tangle pathologies and 
synaptic dysfunction reminiscent of human AD. Using 
a human single-chain variable fragment (scFv) antibody 
phage display library, a novel scFv antibody specific to 
Aβ was isolated, its activity characterized in vitro, and its 
open reading frame subsequently cloned into a recom-
binant adeno-associated virus (rAAV) vector. Three-
month-old 3xTg-AD mice were intrahippocampally 
infused with serotype-1 rAAV vectors encoding Aβ-scFv 
or a control vector using convection-enhanced delivery 
(CED). Mice receiving rAAV1-Aβ-scFv harbored lower 
levels of insoluble Aβ and hyperphosphorylated tau, and 
exhibited improved cognitive function as measured by 
the Morris Water Maze (MWM) spatial memory task. 
These results underscore the potential of gene-based 
passive vaccination for AD, and provide further rationale 
for the development of Aβ-targeting strategies for this 
debilitating disease.
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Introduction
Amyloid-beta (Aβ) has emerged as a key player in the patho
genesis of Alzheimer’s disease (AD),1 and has been implicated in 
driving the emergence of other neuropathological manifestations 
of AD, including neurofibrillary tangles, synaptic dysfunction, 

and eventual neuronal demise.2–4 Several groups have approached 
the challenge of developing a treatment for AD by employing 
immunotherapeutic strategies designed to specifically target Aβ 
with promising results.5,6 A subset of AD patients receiving active 
vaccinations with fibrillarized Aβ1–42 and an adjuvant in a phase II 
clinical trial unexpectedly developed severe brain inflammation.7 
Significant titers of circulating anti-Aβ antibodies were detected 
in patients, as well as altered amyloid plaque deposition patterns 
at autopsy.8 Follow-up studies have suggested that the observed 
aseptic meningoencephalitis was caused by infiltrating T-cells or 
an Fc-mediated response from incitement of an inflammatory 
TH1-driven anti-Aβ immune response during vaccination.7,9

Safer alternatives to active immunization are being consid-
ered, including several which aim to employ passive vaccination 
with monoclonal antibodies. Full-length antibodies possess an Fc 
domain, which engages cytotoxic effector functions through com-
plement and mediates binding to the Fc-receptor on phagocytes.10 
This could induce anti-antibody immune responses over time that 
may diminish therapeutic efficacy or even potentiate inflamma-
tory reactions within the AD brain.11 Others have demonstrated 
Aβ clearance can be achieved using antibody fragments that lack 
the Fc domain.12–14 We hypothesized that delivery of a recombinant 
adeno-associated viral (rAAV) vector harboring a gene encoding 
a single-chain variable fragment (scFv) antibody directed against 
Aβ would facilitate its clearance, mitigate downstream pathologi-
cal cascades, and lead to improved cognitive function. scFvs are 
composed of a variable heavy and variable light chain connected 
by a linker, which is expressed as a single polypeptide. The flex-
ible 14-amino acid linker permits the variable heavy and vari-
able light chains freedom to align in the correct antigen binding 
orientation.15,16

rAAV vector-mediated delivery of scFv genes has distinct advan-
tages over chronic/intermittent infusion of full-length antibodies, 
including long-term gene expression, low immunogenicity, and 
wide brain parenchymal distribution. Additional benefits, including 
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lack of an Fc region, relate to the small size of scFvs (~30 kd), which 
enhances tissue penetration. Other investigators have applied rAAV 
technology for the delivery of scFv genes to target Aβ.17–19 Although 
they have reported significant clearance of Aβ and lack of vector-
associated toxicity, our present study addresses two unanswered 

issues relating to the effects of chronic anti-Aβ scFv expression on 
tau pathology and learning and memory behavior.

Using a human scFv phage display library, we isolated a novel 
scFv antibody specific to Aβ, which was characterized in vitro 
and its gene subsequently packaged into a rAAV vector. Triple 
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Figure 1  Isolation and characterization of an Aβ-specific scFv antibody from a human scFv phage display library. Aβ antigen was used to coat 
96-well plates and the phage library was added. Aβ-binding clones were isolated and successively panned and enriched over a total of three rounds. 
(a) The resultant phage clones were tested by phage ELISA to determine whether their displayed scFvs were specific to Aβ monomer, Aβ oligomer, 
or both. Clone #2, recognizing both monomer and oligomer, was chosen for subsequent studies and named “Aβ-sFv.” The scFv gene was subcloned 
into a mammalian expression vector pSecTag2 (Invitrogen). (b) Mammalian expression testing of scFv clones. A schematic representation of the 
pSecTag2-scFv construct is shown to illustrate the CMV promoter (black) and the open reading frame elements (gray), including the murine Ig κ-chain 
secretion signal, the scFv sequence (either Aβ-scFv or Phe-scFv, a nonrelevant control) and the carboxy-terminal c-myc epitope and hexahistidine 
tags. The pSecTag2-scFv plasmids were transiently transfected into BHK cells. Culture media (CM) was harvested 48 hours following transfection and 
analyzed via SDS-PAGE and ELISA. The myc epitope tags, on the c-terminus of the scFv, were detected by western blot using an HRP-conjugated anti-
myc antibody (Invitrogen). Ninety-six well plates were coated with Aβ peptide and the harvested CM was subsequently added to the well. Unbound 
proteins were washed away and the anti-myc-HRP antibody was then used to detect the scFv that remained bound to the well. An unpaired t-test was 
performed to determine significant differences (P = 0.0019). (c,d) Aβ-scFv epitope mapping. Full-length Aβ monomer was coated onto plastic wells, 
Aβ-scFv (produced in mammalian cells) was preincubated with equimolar concentrations of various Aβ peptide fragments before being added to these 
wells. After incubating for 2 hours, unbound Aβ-scFv was washed from the wells and an anti-myc HRP conjugated antibody was used to detect the 
presence of bound Aβ-scFv. Low absorbance indicates that a peptide fragment bound to Aβ-scFv thereby blocking its interaction with the Aβ monomer-
coated well. High absorbance indicated that Aβ-scFv was not specific for the peptide competitor fragment. Large peptide fragments were used initially  
(c) to narrow down a region of interest, followed by overlapping octa-peptides from amino acids 1–8 through 8–15. A one-way ANOVA was per-
formed (c) P < 0.0001; (d) P < 0.0001 with a Bonferroni’s post-test to compare all columns to the no-peptide negative control (**P < 0.01; ***P < 
0.001). (e) Aβ-scFv- and (f) Phe-scFv-containing culture media was used to stain brain tissue from 24-month-old 3xTg-AD mice and an anti-myc HRP 
antibody was used for detection with DAB development. The CA1 region of the hippocampus is shown. 3xTg, triple transgenic; AD, Alzheimer’s dis-
ease; ANOVA, analysis of variance; Aβ, amyloid-beta; BHK, baby hamster kidney; CMV, cytomegalovirus; ELISA, enzyme-linked immunosorbent assay; 
HRP, horseradish peroxidase; scFv, single-chain variable fragment; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
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transgenic (3xTg-AD) mice, which develop age-related amy-
loid and tau pathologies and early cognitive deficits,20,21 received 
bilateral hippocampal stereotactic infusions using convection-
enhanced delivery (CED).22 Treatment of 3-month-old 3xTg-AD 
mice resulted in decreased amyloid burden, decreased tau hyper-
phosphorylation, and improved spatial learning by 12 months of 
age.

