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Abstract.
Background: Increased blood-brain barrier (BBB) permeability and amyloid-� (A�) peptides (especially A�1–42) (A�42)
have been linked to Alzheimer’s disease (AD) pathogenesis, but the nature of their involvement in AD-related neuropatho-
logical changes leading to cognitive changes remains poorly understood.
Objective: To test the hypothesis that chronic extravasation of bloodborne A�42 peptide and brain-reactive autoantibodies
and their entry into the brain parenchyma via a permeable BBB contribute to AD-related pathological changes and cognitive
changes in a mouse model.
Methods: The BBB was rendered chronically permeable through repeated injections of Pertussis toxin (PT), and soluble
monomeric, fluorescein isothiocyanate (FITC)-labeled or unlabeled A�42 was injected into the tail-vein of 10-month-old
male CD1 mice at designated intervals spanning ∼3 months. Acquisition of learned behaviors and long-term retention were
assessed via a battery of cognitive and behavioral tests and linked to neuropathological changes.
Results: Mice injected with both PT and A�42 demonstrated a preferential deficit in the capacity for long-term retention and
an increased susceptibility to interference in selective attention compared to mice exposed to PT or saline only. Immunohis-
tochemical analyses revealed increased BBB permeability and entry of bloodborne A�42 and immunoglobulin G (IgG) into
the brain parenchyma, selective neuronal binding of IgG and neuronal accumulation of A�42 in animals injected with both
PT and A�42 compared to controls.
Conclusions: Results highlight the potential synergistic role of BBB compromise and the influx of bloodborne A�42 into the
brain in both the initiation and progression of neuropathologic and cognitive changes associated with AD.

Keywords: A�42, Alzheimer’s disease, amyloid-beta peptides, amyloid plaques, autoantibodies, blood-brain barrier, dementia,
immunoglobulin G

INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenera-
tive disorder characterized by progressive destruction
and loss of neurons and their synapses in the
brain, gradually escalating cognitive decline and,
ultimately, dementia and death [1–6]. Currently, treat-
ment options are limited and, at best, only temporarily
alleviate some symptoms with no significant effect
on disease progression [7–9]. Seeking a better under-
standing of events and conditions that trigger and
propagate AD pathogenesis is critical before effec-
tive disease-modifying therapies can be proposed
and tested in clinical trials. Despite progress in our
understanding of some key aspects of AD-related
neuropathological and cognitive deficits, a complete
picture of sequential stages during AD pathogenesis
and its relationship with neuropsychological phe-
notypic outcome remains elusive [3, 5]. AD has
been associated with a number of pathological fea-
tures, including reactive gliosis, inflammation, and
the appearance of hallmark amyloid plaques (APs)
and neurofibrillary tangles (NFTs). These and other
changes in the brain have been temporally and spa-
tially linked to a progressive and severe decline in
cognitive function [10–12].

To identify potential early triggers of AD, deter-
mine its pathogenetic course, and ascertain which
pathological features play a central role in driving the
observed cognitive, memory and behavioral changes,

much research has focused on APs, NFTs, neuroin-
flammation, and vascular pathology [13]. While the
exact nature and magnitude of the contribution of
each of these pathological features to disease pro-
gression continue to be debated, there is little doubt
that the appearance of APs and NFTs in the brain
parenchyma is directly linked to AD pathogenesis.
It is generally thought that brain amyloid deposition
in the form of APs precedes the appearance of NFTs
[14–18]. APs principally contain the amyloid-�1–42
(A�42) peptide, a self-assembling amyloidogenic
peptide composed of 42 amino acid residues derived
from cleavage of the amyloid-� protein precursor
(A�PP) [19–25]. Increased production of A�42 and
its deposition in the brains of patients with early
onset, familial AD, as well as in certain transgenic
mice, have confirmed correlations between A�42 lev-
els and the formation of APs, loss of synapses, and
cognitive deficits [15, 26–29]. Numerous studies have
described A�42 deposition in the form of APs and
intraneuronal deposits, the latter primarily in the
perikaryon of pyramidal cells in humans, transgenic
rodents, and in vitro models [15, 25, 30–51]. Mecha-
nisms associated with intraneuronal A�42 deposition
at each of these sites and their relationship to neuronal
dysfunction and loss are being investigated [52, 53].
Determining the source(s) of the A�42 peptide that
eventually deposits within neurons and APs in the
brain and the underlying reason for the requirement
of advanced age remain key questions.
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Aging-associated changes in the structural and
functional integrity of blood vessels in the human
brain have been extensively studied. Among these
changes, a chronic increase in blood-brain barrier
(BBB) permeability, resulting in a disruption of brain
homeostasis, has long been suspected of playing a
role in the triggering and/or progression of AD as
well as in other neurodegenerative diseases, post-
operative delirium, post-operative cognitive decline,
Sundowner’s syndrome and the short- and long-term
effects of traumatic brain injury [31, 54–64]. There
is some evidence that increased BBB permeability
allows greater access of bloodborne A� peptides
to neurons residing in the brain parenchyma [31].
A� peptides are detected in human blood and cere-
brospinal fluid (CSF) [65–70]. Since A�42 peptide
is detected in the blood (plasma) of both cognitively
normal and AD subjects, it is not unreasonable to sus-
pect that, in the context of BBB compromise and a
prolonged pre-symptomatic phase, the blood could
serve as a chronic source of the A�42 peptide that
is deposited in AD brains [31, 65–70]. This scenario
is supported by our earlier reports demonstrating the
extravasation of various vascular components into the
brain parenchyma in both AD and age-match non-
demented controls [31, 71]. Our previous studies of
human, porcine, rat and mouse brain have demon-
strated a close spatial association between BBB leak
sites and the locations of A�42-burdened neurons [31,
72, 73]. For example, in a study on mice with an
acutely compromised BBB, we tracked the fate of
bloodborne, soluble A�42 peptide and demonstrated
that it readily entered the brain, was selectively bound
to pyramidal neurons and was internalized by these
cells, the same neuronal subtype that is typically
overburdened with A�42-rich deposits in human AD
brains [31].