Results
Isolation and in vitro characterization  
of an Aβ-specific scFv antibody
Isolation of an scFv specific to Aβ was accomplished by exploiting 
a phage display library expressing scFvs of human immuno
globulin.23 The display of human scFv antibodies on the phage 
surface occurs via fusion to the phage M13 pIII minor coat pro-
tein (Supplementary Figure S1). Selection of the library was per-
formed on a synthetic Aβ peptide preparation, which included 
monomer as well as low- and high-order oligomers. The general 
binding specificity of the resultant phage clones was assessed by 
phage enzyme-linked immunosorbent assay (ELISA) (Figure 1a). 
Of the 24 clones chosen, 19 were reactive to some form of Aβ 
above background levels, 12 of which harbored unique coding 
sequences. From sequence analysis clones #1 and 2 were most 
abundant each present four and nine times, respectively. Clone 
#2, which recognized monomer and oligomer equally well, was 
chosen for subsequent study and named “Aβ-scFv.” Genes for 
Aβ-scFv and Phe-scFv, a nonrelevant control scFv antibody that 
recognizes the hapten Phenobarbital,24 were subcloned into the 
mammalian expression vector, pSecTag2 (Invitrogen, Carlsbad, 
CA) (Figure  1b). Transient transfection of pSecTag2-scFv plas-
mids into baby hamster kidney cells yielded culture media (CM)-
containing scFv protein for characterization. Western analysis 
demonstrated both Phe-scFv and Aβ-scFv protein bands at the 
expected molecular weight (~30 kd; Figure  1b). Aβ-scFv main-
tained its original binding specificity after expression from mam-
malian cells as demonstrated by scFv ELISA. Aβ-scFv bound Aβ 
protein significantly greater than Phe-scFv (Figure 1b). Aβ-scFv 
epitope mapping was performed to further elucidate its binding 
characteristics (Figure  1c,d). To determine the cognate epitope 
recognized by Aβ-scFv, large peptide fragments were initially 
employed (Figure 1c). Peptide fragments within the N-terminus 
of Aβ were able to partially compete with Aβ1–42 monomer for 
Aβ-scFv. Aβ1–11 and Aβ1–28 were found to significantly, but incom-
pletely, block binding when compared to the no-peptide control, 
whereas full-length Aβ1–42 completely blocked binding. Eight 
overlapping N-terminal octa-peptides were tested to compete for 
Aβ-scFv binding to full-length Aβ-coated wells, given the partial 
inhibition of binding by Aβ1–11 and Aβ1–28 (Figure 1d). None of the 
octa-peptides blocked binding of Aβ-scFv to Aβ1–42 monomer-
coated wells, suggesting Aβ-scFv recognizes a conformational or 
discontinuous epitope of Aβ1–42 that includes amino acids at the 
N-terminus. Aβ-scFv (Figure 1e) and Phe-scFv-containing CM 
(Figure 1f) was used to stain tissue from 24-month-old 3xTg-AD 
mice. Aβ-scFv stained cell-associated Aβ, as well as extracellular 
plaques throughout areas of the cortex, hippocampus, subiculum 
and entorhinal cortex, whereas Phe-scFv did not exhibit specific 
staining.

Aβ-scFv binds Aβ and prevents toxicity in vitro
We next sought to determine whether expression of Aβ-scFv by 
a neuronal cell line could disrupt Aβ secretion/detection in vitro 
(Figure  2a). Neuro2a cells, a neuronal immortalized cell line, 
were cotransfected with an amyloid precursor protein (APP) 
Swedish mutation (APPswe) transgene-expressing plasmid and a 
plasmid containing the gene for Aβ-scFv, Phe-scFv or an empty 
vector; levels of secreted Aβ were subsequently measured. Cells 
transfected with APPswe/empty vector and APPswe/Phe-scFv 
secreted similar concentrations of Aβ1–42 into the CM, which were 
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Figure 2  Aβ-scFv antibody reduces detection of secreted Aβ and 
mitigates Aβ-mediated toxicity in vitro. (a) Neuro2a cells were cotrans-
fected with a human APP Swedish mutation (APPswe) transgene and a 
plasmid containing the gene for Aβ-scFv, Phe-scFv, or an empty vector. 
Aβ, secreted from the transfected cells into the culture media, was mea-
sured by ELISA (Covance BetaMark x-42 kit, Covance). Cells undergo-
ing transfection conditions without DNA served as a control to establish 
background levels for the assay. A one-way ANOVA was performed (P = 
0.0007) with Bonferroni’s post-test (**P < 0.01). (b) Primary cortical neu-
rons were treated on day in vitro 8 with 5 μmol/l synthetic Aβ1–42 pep-
tide, Aβ42–1 reverse peptide, or vehicle only. The Aβ peptides aggregated 
under conditions which induced an array of species including monomer, 
low- and high-order oligomers, and trace amounts of insoluble aggre-
gates. CM-containing Phe-scFv and Aβ-scFv was purified using HisPur 
cobalt spin columns (Pierce). The purified scFv proteins were incubated 
with the Aβ1–42 peptide, Aβ42–1 reverse peptide, vehicle, or regular media 
for 1 hour before addition to the cortical neurons. Forty-eight hours 
following treatment cell viability was assessed using an MTS reduction 
assay (Promega, Madison, WI) and absorbance measure at 490 nm. 
A two-way ANOVA was used to determine differences in treatment (P < 
0.0001), scFv type (P < 0.05) and interaction between those variables 
(P = 0.1471) with a Bonferroni’s post-test (*P < 0.05). ANOVA, analysis of 
variance; Aβ, amyloid-beta; APPswe, amyloid precursor protein Swedish 
mutation; CM, culture media; ELISA, enzyme-linked immunosorbent 
assay; scFv, single-chain variable fragment.
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significantly higher than what was detected from cells cotrans-
fected with APPswe/Aβ-scFv. Aβ-scFv is blocking secretion of 
Aβ and/or binding secreted Aβ and preventing its detection by 
obscuring its epitope. These results suggest that neuronal Aβ-scFv 
expression can effectively interact with Aβ in a cell culture context, 
but does not speak to whether Aβ-scFv blocks Aβ-induced neuro-
toxicity. We subsequently incubated Aβ1–42 with purified Aβ-scFv, 
Phe-scFv, or media, and added these samples to primary mouse 
cortical neurons. An MTS-based viability assay demonstrated 
that neurons incubated with Aβ peptide and Phe-scFv exhibited 
significantly lower viability than neurons treated with Aβ peptide 
and Aβ-scFv (Figure 2b).