In the present study, we used the middle-aged
(10 months old) mouse as a model system to inves-
tigate the long-term neuropathological effects of a
chronically induced increase in BBB permeability
and the resulting influx of soluble bloodborne fluo-
rescein isothiocyanate (FITC)-labeled and unlabeled
A�42 into the brain parenchyma on the animals’
ability to learn (acquisition) and retain (long-term
memory) information, as well as on selective atten-
tion. To induce chronic BBB dysfunction, Pertussis
toxin (PT) was repeatedly injected into the tail vein
of 10-month-old male CD1 mice for a little over
three months. Mice also received tail vein injections
of purified monomeric FITC-labeled or unlabeled
A�42 peptide at regular intervals over the same

time period. During the last month of treatment,
animals underwent a battery of cognitive and behav-
ioral assessments. Mice injected with PT plus A�42
demonstrated a deficit in long-term retention and
increased susceptibility to interference in selective
attention compared to controls exposed to either PT or
saline only. Immunohistochemical analyses of brain
samples revealed an increased influx of A�42 and
IgG into the brain parenchyma, selective neuronal
binding of IgG, and intraneuronal accumulation of
exogenous A�42 in mice injected with PT plus A�42
compared to controls. These findings highlight the
potential contribution of an impaired BBB and the
resulting influx of soluble, bloodborne A�42 influx
into the brain parenchyma in triggering the earliest
cognitive and neuropathological changes associated
with AD-related pathogenesis.

MATERIALS AND METHODS

Animals

All procedures involving animals were performed
following the guidelines of the institutional animal
care and use committee (IACUC) in accordance with
NIH guidelines. Ten-month-old male CD-1 mice
(Harlan) were randomly separated into three treat-
ment groups: PT-A�42 (n = 20) (animals injected
with both PT and A�42), saline (Sal) only con-
trols (i.e., where PT and A�42 injections were
each replaced with saline) (n = 12), and PT-Sal con-
trols (i.e., animals injected with PT but with A�42
injections replaced with saline) (n = 12). Animals
were acclimated to the laboratory for 14 days prior
to the initiation of any treatments and were han-
dled (held and manipulated by an experimenter) for
90 s/day during this period. This handling ensured
that differential stress responses to the experimenters
and any associated effects on learning were mini-
mized. Animals were individually housed in clear
boxes with floors lined with wood shavings in a
humidity- and temperature-controlled vivarium adja-
cent to testing rooms. A 12/12-h light/dark cycle was
maintained.

Preparation of Aβ42 peptides and PT

A� peptides (FITC-A�42, Anaspec, San Jose, CA;
unlabeled A� peptides, Biosource, Camarillo, CA)
were solubilized to the monomeric form accord-
ing to the method described by Zagorski et al.
(1999) [74]. Briefly, A� peptide was solubilized
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(1 mg/ml) in trifluoroacetic acid (TFA), followed by
removal of TFA under a slow, steady stream of
nitrogen gas. This was followed by three sequential
solubilizations in 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP) followed by removal of HFIP under nitro-
gen gas each time. Stock solutions (50.0 �M) were
prepared in 0.5×PBS, 250.0 mM HEPES buffer (pH
8.5). Working solutions were diluted in 0.9% NaCl to
6.9 �M and used for tail-vein injection. Peptide con-
centrations were confirmed using the Pierce Micro
BCA Assay (Rockford, IL). Working solutions of PT
(Sigma-Aldrich, St. Louis, MO) were diluted in 0.9%
saline to 3.0 × 10−3 � g/ � l prior to use in tail vein
injection. Concentrations were confirmed using the
Micro BCA Assay (Pierce; Rockford, IL).