In vivo Aβ-scFv delivery to 3xTg-AD mice  
via a serotype-1 AAV vector
Aβ-scFv and Phe-scFv were subcloned into recombinant adeno-
associated viral (rAAV) vectors (Figure  3a), packaged into 

serotype-1 particles, and tested by HEK293A transduction 
and western blot to confirm expression (data not shown). AAV 
serotype-1 capsids are neurotropic and demonstrate increased 
transduction efficiencies and enhanced parenchymal spread as 
compared to the more commonly utilized serotype-2.25 Three-
month-old 3xTg-AD mice, which develop age-related amyloid 
and tau pathologies reminiscent of human AD, were initially 
trained in the Morris Water Maze (MWM) behavioral paradigm 
and were required to meet performance criteria before their fur-
ther inclusion in the study (Figure 3b). Mice meeting performance 
criteria were randomized into treatment groups and received ste-
reotactic bilateral hippocampal injections of rAAV1‑Aβ-scFv or 
rAAV1-Phe-scFv employing CED.22 Each mouse was trained and 
tested again on the MWM at 8 and 12 months of age. Twelve-
month-old mice were sacrificed and their brains collected for 
immunohistochemical (IHC) and biochemical analyses. IHC 
analysis of in vivo scFv expression was performed using an anti-
myc antibody. Mice receiving no injection (Figure 3c,f) showed 
only background levels of myc epitope staining. 3xTg-AD mice 
receiving rAAV1-Phe-scFv (Figure  3d,g) and rAAV1-Aβ-scFv 
(Figure 3e,h) harbored staining in and around cell bodies of the 
hippocampus, expanding both rostrally and caudally from the 
injection site. In a few mice scFv expression appeared to extend 
just anterior to the hippocampus with extremely low levels of scFv 
protein detected in tissue surrounding the ventricular space (data 
not shown), however, scFv expression in the majority of animals 
was isolated to the hippocampus.

Impact of rAAV1 Aβ-scFv on learning and memory
The MWM is a behavioral test wherein the location of a hidden 
platform must be learned and remembered. At 3, 8, and 12 months 
of age, each mouse was required to learn a new platform location. 
Latency to reach the platform was used as a measure of perfor-
mance (Figure 4a–c). Mice at 3 and 8 months of age did not exhibit 
any differences between treatment groups (3 months, P = 0.2809; 
8 months, P = 0.3118), but did demonstrate their ability to learn 
over the 5 days of training (3 and 8 months, P < 0.0001). Latencies 
of 12-month-old mice (Figure  4c) treated with rAAV1-Aβ-scFv 
were shorter than mice treated with rAAV1-Phe-scFv (P = 0.0535), 
with significant differences in means at day 2 (post-test, P < 0.05). 
Both treatment groups at 12 months were still able to learn over the 
course of 5 days (P < 0.0001), but these data demonstrate 3xTg-AD 
mice infused with rAAV encoded Aβ-scFv learned the new plat-
form location more quickly. Probe trials consisted of a 30-second 
swim where the platform had been removed from the pool. Probe 
trials served two purposes: to control for the possibility that mice 
could “sense” the platform location and to test short and long-term 
memory. Two probe trials were administered 1.5 and 24 hours after 
the final training trial on the fifth day (Figure 4d,e). One measure 
to assess probe trial performance is the amount of time spent in 
the goal quadrant. By the fifth day of training, both rAAV1-Phe-
scFv- and rAAV1-Aβ-scFv-treated mice had learned the plat-
form location equally well and there were no differences between 
groups on probe trial measures. Cumulative index is a measure 
that assesses how much a subject deviates from an ideal path to the 
goal (Figure 4f). Lower cumulative indexes denote a more direct 
path was taken. rAAV1-Aβ-scFv-treated mice exhibited lower 
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Figure 3 E xperimental design and in vivo Aβ-scFv expression from 
AAV1 constructs. (a) A schematic representation of the rAAV expres-
sion cassette. Inverted terminal repeat (ITR) sequences flank the CMV 
promoter (black) and the open reading frame elements (gray). The 
open reading frame consists of the murine Ig κ-chain secretion signal, 
the scFv sequence (either Aβ-scFv or Phe-scFv) and the carboxy-terminal 
c-myc epitope and hexahistidine tags. rAAV-scFv constructs were pack-
aged into serotype-1 rAAV capsids. (b) Experimental timeline: 3xTg-AD 
mice were trained on the MWM at 3 months of age. If predetermined 
criteria of learning and memory performance were met, a mouse was 
included in the study. Mice meeting criteria were separated into one 
of three groups: no treatment, Phe-scFv, or Aβ-scFv. Animals in the no-
treatment group did not receive an injection. Mice received bilateral 
CED hippocampal injections of rAAV1 capsids. MWM training and test-
ing was performed again at 8 and 12 months of age. At each age mice 
were required to learn a new platform location. After the final MWM 
session mice were sacrificed and their brains collected for biochemi-
cal and pathological analysis. (c–h) In vivo expression of scFv protein. 
3xTg-AD mice injected at 3 months were sacrificed at 12 months and 
brains processed for immunohistochemical analysis of scFv expression 
using an anti-myc antibody (9B11) and Alexa 488 fluorescent secondary 
for detection. (c–e) Bright field images and (f–h) fluorescent images 
were acquired for (c,f) noninjected control, (d,g) rAAV1-Phe-scFv, and 
(e,h) rAAV1-Aβ-scFv mice. CA1 region of the hippocampus is shown. 
Bar = 100 μm. 3xTg, triple transgenic; AAV1, adeno-associated virus 
type 1; AD,  Alzheimer’s disease; Aβ, amyloid-beta; CED, convection-
enhanced delivery; CMV, cytomegalovirus; MWM, Morris Water Maze; 
rAAV, recombinant AAV; scFv, single-chain variable fragment.
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cumulative indexes at 12  months than rAAV1-Phe-scFv-treated 
mice (P = 0.0273), with significant differences in means at day 2 
(post-test P < 0.05). A survival analysis to analyze the earliest day 
a mouse met criteria was performed (Figure 4g). Mice that failed 
to reach criteria during the study were marked at 5 days, however, 
those values were censored, thus weighted differently than data 
from mice that actually met criteria by day 5. The curves from the 
two treatment groups were compared demonstrating a higher per-
centage of mice receiving rAAV1-Aβ-scFv reached criteria earlier. 
During training the number of trials that each mouse either “hit 
goal” or “timed-out” was tabulated. At 12 months of age, the num-
ber of trials that mice “timed out” was greater for 3xTg-AD mice 
receiving rAAV1-Phe-scFv than rAAV1-Aβ-scFv injected coun-
terparts (Figure 4h).