Animal treatments

Tail vein injections of saline only (Sal), PT plus
saline (PT-Sal), or PT plus A�42 peptide (PT-A�42)
were administered according to the following time
intervals and concentrations. To effectively achieve
a permeable BBB, PT-A�42 and PT-Sal mice were
treated with PT (300 ng in 100 �l 0.9% saline) for 3
months via tail vein injection, which has previously
been shown to reliably induce increased BBB per-
meability in adult mice [31]. PT injections occurred
on days 0, 3, 17, 33, 47, 61, and 75 of the 3-month
injection period. To augment plasma levels of A�42
in mice and track its fate, soluble A�42 peptide was
administered via tail vein injection (100 microliters
of 6.9 micromolar in 0.9% saline) on days 7, 11, 14,
18, 21, 25, 28, 32, 35, 39, 42, 46, 49, 53, 56, 60,
63, 67, 70, 74, 77, 81, 84, 88, 91, and 95 during the
same 3 month period. Given expected inherent levels
of endogenous A�42 peptide present in mice which,
under conditions of increased BBB permeability, can
also potentially enter the brain parenchyma, and to
facilitate tracking the fate of tail vein-injected, blood-
borne A�42, a subset of PT-A�42 treated mice (n = 12)
were injected with FITC-labeled A�42. In the remain-
ing subset of PT-A�42 mice (n = 8), animals were
administered unlabeled A�42 (U-A�42) peptide to
confirm observations with FITC-labeled A�42 and
to address the possibility that addition of the FITC
moiety to the A�42 peptide might somehow modify
its behavior and/or fate in the animal. Controls for
A�42 and PT were injected with similar volumes of
saline (100 �l of 0.9% saline) with or without A� pep-
tides following the same schedule described above.
Following completion of one month of treatments, a
battery of behavioral training and testing was initi-

ated and continued for around five weeks post last
injection on D-95.

Behavioral training and testing procedures

All animals were tested on five cognitive tasks
(odor discrimination, passive avoidance, spatial
water maze, Lashley Maze, and selective atten-
tion/disengagement) as described in detail previously
(see the Supplementary Material for additional
details) [75–77]. These five tasks were chosen based
on their suggested sensitivity to AD-related patholo-
gies and/or their conceptual relevance to cognitive
impairments associated with AD [78, 79]. Further-
more, while AD pathology is associated with learning
impairments, tests of retention are sometimes more
sensitive to mild or early impairments, and several of
the tests employed here are amenable to tests of long-
term retention [78]. The order in which tasks were
administered was designed to separate tasks based
on similar motivations, processes, or motor require-
ments (e.g., mazes of a similar nature, activity versus
passivity) to minimize any potential transfer between
tasks.

For the learning tasks requiring food deprivation,
ad lib food was removed from the animals’ home
cages at the end of the light cycle approximately 40 h
prior to the start of training (and thus encompassing
the “rest” day between successive tasks). During this
deprivation period, animals were provided food in
their home cages for 90 min/day during the last 2 h
of the light cycle, and thus were approximately food-
deprived for 16 h at the time of training or testing. To
manage the large number of animals being tested, we
split the animals into two batches and ran one behav-
ioral test at a time. Each batch of animals included
mice from all treatment groups. The sequential order
of the behavioral tests run was as followed: Water
Maze, Lashley’s III Maze, Passive Avoidance, Odor
Discrimination, Water Maze Retention, Lashley’s III
Maze Long-term, and Selective Attention.

Odor discrimination and choice

Rodents rapidly learn to use odors to guide appet-
itively reinforced behaviors [75]. Here, mice learned
to navigate a square field in which unique odor-
marked (e.g., almond, lemon, mint) food cups were
in three corners. Although food was present in each
cup, it was accessible in only one cup (e.g., that
marked by a mint odor). Each animal was placed in
the empty corner, after which it explored the field
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and eventually retrieved the single piece of avail-
able food. In subsequent trials, the location of the
accessible food cup was changed, but was consis-
tently marked by the mint odor. On successive trials,
animals required less time to retrieve the food and
made fewer approaches (i.e., “errors”) to food cups
lacking food. In this task, poor learning performance
is indicated by an increased number of errors (i.e.,
contacting a cup marked by an odor not associated
with available food). Using this procedure, errorless
performance is typically observed within 3–4 training
trials.

One-trial passive avoidance

Animals learn to suppress movement to avoid
contact with aversive stimuli [75]. This “passive
avoidance” response is exemplified in “step-down”
avoidance procedures, where commonly, an animal
is placed on a platform, whereupon stepping off the
platform it encounters an aversive stimulus [75]. Fol-
lowing only a single trial, animals are subsequently
reluctant to step off a safe platform. In the present
study, upon stepping off the platform, animals were
exposed to a combination of bright light and a loud
oscillating noise. The ratio of post-training to pre-
training step-down latencies was calculated for each
animal and served to index learning. It has been
determined that asymptotic performance is appar-
ent in group averages following 1–3 training trials;
thus, performance after a single trial reflects (in most
instances) sub-asymptotic learning and is sensitive to
variations in the rate of learning between animals.
Thus, higher Post/Pre-step-down latencies indicate
better learning, i.e., acquired fear of leaving the safe
platform.

Spatial Water Maze

For this task, animals are immersed in a round pool
of opaque water from which they could escape onto
a hidden (i.e., submerged) platform. The latency for
animals to find the platform decreases across suc-
cessive trials [80]. The performance of animals can
improve across trials despite the animals beginning
each trial from a new start location (i.e., efficient nav-
igation requires the implementation of a “cognitive
map”, rather than simply following a fixed route).
Such a procedure mitigates against egocentric naviga-
tion (as could determine performance in the Lashley
Maze) or fixed motor patterns and promotes the ani-
mals’ dependence on extra maze spatial landmarks

and is said to reflect the animal’s representation of its
environment as a “cognitive map”.

During training, shorter latencies to locate the
escape platform across trials is indicative of more
rapid acquisition of a stable cognitive map. To esti-
mate capacity for long-term retention in this task,
animals were tested with a “probe” trial following a
30-day retention interval from completion of acqui-
sition training. On the probe test, the escape platform
was removed from the pool, and all animals were
started from the same start location. A 60-s test was
conducted in which the animals’ time searching in the
target quadrant (that in which the escape platform
was previously located) and non-target quadrants
were recorded. This measure served to index long-
term retention in this task, i.e., an animal with good
retention should spend significantly more time in
the target quadrant (previous location of the escape
platform) than non-target quadrants. Conversely, an
animal with poor retention would not express any
preference for the target quadrant.

Lashley III Maze

Mice can learn a pattern of egocentric navigation
to locate food in a maze [75]. The Lashley III Maze
consists of a start box, four interconnected alleys, and
a goal box containing a food reward [75]. Over trials,
the latency of rats to locate the goal box decreases, as
do their errors (i.e., wrong turns or retracing). Here,
mice were first acclimated to the Lashley Maze, then
received five training trials during which errors were
recorded. Using our parameters, mice reach asymp-
totic levels of performance (i.e., errors decrease to
a stable level) in 4–6 training trials, thus five trials
is sensitive to differences in rate of learning across
animals. To estimate capacity for long-term reten-
tion in this task, following a 30-day retention interval
from completion of training, animals were placed in
the start box and allowed to traverse the maze again
for two trials. To index the long-term retention using
this task the difference between the first trial after the
retention interval (T7) and the average of the last two
trials in the acquisition period (T5 and T6) was used
for each animal.

Selective attention/attentional disengagement

In the human Stroop Interference Test Condition,
subjects are instructed to name the color of the ink
that is used to spell a word rather than read the word.
Subjects respond more quickly and make fewer errors
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when the written word and the color of ink are con-
gruent (e.g., the word RED is spelled with red ink)
relative to when the ink color and word disagree
(e.g., the word RED is spelled with green ink). The
increased latency and tendency to generate errors in
the incongruent condition are believed to reflect a fail-
ure of selective attention, i.e., the subject is distracted
from the task by the written word [81]. We have devel-
oped an analog of the Stroop Test for mice, wherein
the attention directed toward an odor (or visual) cue
is impaired when the animal is tested in the presence
of a task-relevant visual (or odor) distractor [77, 82].

In the present task, mice were trained to perform
an odor discrimination or a visual discrimination,
each in a distinct context. In this manner, the context
came to “instruct” the animal which discrimination
to perform. After reaching asymptotic (near errorless)
performance in each task, a test of selective attention
was performed. For this test, the visual cues were
added to the odor discrimination box. Given the pre-
viously learned instructions, the animal should ignore
the visual cues and approach only the relevant odor
cues. An increase in errors was deemed as a failure of
the ability to selectively attend to the odor cues. After
the completion of this test, the animals were subjected
to a test of their capacity to disengage from the previ-
ous tendency to approach the odor cues. For this test,
animals were placed in the visual discrimination box
with both visual cues (the relevant targets) and odor
cues (the task-relevant distracters) present. To per-
form effectively in the task, animals were required to
inhibit their approach to recently reinforced odor cues
and now attend only to visual cues to find food. Ani-
mals then alternated between boxes and were tested
in this manner until they had been tested for perfor-
mance in each box two times (for a total of four test
trials). The number of errors accumulated over the test
trials served as the index of selective attention and the
animals’ ability to shift between relevant cues (i.e., to
disengage from one type of cue and focus attention
on the alternate type of cue). Errors were scored in
the same manner described above for the Odor Dis-
crimination task. A detailed description of this task
is provided in the Supplementary Material.