Pathological assessment of Aβ-scFv  
in the 3xTg-AD mouse
To determine the effect of rAAV1-Aβ-scFv on Aβ burden, 
ELISAs for soluble and insoluble Aβ40 and Aβ42 were performed 

on homogenates prepared from microdissected hippocampi 
(Figure 5a,b and Supplementary Table S1). There was no differ-
ence in the ratio of total soluble Aβ42/40 between treatment and con-
trol groups. The ratio of insoluble Aβ42/40 was significantly decreased 
in mice receiving rAAV1-Aβ-scFv compared to rAAV1-Phe-scFv 
(Figure 5b). Although there was no reduction of total soluble Aβ, 
levels of soluble oligomeric Aβ, as measured via NU-4 dot blot, 
were reduced in mice treated with rAAV1-Aβ-scFv as compared 
to mice receiving no injection (Figure 5c). Mice receiving rAAV1-
Phe-scFv possessed an intermediate level of soluble oligomeric Aβ. 
To further assess the status of insoluble Aβ, Congo red, a classic 
histological stain for amyloid-fibrils, was employed. A character-
istic yellow–green bifringence is observed upon visualizing Congo 
red-stained amyloid plaques under polarized light (Figure 5d–f). 
Mice treated with rAAV1-Aβ-scFv exhibited >75% reduction in 
numbers of Congo red-stained plaques (Figure 5g). Examination 
of microglia by IHC using ionized calcium-binding adaptor mole-
cule-1 (IBA-1) antibody demonstrated an increase in IBA-1 immu-
nopositive pixels in mice receiving rAAV1-Aβ-scFv over mice given 
no injection (Figure 6d). Again rAAV1-Phe-scFv-treated animals 
showed an intermediate level of IBA-1 immunopositive pixels. To 
assess what this difference in immunopositive pixels represented, 
the numbers of microglia were determined. There was a small, but 
significant increase in numbers of nonresting microglia in mice 
receiving rAAV1-Aβ-scFv as compared to rAAV1-Phe-scFv and 
no-treatment mice (Figure  6e). Numbers of activated microglia 
were greater in rAAV1-Aβ-scFv treated mice over noninjected 
controls; rAAV1-Phe-scFv mice exhibited an intermediate number 
(Figure 6f). IHC analysis using 6E10 antibody, which recognizes 
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Figure 4  3xTg-AD mice receiving AAV1 Aβ-scFv learn a new target 
location sooner than those receiving AAV1 Phe-scFv during training 
on the Morris Water Maze (MWM). Three-month-old 3xTg-AD mice 
received bilateral, hippocampal injections of rAAV1-Phe-scFv or rAAV1-
Aβ-scFv. Mice were trained and tested on the MWM at (a) 3, (b) 8, and 
(c) 12 months of age. At each time point mice were required to learn 
a new hidden platform location over 5 days of training. The amount of 
time to reach the hidden platform, or latency, was used as a measure 
of performance. Repeated measures ANOVA with Bonferroni post-test 
were used to analyze the data. Probe trials were conducted (d) 1.5 and 
(e) 24 hours after the final training trial and to assess short and long-
term memory, respectively. The hidden platform was removed during 
the probed trials and mice are allowed to free swim for 30 seconds. The 
amount of time spent in the goal quadrant was used as a measure of per-
formance; an unpaired t-test compared the two means (d) P = 0.6354; 
(e) P = 0.6005. (f) Cumulative index was employed as a measure of 
performance that assesses whether a subject deviates from an ideal path 
to the goal. The lower the index, the closer an individual followed an 
ideal path. Repeated measures ANOVA with Bonferroni post-test were 
used to analyze the data. (g) An established measure of performance 
criteria was the requirement that a given mouse reach the platform in 15 
seconds, or less, on average over three trials in 1 day. A survival analysis 
was performed where the event was defined as the earliest day to reach 
criteria. The percent of mice reaching criteria per day in each group is 
shown. A Gehan–Breslow–Wilcoxon test was used to compare the curves 
from the two treatment groups (g) P = 0.0529. (h) During the train-
ing trials, mice were given 60 seconds to locate the hidden platform. 
The mouse could either “hit goal” or the trial was “timed out” if the 
platform was not located. After a “timed-out” trial, the experimenter 
physically guided the mouse to the platform. A Fisher’s exact test was 
used to determine a significant difference for this contingency between 
treatment groups (h) P = 0.0041. 3xTg, triple transgenic; AAV1, adeno-
associated virus type 1; AD, Alzheimer’s disease; ANOVA, analysis of vari-
ance; Aβ, amyloid-beta; rAAV, recombinant AAV.



1476� www.moleculartherapy.org  vol. 18 no. 8 aug. 2010    

© The American Society of Gene & Cell Therapy
Single-chain Antibody-based AD Immunotherapy

both human Aβ and APP, revealed marked differences in the num-
ber of 6E10 immunopositive pixels in the CA1 of scFv-injected 
3xTg-AD mice (Figure 7a,c,e,g,i). Mice receiving rAAV1-Phe-scFv 
or no injection showed elevated Aβ/APP staining as compared to 
mice receiving rAAV1-Aβ-scFv (Figure 7i). Nontransgenic CA1 
images are shown to demonstrate background levels where no 
human Aβ or APP is expressed (Figure 7g). Hyperphosphorylated 
tau is a pathological hallmark in human AD. IHC analysis using an 
antihyperphosphorylated tau antibody (AT180) demonstrated that 
nontreated and rAAV1-Phe-scFv-treated mice have significant 
levels of hyperphosphorylated tau (Figure  7b,d,j). Interestingly, 
mice receiving rAAV1-Aβ-scFv have greatly diminished staining 
for hyperphosphorylated tau (Figure 7f,j). Nontransgenic animals 
show background levels of staining (Figure 7h).