Tissue preparation for neuropathological studies

Animals were euthanized at ∼14.5 months of
age using pentobarbital (200 mg/kg) administered
intraperitoneally. Brains were removed rapidly and
fixed in 4% paraformaldehyde in PBS at 4 ◦C for 7
days. From each animal brain, tissue blocks were gen-

erated for immunohistochemistry (IHC), including
the cerebral cortex (from multiple locations), hip-
pocampus and cerebellum. Following fixation, tissue
was either paraffin-embedded or frozen. Paraffin-
embedded tissues were sectioned at a thickness of
5.0 �m, and sections were placed on Superfrost®
Plus glass slides (48311-703, VWR, Bridgeport,
NJ) previously coated with Poly-L-Lysine (P8920,
Sigma-Aldrich, St. Louis, MO). Slides were baked
at ∼60 ◦C for 1 h to ensure tissue was fully
adherent. Following fixation, tissue to be used for
frozen sectioning was infiltrated with 10% and
then 30% sucrose in PBS also containing 1.0%
paraformaldehyde, pH 7.4) at 4 ◦C under constant
gentle agitation. Specimens were placed atop a solid
4.0% gelatin matrix and the resulting tissue/gelatin
blocks were snap-frozen in liquid nitrogen and stored
at −80 ◦C. Cryosectioning was performed using a
Leica CM1850 Cryostat (Deerfield, IL). Cryosec-
tions (12.0 �m thick) were placed on Superfrost®
Plus glass slides and stored in a dry container at 4◦C
until use.

Brightfield immunohistochemistry

Paraffin-embedded tissues were processed for
brightfield IHC as described previously [30, 83, 84].
Briefly, after removal of paraffin with xylene and
rehydration through a graded series of decreasing
concentrations of ethanol, protein antigenicity was
enhanced by microwaving sections in Target Buffer
(Dako, Carpenturia, CA) for 2 min. Following a 30-
min incubation in 0.3% H2O2, sections were treated
for 30 min in normal blocking serum and then incu-
bated with primary antibodies (anti-A�42 antibodies
polyclonal, 1:50 dilution, AB5078P, Chemicon Inter-
national, Temecula, CA; anti-mouse IgG, dilution
1:100, Millipore, Temecula, CA) for 1 h at room tem-
perature. After a thorough rinse in PBS, a secondary
biotin-labeled antibody was applied for 30 min at
room temperature. Immunoreactions were treated
with the avidin–peroxidase-labeled biotin complex
(ABC, Vector Labs, Foster City, CA) and visual-
ized with 3-3-diaminobenzidine-4 HCl (DAB)/H2O2
(Biomeda, Foster City, CA). Sections were lightly
counterstained with hematoxylin, dehydrated using
increasing concentrations of ethanol, cleared in
xylene and mounted in Permount. The specificity
of immunoreactivity was confirmed by incorporat-
ing various antibody controls during each IHC run.
Since the specificity of anti-A�42 antibodies are con-
troversial, we used one of the most widely used



N.K. Acharya et al. / Extravasated A�42 Leads to Cognitive Decline 169

and tested anti-A�42 antibodies. All specimens were
examined and photographed with a Nikon FXA
microscope, and digital images were recorded using
a Nikon DXM1200F digital camera and processed
using Image Pro Plus (Phase 3 Imaging, Glen Mills,
PA) imaging software.

Fluorescent imaging

A subset of frozen brain sections from mice treated
with PT and FITC-labeled A�42 were washed in
PBS, mounted using 4,6-diamidino-2-phenylindole,
or DAPI (H-1500, Vector Laboratories, Burlingame,
CA), and examined via fluorescence microscopy to
assess the localization of FITC-conjugated peptides.

Counting the number of IgG or Aβ42 positive
neurons

The number of A�42-positive cells was deter-
mined from sections of brain tissue from four
animals in each of the treatment groups. Sections of
paraffin-embedded tissue were immunostained with
anti-A�42 antibodies under identical conditions. Five
random images at 20X magnification from each ani-
mals’ cortical region were recorded under identical
illumination, magnification and camera settings using
a Nikon FXA microscope equipped with a Nikon
CCD camera. Similarly, A�42-positive cells were
visualized in the five random images at 20X mag-
nification of the frozen brain cortical region using
fluorescence settings of Nikon FXA microscope and
Nikon Immunofluorescence camera. The total num-
ber of A�42-positive cells in each 20X viewing field
was counted. Various statistical tools were used to test
the significance of differences among the different
treatment groups.

Statistical analyses

After data collection, descriptive statistics for each
group was examined along with the normality of the
distribution. Multiple tests were used to ensure that
the data followed a normal distribution, in which case
an ANOVA analysis was carried out. A mixed effects
analysis was preferred when there were missing data
points in animal behavioral studies. If the distribu-
tion pattern of the acquired data were not normal,
unpaired, non-parametric Mann-Whitney t-tests were
carried out. Analyses were carried out using SPSS
(v28) and GraphPad Prism (v10) while GraphPad
Prism (v10) was used to generate graphs.

RESULTS

Overall, on several cognitive tasks and acquisi-
tion tests, mice treated with PT plus A�42 (PT-A�42)
showed deficits compared to mice treated with PT
plus saline (in place of A�42) (PT-Sal) or saline
only (Sal). By contrast, in most tests, PT-Sal mice
generally did not exhibit decrements in performance
compared to Sal mice. A similar pattern was observed
in tests of long-term retention, where PT-A�42 mice
demonstrated a marked inability to recall trained
activities relative to PT-Sal and Sal mice. Results
from specific tests are described below.

Odor discrimination

No significant difference in the number of errors
was observed between groups in Trial 1 (before learn-
ing could have occurred; Fig. 1A). However, closer
inspection of the acquisition curves suggests that
the rate of acquisition was slower in PT-A�42 mice
relative to the other groups, an effect that became
increasingly apparent as trials progressed. This pat-
tern was reflected in a significantly greater number
of errors (p < 0.01) in the final two trials (Trials 4 and
5) for PT-Sal and Sal mice. These observations sug-
gest a specific deficit in the rate of acquisition in the
PT-A�42 group.

Passive avoidance: post/pre-latency(s)

PT-A�42 mice exhibited inferior performance on
the passive avoidance task, but this difference did
not achieve statistical significance in the overall
ANOVA (Fig. 1B). However, comparisons between
the PT-A�42 and Sal groups or the PT-A�42 and
PT-Sal groups indicated that the performance of
the PT-A�42-treated group was significantly worse
than in animals treated with PT-Sal or Sal as
these comparisons reached statistical significance
(p < 0.01) (Fig. 1B). On the contrary, paired compar-
ison between mice treated with PT-Sal and Sal were
not statistically different from each other (Fig. 1B).

Spatial Water Maze

We investigated the animals’ ability to learn a task
(spatial navigation, Fig. 2A) and retain over a long
retention interval (Fig. 2B) the learned response for
all treatment groups. All groups were found to exhibit
equivalent performance in their ability to learn the
task across trials, i.e., the groups did not differ in their
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Fig. 1. Mice treated with PT-A�42 (PT-A�42) showed deficits
compared to PT-Sal and Sal-only mice. A) Odor Discrimination.
Animals were trained to locate food in randomly assorted loca-
tions by using an odor cue. Mean errors to locate the target food
cup for animals in each treatment group are shown. Brackets indi-
cate standard error. Using a mixed effects analysis, we did not find
any significant difference between the treatment groups across tri-
als 1 through 3; however, when trials 4 and 5 were compared, a
statistically significant difference (p < 0.01) was observed in the
PT-A�42-treated mice compared to the other groups. B) Passive
Avoidance: Post/Pre-Latency(s). Upon stepping from a safe plat-
form, animals were exposed to a bright light, loud noise, and
vibration. The mean ratio of post-training to pre-training step-
down latencies was calculated for each animal and served to index
learning. Brackets indicate standard errors, and the values were
analyzed using the Mann-Whitney test. Animals treated with PT-
A�42 showed a significantly lower step-down latency compared
to the Sal group (PT-Sal, p < 0.01). Likewise, the PT-A�42 group
demonstrated significantly lower step-down latency compared to
PT-Sal group (p < 0.01). The PT-Sal and Sal-only groups failed to
demonstrate any significant differences.

rate of acquisition (Fig. 2A). The latency to locate a
submerged platform gradually declined in later tri-
als (Fig. 2A), suggesting that PT-A�42 mice also
learned spatial navigation at a normal rate (Fig. 2A).

On mixed effect analysis, we observed statistical dif-
ference between the trials (p < 0.0001) without any
difference between three treatment groups in each
trial (Fig. 2A).

Thirty days after completion of training, the
same mice were tested for long-term retention of
the learned response in the Spatial Water Maze.
Mice treated with PT-A�42 exhibited significant
impairments of long-term retention relative to the
other groups. This difference reached statistical sig-
nificance in the overall Brown-Forsythe ANOVA
(p < 0.05) (Fig. 2B). Paired comparison between
PT-A�42-treated mice to PT-Sal mice as well as
PT-A�42-treated mice to Sal mice demonstrated a
reduced tendency in PT-A�42-treated mice to retain
the learned task (Fig. 2B). This pattern is particularly
notable given the intact acquisition observed on this
task in PT-A�42-treated animals (Fig. 2A).

Lashley III Maze
In the Lashley III Maze, PT-A�42-treated mice

learned how to navigate the maze in a manner com-
parable to mice in the other groups, as overall rates of
acquisition were largely similar in this task (Fig. 2 C).
These values did not reflect the subjects’ failure to
learn, as they were evident on the first trial prior to
any learning having occurred. As in the Spatial Water
Maze, mice were tested for long-term retention in the
Lashley III Maze at a 30-day interval. In contrast to
their varying pattern of performance on tasks assess-
ing acquisition abilities, mice treated with PT-A�42
again exhibited a performance deficit compared to the
other groups (Fig. 2D). This impaired retention in PT-
A�42 animals reached significance relative to mice in
the Sal group (p < 0.05, Fig. 2D). A similar trend of
difference in this regard was noted between the PT-Sal
and Sal groups (p = 0.0571, Fig. 2D). Interestingly,
paired comparison between the PT-A�42-treated and
PT-Sal-treated groups failed to attain statistical sig-
nificance (Fig. 2D). Most importantly, the observed
decline in retention in PT-A�42 animals was espe-
cially notable in the context of the fact that animals
in all groups demonstrated comparable acquisition
rates during initial training on this task (Trials 1–6,
Fig. 2C).