Discussion
Our results demonstrate that sustained hippocampal expression 
of an Aβ-specific scFv decreased amyloid burden, diminished 
hyperphosphorylation of tau, increased numbers of microglia, 
and enhanced learning behavior. Other investigators have previ-
ously reported the use of rAAV-based delivery of Aβ-specific scFvs 
to mouse models of AD.17,19,26 Similar to our findings, decreased 
levels of Aβ and an absence of treatment related toxicity has been 
reported.17,19 Moreover, we have recently demonstrated that an 
Aβ42-specific scFv intrabody targeted to the endoplasmic reticu-
lum resulted in decreased extracellular Aβ burden and decreased 
hyperphosphorylated tau pathology.26 Although these previous 
studies speak primarily to the efficacy of scFv-based therapeutics to 

reduce pathological burden, they have not systematically addressed 
whether these improvements translate to functional benefit. This 
study is the first to assess the effects of this therapeutic strategy 
on learning and memory behaviors following intrahippocampal 
rAAV-Aβ-scFv delivery in a complex model of the disease.

The 3xTg-AD mouse exhibits age-related accumulation of 
intraneuronal Aβ, extracellular Aβ, and hyperphosphorylated 
tau pathologies, as well as synaptic deficits.20 In addition, young 
3xTg-AD mice exhibit cognitive impairments, specifically, a defi-
cit in memory retention on the MWM beginning at 4 months of 
age.21 Our study compared the performance of 3xTg-AD mice 
receiving rAAV1-Aβ-scFv versus rAAV1-Phe-scFv on the MWM 
at 3, 8, and 12 months of age. We predicted 3-month-old mice 
would perform without significant impairment, but as the mice 
age, we would observe a progressive diminution in performance 
beginning with retention deficits. When analyzing behavioral 
data trial by trial we did not observe any retention deficits at 8 
or 12  months of age. The reason for this could relate to slight 
differences in behavioral paradigms or maze difficulty. At 3 and 
8 months of age there were no differences between treatment 
groups; on average, both groups learned the platform location 
at the same rate. At 12 months of age, a difference in the rate of 
learning emerged between the two treatment groups, where mice 
receiving rAAV1-Aβ-scFv correctly located the hidden platform 
by the second day of training, whereas rAAV1-Phe-scFv treated 
mice gradually learned platform location over the 5 days of train-
ing. In a study of the PDAPP (human platelet-defined growth 
factor β chain promoter-driven amyloid precursor protein 
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Figure 5  AAV1 vector-mediated expression of Aβ-scFv antibody decreases levels of insoluble Aβ in the hippocampus of 3xTg-AD mice. Three-
month-old 3xTg-AD mice received bilateral, hippocampal injections of rAAV1-Phe-scFv, rAAV1-Aβ-scFv, or no injection. The mice were sacrificed at 
12 months of age and half of each brain was microdissected for the generation of protein homogenates and the other half processed for preparation 
of histological sections. ELISAs for soluble and insoluble Aβ40 and Aβ42 were performed on hippocampal protein and levels were expressed as a ratio 
of Aβ42:Aβ40. The ratio of soluble (a) Aβ42/40 and (b) insoluble Aβ42/40 are shown. (c) Hippocampal protein homogenates were absorbed on nitrocel-
lulose and blotted with an oligomer-specific antibody, NU-4, and β-actin. Densitometry was performed and NU-4 levels of immunoreactivity were 
normalized to β-actin. Histological sections from mice receiving (d) no treatment, (e) rAAV1-Phe-scFv, or (f) rAAV1-Aβ-scFv injections were stained 
with Congo red and counterstained with hematoxylin. (g) Congo red-positive plaques were enumerated from regions within the hippocampus; 
images shown (d–f) were taken within the subiculum. (d) Bar = 100 μm; inset bar in d is 200 μm. Nontransgenic animals were not included in sta-
tistical analyses, but were used to demonstrate baseline levels of staining. One-way ANOVA with Bonferroni’s multiple comparisons post-tests were 
performed between treatment and control columns. One-way ANOVA (a) P = 0.6684, (b) P = 0.0286, (c) P = 0.0093, and (g) P = 0.0319. A capped 
line with an asterisk was used to indicate when two groups had statistically different means as determined by the post-test (*P < 0.05; **P < 0.01). 
3xTg, triple transgenic; AAV1, adeno-associated virus type 1; AD, Alzheimer’s disease; ANOVA, analysis of variance; Aβ, amyloid-beta; ELISA, enzyme-
linked immunosorbent assay; rAAV, recombinant AAV; scFv, single-chain variable fragment.
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minigene) mouse model, which develops only amyloid pathology, 
mice exhibited age-related deficits in learning new target locations 
on the MWM; these deficits were associated with increased plaque 
deposition.27 Interestingly, we were able to demonstrate faster 
learning of platform location in the treatment group exhibiting a 
decrease in insoluble Aβ levels as measured by ELISA, as well as a 
marked decrease in numbers of congophilic plaques. Along with 
changes in Aβ, the diminished levels of hyperphosphorylated tau 
could also contribute to improved learning in the rAAV1-Aβ-scFv 
cohort. A tau transgenic mouse model of AD, THY-Tau22, which 
develops hyperphosphorylated tau and paired-helical filaments, 
exhibits delayed learning of a novel target platform location in 
the MWM paradigm.28 It is important to note that our therapeutic 
was delivered and spread throughout the hippocampi, but areas of 
cortex, which also develop pathology, were not treated. Although 
the hippocampus plays an important role in learning and mem-
ory, the cerebral cortex is intimately involved in the execution of 
these cognitively demanding tasks.
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Figure 6  AAV1 vector-mediated expression of the Aβ-scFv antibody 
increases number and activation of microglia. (a) Three-month-old 
3xTg-AD mice received no injection, or (b) bilateral hippocampal injec-
tions of rAAV1-Phe-scFv or (c) rAAV1-Aβ-scFv. Mice were sacrificed at 
12 months of age and processed for immunohistochemical analyses for 
IBA-1, which stains microglia. Nontransgenic animals were not included 
in statistical analyses, but used to demonstrate baseline levels of staining. 
Representative images are shown. (a) Bar =100 μm. Images were taken of 
the CA1 region of the hippocampus at ×20 magnification and numbers 
of (d) immunopositive pixels, (e) nonresting microglia, and (f) activated 
microglia were quantified. One-way ANOVA with Bonferroni’s multiple 
comparisons post-tests were performed between treatment and control 
columns. One-way ANOVA (d) P = 0.0234; (e) P = 0.0186; (f) P = 0.0066. 
A capped line with an asterisk was used to indicate when two groups had 
statistically different means as determined by the post-test (*P < 0.05; 
**P < 0.01). 3xTg, triple transgenic; AAV1, adeno-associated virus type 1; 
AD, Alzheimer’s disease; ANOVA, analysis of variance; Aβ, amyloid-beta; 
rAAV, recombinant AAV; scFv, single-chain variable fragment.
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Figure 7  AAV1 vector-mediated expression of the Aβ-scFv antibody 
decreases levels of Aβ and hyperphosphorylated tau in the hip-
pocampus of 3xTg-AD mice. Three-month-old 3xTg-AD mice received 
(a,b) no injection or (c,d) bilateral, hippocampal injections of rAAV1-
Phe-scFv or (e,f) rAAV1-Aβ-scFv. Mice were sacrificed at 12 months of 
age and processed for immunohistochemical analyses for Aβ/APP (6E10 
antibody; a,c,e,g,i) and hyperphosphorylated tau (AT180 antibody; 
b,d,f,h,j). (g,h) Nontransgenic animals were not included in statisti-
cal analyses, but were used to demonstrate baseline levels of staining. 
Representative images are shown. (a) Bar = 200 μm, while that shown 
in the inset represents 50 μm; (b) Bar = 100 μm. Images were taken 
of the CA1 region of the hippocampus at ×20 magnification and (i,j) 
numbers of immunopositive pixels, per a standard area were quantified. 
One-way ANOVA with Bonferroni’s multiple comparisons post-tests were 
performed between treatment and control columns. One-way ANOVA 
(i) P = 0.0061; (j) P = 0.0198. A capped line with an asterisk was used 
to indicate when two groups had statistically different means as deter-
mined by the post-test (*P < 0.05; **P < 0.01). 3xTg, triple transgenic; 
AAV1, adeno-associated virus type 1; AD, Alzheimer’s disease; ANOVA, 
analysis of variance; APP, amyloid precursor protein; Aβ, amyloid-beta; 
rAAV, recombinant AAV; scFv, single-chain variable fragment.
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An unresolved question relates to the therapeutic mechanism 
by which scFvs act in vivo. Our data suggest several nonmutu-
ally exclusive mechanisms may be at play: (i) Aβ-scFv inhibits Aβ 
release from neurons transduced with the serotype-1 rAAV vector 
particles. We showed that significantly less Aβ is detected in the 
CM of neuronally derived cells cotransfected with a human APPswe 
transgene-expressing plasmid and a plasmid containing the gene 
for Aβ-scFv than cells cotransfected with the control plasmid har-
boring Phe-scFv. In this scenario, Aβ could be retained by the scFv 
in the vesicular lumen and degraded before release. However, an 
alternate interpretation of these data is that Aβ is bound by Aβ-scFv, 
thereby preventing its detection. (ii) Aβ-scFv mediates clearance of 
extracellular Aβ from the brain by an Fc-independent mechanism. 
Levites and colleagues revealed evidence of scFv-Aβ complexes in 
the blood plasma of scFv-treated amyloidogenic mice, which rep-
resents one means by which extracellularly bound scFv/Aβ com-
plexes could exit the brain. (iii) Aβ-scFv inhibits oligomerization 
of extraneuronal Aβ. The levels of insoluble Aβ42, oligomeric Aβ 
by NU-4 and numbers of congophillic plaques were significantly 
reduced in 3xTg-AD mice receiving rAAV1-Aβ-scFv, suggesting 
that this third option could at least partially account for the effects 
observed on amyloid pathology.

Microglia colocalize with amyloid deposits in the human 
AD brain.29–31 Consequently, many investigators have studied 
whether microglia play a role in Aβ deposition or reduction. In a 
recent report, investigators experimentally ablated brain micro-
glia in APP/PS1 mice using a Herpes simplex virus thymidine 
kinase/ganciclovir-based strategy.32 Surprisingly, the absence of 
microglia did not reduce or enhance plaque deposition with-
out an additional intervention. Bacskai and colleagues used in 
vivo multiphoton fluorescence microscopy to image clearance 
of Aβ deposits in APP transgenic mice. Whole antibody treat-
ment and application of F(ab′)2 fragments cleared Aβ deposits 
with enhanced activation of proximal microglia.33 These findings 
indicate that Fc-dependent phagocytosis and Fc-independent 
mechanisms can disrupt Aβ plaque formation.13 Importantly, an 
Fc-independent mechanism of microglia phagocytosis of Aβ has 
been reported, where Aβ was found associated with a cell surface 
receptor complex of the scavenger receptor CD36, α6β1 integrin, 
and CD47.34 An experiment that would selectively inhibit micro-
glial activation during rAAV1-Aβ-scFv treatment would dem-
onstrate the degree to which microglia participate in pathology 
clearance.

In the present study, we observed a significant increase in 
IBA-1 immunopositive pixels, numbers of nonresting, and num-
bers of activated microglia within hippocampi of mice treated 
with rAAV1-Aβ-scFv compared to noninjected control mice. 
Mice treated with rAAV1-Aβ-scFv compared to rAAV1-Phe-scFv 
controls displayed a significant increase in numbers of nonresting 
microglia, but only a trending increase in levels of IBA-1 immu-
nopositive pixels and numbers of activated microglia. rAAV1-
Phe-scFv treated mice exhibited levels of IBA-1 immunopositive 
pixels and numbers of activated microglia that were at interme-
diate levels between noninjected and rAAV1-Aβ-scFv. This find-
ing suggests that one or more components of the AAV injection 
may be acting nonspecifically to incite a minor enhancement in 
microglia activation, which could be beneficial or detrimental. 

However, the trending increases are not significantly different 
from the other treatment cohorts, thus making it difficult to draw 
definitive conclusions.

Paired with the data demonstrating improved learning in 
rAAV1-Aβ-scFv-treated mice, these increases in activated micro-
glia could indicate that these cells are directly aiding in clearance 
of extracellular scFv-Aβ complexes. However, another possibility 
exists. Streit proposes that accumulating Aβ and hyperphophory-
lated tau induce dystrophic changes and eventual senescence in 
the microglial population. Evidence for this phenomenon exists 
in studies of human AD brains where dystrophic alterations of 
microglia have been described.35,36 Hence, the Aβ-scFv medi-
ated decrease in insoluble Aβ that we observe in 3xTg-AD mice 
are consistent with prevention of senescence of resident micro-
glia, thereby enhancing the abilities of these cells to participate 
in Aβ clearance. Our results indicate that further study of the 
mechanism(s) underlying therapeutic benefit of gene-based scFv 
delivery and the testing of Aβ-scFv in the setting of established 
AD pathology are warranted.