Selective attention
The selective attention task is a test that is distinct

from the other cognitive tasks used here. It occurs
after asymptotic acquisition and makes no nomi-
nal demands on learning or long-term retention. On
this test, a severe deficit was expressed by PT-A�42
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Fig. 2. A) Spatial Water Maze: Latency to Locate Platform. Animals were trained to locate a hidden platform submerged below the surface in
a tank of water. The latency to locate the hidden platform was recorded across each of 12 training trials for animals in each treatment group.
Brackets indicate standard error. The mice in all treatment groups demonstrated steady progress in locating submerged platform as revealed
by the declined period from first to twelfth trial. Mice in all treatment groups also demonstrated comparable abilities to learn a task. B)
Spatial Water Maze Retention: Percent Time(s) in Target Quadrant. Following a 30-day retention interval, animals were administered a 60-s
“probe” trial in which the escape platform was removed from the maze and the percentage of time spent searching in the target quadrant was
recorded. Mean time in the target quadrant is depicted. Brackets indicate standard error. For comparison across the three treatment groups,
we used the Brown-Forsythe ANOVA test and found significant difference (p < 0.05) across the treatment groups. Overall, the PT-A�42
group spent less time in the target quadrant compared to both PT-Sal and Sal groups. C) Lashley Maze: Errors to Complete: Long-term
Retention. Mice were trained to locate food in the Lashley Maze over 6 trials (T1–T6) and re-tested on 2 trials (T7–T8) following a 30-day
retention interval. Mean errors to reach the goal box across trials are depicted for each treatment group. Brackets indicate standard error.
As the training progressed, T1–T6, the number of errors was consistently reduced for mice treated with PT-Sal and Sal. Sal and PT-A�42
groups demonstrated inconsistent results as their number of errors fluctuated considerably. At T7, PT-A�42 mice demonstrated a significant
increase in errors compared to both PT-Sal and Sal groups. The number of errors made by mice from the PT-A�42 group at T7 was higher
than during T1. The number of errors made by mice in the PT-Sal and Sal groups at T7 was similar and lower than T1. D) A measure of
retention was computed for each animal by obtaining a difference score between the errors committed on the first post-time lapse trial (i.e.,
T7) and the average of the last two acquisition trials (T5–6). Brackets indicate standard error. A comparison of the errors between the Sal and
PT-A�42 groups attained statistical significance (*p = 0.0409). Interestingly, between the PT-A�42 and PT-Sal groups, the PT-A�42 group
demonstrated more errors and the numbers approached a similar trend (#p = 0.0571).
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Fig. 3. Selective Attention/Disengagement is reduced in mice
treated with PT-A�42. Animals were trained on both odor and
visual discriminations, each in a distinct context. On Trials 1- to
4, mice were tested on odor discrimination with visual discrimina-
tion cues present as distractors. All groups performed similarly on
these tests. On Trials 5–8, mice were tested either on the visual dis-
crimination with odor distractor cues present (Trials 5–V & 7-V),
or on the odor discrimination with visual distractor cues present
(Trials 6 & 8). PT-A�42 mice demonstrated increased errors and
performed poorly relative to the PT-Sal and Sal groups. Signifi-
cant differences between PT-A�42 and the other two groups are
noted. These results indicated that PT-A�42 mice could not disen-
gage from a previously reinforced cue, indicative of a failure of
selective attention (*p < 0.05).

mice relative to all other groups as determined by
a trials × Group interaction (p < 0.001, Fig. 3). This
deficiency appeared to be related to an interference
effect that likely accumulated across successive tri-
als given its specific emergence on later trials when
the odor cue served as the task-relevant distractor
(after previously serving as the target cue; Fig. 1A).
This was evidenced by significant increases in errors
relative to each other group on trials 5–7, as deter-
mined by planned comparisons (p < 0.05, Fig. 3).
This pattern of results suggests that PT-A�42 mice
were cognitively “rigid” and could not adapt to the

changing conditions required for effective directed
attention (i.e., when odor cues changed from target
to distractor).

Repetitive Pertussis toxin (PT) treatments
facilitate chronic compromise of BBB integrity
and leak of plasma components, including IgG
antibodies, into the cerebral cortex

To chronically increase BBB permeability in mice,
PT was repeatedly injected (seven times over three
months) into the tail vein as described previously
[31]. Leak of IgG from the brain vasculature was used
as a marker of PT-induced BBB breach in the cere-
bral cortex and hippocampus (Fig. 4A–D). Such leaks
were observed in all PT-treated mice. Interestingly,
IgG leaks did not occur uniformly along the length
of brain blood vessels, but rather were variable in
location and extent, and were not limited to blood ves-
sels of a single hierarchical type. Leaks ranged from
small focal plumes of material emerging from a sin-
gle site (Fig. 4A, B) to more extensive leaks occurring
along a greater length of the vessel and its tributaries.
In general, larger vessels (especially arterioles) dis-
played more extensive perivascular leak clouds than
smaller vessels. Areas lacking discernible leaks often
exhibited a sharp interface between IgG-positive and
-negative regions (Fig. 4C, D). By contrast, IgG was
mostly confined to the brain vasculature in Sal mice
(Fig. 4E). Thus, repetitive PT treatments facilitate
chronic compromise of BBB integrity and leak of
plasma components, including IgG antibodies, into
the cerebral cortex.