Materials and Methods
Phage scFv clone selection on Aβ oligomer preparations. Construction of 
the pAP-III6 human scFv antibody library in a M13 phage display format 
has been previously described.23 Fifty microliter per well of Aβ oligomer 
preparations (11 μmol/l) were coated onto Nunc Maxisorp 96-well plates 
overnight at 4 °C. The peptide was removed and wells washed with Tris-
buffered saline (TBS), blocked for 1 hour with TBS+0.5% casein and 
aliquots of phage library added. A 50 μl aliquot containing 2–5 × 1011 
transducing units was added to each well and incubated at room tempera-
ture for 2 hours. Wells were washed with TBS+0.5% Tween-20, followed by 
TBS alone, and then phage was eluted for 15 minutes with 50 μl 0.1 mol/l 
glycine HCl, pH 2.2. The eluate was collected, neutralized with Tris base, 
transduced into TG1 Escherichia coli and grown overnight on Lysogeny 
broth. Plates were scraped and colonies evenly suspended, grown to mid-
log phase, infected with helper virus and phage isolated to be used for a 
subsequent round of enrichment. Three rounds of selection and enrich-
ment were performed.

Baby hamster kidney transfection with pSecTag2-scFv constructs. The 
plasmids were transiently transfected into baby hamster kidney cells. After 
48 hours, CM was collected, centrifuged at 16,000g for 10 minutes at 4 °C 
and run on sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis. ScFv bands were detected by western blot with anti-myc horseradish 
peroxidase antibody (Invitrogen).

Aβ-scFv epitope mapping. Full-length Aβ monomer was used to coat 
wells of a 96-well plate overnight at 4 °C. Wells were washed 1× with TBS, 
and blocked with TBS+0.1% Tween-20 (TBST) casein for 1 hour at room 
temperature. Aβ-scFv-containing CM was preincubated with equimolar 
concentrations of various Aβ peptide fragments, full-length monomer, or 
no peptide for 1 hour before being added to these wells. After incubating 
for 2 hours, unbound Aβ-scFv was washed from the wells and an anti-
myc horseradish peroxidase (Invitrogen) conjugated antibody was used 
to detect the presence of bound Aβ-scFv. Large peptide fragments were 
purchased from American Peptide (Sunnyvale, CA). Octa-peptides were 
ordered from CPC Scientific (San Jose, CA).

Aβ secretion ELISA. Neuro2a cells were cotransfected with a human 
APPswe transgene-expressing plasmid and a plasmid containing the gene 
for Aβ-scFv, Phe-scFv, or an empty vector. Transfection was accomplished 
following the protocol for the Nucleofector kit (Lonza, Walkersville, MD). 
Aβ, secreted from the transfected cells into the CM, was measured by 
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ELISA (Covance BetaMark x-42 kit; Covance, Berkeley, CA). Cells under-
going transfection conditions without DNA served as a control to establish 
background levels for the assay.

Cortical neuron viability assay. Primary cortical neurons were treated on 
day in vitro 8 with 5 μmol/l synthetic Aβ1–42 peptide, Aβ42–1 reverse peptide, 
or vehicle only. All treatment conditions were prepared identically. The 
peptides or vehicle were aggregated under Aβ oligomer preparation 
conditions, and then concentrated 3× via Speed-Vac. The Aβ preps were 
composed of an array of species including monomer, low- and high-order 
oligomers, and trace amounts of insoluble aggregates. CM-containing Phe-
scFv and Aβ-scFv was purified using HisPur cobalt spin columns (Pierce, 
Rockford, IL). The purified scFv proteins were incubated with the Aβ1–42 
peptide, Aβ42–1 reverse peptide, vehicle, or regular media for 1 hour before 
addition to the cortical neurons. Forty-eight hours following treatment cell 
viability was measured with an MTS reduction assay, where MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium), when added to phenazine methosulfate, produces a 
water-soluble formazan product. Absorbance at 490 nm was used to quan-
tify the relative numbers of live cells between treatment conditions.

Transgenic mice. All animal housing and procedures were performed 
in compliance with guidelines established by the University Committee 
of Animal Resources at the University of Rochester. The 3xTg-AD (B1 
line) and nontransgenic mice were generously provided by Frank LaFerla 
(University of California, Irvine20). Homozygous male 3xTg-AD and age-
matched nontransgenic mice were used in these studies.

Stereotactic injections of rAAV-scFvs via CED. Three month-old 3xTg-AD 
male mice received bilateral hippocampal stereotactic injections of 
rAAV1-scFv capsids in accordance with approved University of Rochester 
animal use guidelines. Under Avertin anesthesia (300 mg/kg), mice were 
positioned in a stereotactic apparatus and an incision was made to expose 
bregma on the skull. Two burr holes were drilled bilaterally over the injec-
tion coordinates (−2.06 mm bregma, 1.5 mm lateral, −1.25 mm ventral). 
The injection set up consisted of a frame-mounted micromanipulator, 
holding an UltraMicro pump (WPI Instruments, Sarasota, FL) with a 
Hamilton syringe and a 33 GA needle (Hamilton, Reno, NV). The needle 
was lowered into the parenchyma at a rate of 0.8 mm/minute, and then 
held in place for 2 minutes before injection. rAAV vectors (1 × 109) trans-
ducing units were delivered to each hippocampus in a 5 μl volume. rAAV-
scFv capsids were delivered by CED (a method to augment the distribution 
of molecules delivered into the brain by sustaining a pressure gradient for 
the duration of the injection) by using increasing step-wise injection rates 
of 100 nl/minute for 6 minutes, 200 nl/minute for 10 minutes, and 400 nl/
minute for 6 minutes. After injection, the needle was allowed to rest in 
place for 2 minutes, then withdrawn at a rate of 0.4 mm/minute. Incisions 
were sutured, antibiotic and lidocaine topical ointments were applied, and 
mice placed in a recovery chamber. At 12 months of age, mice were sacri-
ficed and their brains were perfused with heparinized saline. Half of each 
brain was microdissected for the generation of protein homogenates and 
the other half was postfixed in 4% paraformaldehyde and processed for 
histochemical analyses.

MWM test for spatial learning and memory. The MWM is a behavior 
test for spatial learning and memory. The maze consists of a pool filled 
with opaque water, an escape platform, whose surface is just below the 
water level, and a camera mounted above the pool to track mouse move-
ment. Mice use visual cues in the environment to localize the hidden 
platform. The pool and platform dimensions are as follows: pool diam-
eter 134 cm, platform 8.8 cm × 8.8 cm, the platform was ~1–2 cm beneath 
the water surface, the center of the platform is 26.55 cm from the pool 
wall. Three, 60-second trials were performed per day for 5 days of train-
ing. If a mouse did not reach the platform before 60 seconds had expired, 

the trial was designated “timed-out” and the experimenter would physi-
cally guide the mouse to the platform. When a mouse reached the plat-
form it was allowed to rest for 5 seconds before being rescued by the 
experimenter and returned to its home cage under a warming lamp. 
Over 5 days of training, the platform location was kept constant for a 
given mouse, yet the start site varied from trial to trial. Probe trials were 
conducted 1.5 and 24 hours after the final training trial to assess short 
and long-term memory, respectively. The hidden platform was removed 
during the probe trials and mice were allowed to free swim for 30 sec-
onds. Three cued trails were performed on the 6th day when all hidden 
platform trials and probe trials were completed. In cued trials a flag is 
placed atop the platform so that mice can see its location. Cued trials are 
used to control for any visual impairments or motor deficits that would 
hamper maze performance. At 3 months of age, each mouse was required 
to meet predetermined performance criteria of reaching the platform in 
15 seconds, or less, on average over three trials in 1 day. If a mouse did 
not meet the criteria within 5 days of training, it was excluded from the 
study. Mice meeting performance criteria were randomized into treat-
ment groups. Mice were trained and tested on the MWM at 3, 8, and 12 
months of age. At each age, mice were required to learn a new hidden 
platform location over 5 days of training.

Aβ soluble and insoluble ELISAs. Hippocampal homogenates were assayed 
for levels of soluble and insoluble Aβ40 and Aβ42 using the Colorimetric 
x-40 and x-42 BetaMark ELISA kits (Covance). Manufacture’s instructions 
were followed, except a separate standard curve was run for insoluble and 
soluble standards. Standards were resuspended in the same solution as 
diluted samples. Insoluble Aβ samples were diluted 1:300 in phosphate-
buffered saline (PBS) and soluble Aβ samples diluted 1:5 for x-42 and 1:10 
for x-40 in PBS. N = 10–12 mice per group.

Soluble Aβ oligomer dot blot. Nitrocellulose membranes were incu-
bated in transfer buffer for 10 minutes, hippocampal homogenates 
were spotted onto membranes while vacuum pressure was applied. 
Each dot consisted of 21 μg of total protein. Membranes were dried, 
blocked for 1 hour at room temperature in TBST and 5% nonfat dried 
milk. Membranes were subsequently blotted using primary antibody 
NU-4, an oligomer-specific antibody37 (provided by Dr William Klein, 
Northwestern University), at 1:1,000 dilution overnight at 4 °C and 
washed 4 × 5 minutes with TBST. A horseradish peroxidase-conjugated 
secondary antibody was used at a 1:2,000 dilution for 1 hour at room 
temperature, washed as above, then washed 1 × 5 minutes in TBS. The 
membrane was stripped and reprobed with anti-β-actin (1:5,000) to 
normalize dots for total protein. Dot blots were visualized with chemi-
luminescence, and analyzed for total raw density (Labworks by UVP, 
Upland, CA).

3,3′-Diaminobenzidine immunohistochemistry. Brains postfixed in  4% 
paraformaldehyde were coronally sectioned on a freezing-stage microtome 
to 30-μm thick sections. Tissue sections were stored in cryoprotectant 
at −20 °C until needed. Sections were processed for IHC as previously 
described38 using the following antibodies at the given dilutions: micro-
glia—IBA-1, 1:750 (Wako, Richmond, VA); Aβ/APP—6E10, 1:1,000 
(Covance); hyperphosphorylated tau—AT180, 1:500 (Pierce). An IHC 
using CM-containing Aβ-scFv or Phe-scFv was also performed to detect 
Aβ in 24-month-old 3xTg-AD mice, CM—1:2 dilution, anti-myc horserad-
ish peroxidase secondary, 1:1,000 (Invitrogen). Images of the CA1 region 
of hippocampus were acquired at ×20 magnification the number of immu-
nopositive pixels above a preset threshold was quantified using MCID 6.0 
Imaging Software (Interfocus Imaging, Cambridge, UK). The mean of the 
number of pixels per standard unit area was taken. Microglia were counted 
as nonresting if the cell body was hypertrophied and ramified processes 
retracted, cells were counted as activated if cell body was hypertrophied and 
thick, short processes were present.
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Congo red. Tissue was sectioned and stored as for IHC. Congo red stain 
was prepared per manufacturer’s protocol (Sigma-Aldrich, St Louis, 
MO). Tissue was stained with Modified Lillie–Meyer’s hematoxylin 
(20% hematoxylin, diluted in dH2O) for 2.5 minutes, washed with tap 
water 1 × 30 seconds and 1 × 4 minutes, then placed in Congo red stain 
for 35 minutes, washed with PBS, and mounted onto glass slides. Tissue 
was allowed to dry fully on the slides before dipping in 30% ethanol for 
30 seconds, dipped in histoclear for 15 seconds, then cover-slipped with 
mounting media. Images were acquired at ×20 magnification of the hip-
pocampus and the total number of congophilic plaques were counted 
in each image. The total plaque number was divided by the number of 
images counted.

Fluorescent immunohistochemistry for scFv detection. Brains postfixed 
in 4% paraformaldehyde were coronally sectioned on a freezing-stage 
microtome to 30-μm thick sections. Tissue sections were stored in cryo-
protectant at −20 °C until needed. Cryoprotectant was washed off in PBS; 
sections were permeabilized for 5 minutes with PBS+0.2% Triton X-100, 
and blocked for 1 hour in PBS+0.1% Triton X-100, 10% normal goat 
serum (NGS). Primary antibody anti-myc, 9B11 (Cell Signaling, Danvers, 
MA) was diluted 1:1,000 in PBS+0.1% Triton X-100, 1% NGS, incubated 
overnight at 4 °C, and sections washed 3 × 10 minutes in PBS+0.1% Triton 
X-100, 1% NGS. Alexa 488-conjugated secondary antibody (Molecular 
Probes, Carlsbad, CA) was diluted 1:500 in PBS+0.1% Triton X-100, 
1% NGS, incubated for 1 hour, and sections washed 3 × 10 minutes in 
PBS+0.1% Triton X-100, 1% NGS, then 2 × 5 minutes PBS. Sections were 
mounted and cover slipped with Mowiol. Images were acquired at ×40 
magnification with equal exposure times. Brightness and contrast were 
adjusted equally on all images.

Statistical analyses. Statistical analysis was performed using GraphPad 
Prism 5 software (La Jolla, CA). The statistical tests employed are specified 
in figure legends or results section. Statistical differences with P values of 
≤0.05 were considered significant.

Supplementary Materials and Methods include Aβ peptide 
preparation, phage ELISA, phage clone sequencing, mammalian vector 
cloning, primary cortical neuron culturing, AAV vector construction 
and packaging, in vitro transduction, and hippocampal homogenate 
preparation.

SUPPLEMENTARY MATERIAL
Figure S1.  A schematic diagram of phage selection for an Aβ-specific 
scFv antibody.
Table S1.  AAV1 vector-mediated expression of Aβ-scFv antibody de-
creases levels of insoluble Aβ42 in the hippocampus of 3xTg-AD mice.
Materials and Methods.
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