Chronically increased BBB permeability allows
IgG antibodies to enter the brain parenchyma
and bind selectively to neurons, especially
pyramidal cells in the cerebral cortex

IgG entering the brain interstitial space was found
to bind preferentially to certain neuronal subtypes,

Fig. 4. PT induces leak of plasma components and selective binding of IgG to local neurons. A–D) Histological sections from the
mouse cerebral cortex (Ctx) showing the effects of long-term PT treatment on BBB permeability. BBB leak was revealed as increased IgG
immunoreactivity either widespread throughout the parenchyma or as more focused perivascular leak clouds (enclosed by dashed circles),
with sharp interfaces (C, D) of IgG immunoreactivity often observed. IgG-immunopositive neurons were present within or in the vicinity
of leak clouds (A, C, D). Neurons positioned more remotely from the leak showed little or no IgG labeling (black arrowheads, A–C). D)
PT-A�42 mice showed the most prominent IgG leaks and most extensive labeling of the neurons. The pyramidal neurons (PNs) outside of
leak zones failed to demonstrate IgG immunoreactivity (black arrowheads). E) In the Sal-only group, IgG immunoreactivity was mostly
localized within the blood vessels. F) Comparison between Sal-only and PT-Sal and Sal-only and PT-A�42 attained statistical significance
(Mann-Whitney test, p < 0.0001). Though the PT-A�42 group demonstrated a higher number of PNs demonstrating IgG immunoreactivity
compared to the PT-Sal group, it failed to attain statistical significance (Mann-Whitney test). Error bars indicate standard error of the mean
(SEM). BV, blood vessel; Cap, capillary; Ctx, cerebral cortex. Scale bar = 50 �m.
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Fig. 4. (Continued)
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especially pyramidal neurons positioned within or
near perivascular leak clouds (Fig. 4A–D). The inten-
sity of neuronal IgG immunoreactivity decreased
rapidly with increasing distance from the vessel
leak site, often forming a well-defined leak inter-
face (Fig. 4A–D). While increased permeability of
the BBB to IgG was evident in the cerebral cortex
of PT-A�42 and PT-Sal mice relative to Sal controls,
vascular leaks were most prevalent in the brains of PT-
A�42 mice, leading to an increased cortical density
of IgG-positive neurons (Fig. 4D, F). In contrast to
PT-A�42 and PT-Sal animals, Sal animals exhibited
a generally intact BBB within the cortex (Fig. 4E,
F). We also found a significant difference in the
density of IgG-positive cortical neurons across treat-
ment groups (Fig. 4F). Paired comparison between
the PT-Sal and Sal groups reached statistical signifi-
cance, as did comparison of Sal mice with PT-A�42
mice (p < 0.0001) (Fig. 4F). Although we observed a
greater density of IgG-positive cortical neurons in PT-
A�42 mice compared to PT-Sal mice, this difference
failed to achieve statistical significance (Fig. 4F).

Chronic BBB compromise allows bloodborne
Aβ42 to enter the brain parenchyma and
accumulate within neurons in the cerebral cortex

The fate of exogenous A�42 in animals with
and without chronic PT-induced BBB compromise
was tracked over a three-month period (final age
∼14.5 months) using FITC-labeled A�42 peptide
administered via tail vein injection. A group of PT-
injected mice also received FITC-A�42 injections
throughout this period (26 times over 95 days),
and the fluorescent signal was used to localize
FITC-A�42 in tissue sections of the cerebral cortex
(Fig. 5). In regions exhibiting vascular leak, FITC-
A�42 was observed emerging from the walls of blood
vessels and entering the surrounding brain intersti-
tial space (Fig. 5A). Many (but not all) neurons
within or in the vicinity of perivascular leak clouds
exhibited intense FITC-A�42 fluorescence in their
cytoplasm, but not in nuclei, indicating a selective
affinity of exogenous FITC-A�42 for these neurons
and its localization in the cytoplasmic compart-
ment (Fig. 5A–D). As for IgG, neurons showing the
greatest intensity of neuronal FITC-A�42-positive
fluorescence were those positioned closest to the
source vessel (Fig. 5A, B). FITC-A�42 was also local-
ized within numerous discrete granules in neuronal
perikarya, suggesting that exogenous, cell surface-
bound FITC-A�42 can be internalized and most likely

makes its way into elements of the lysosomal com-
partment (Fig. 5C, D). Intraneuronal deposition of
FITC-labeled A�42 was clearly selective for cer-
tain types of neurons, especially pyramidal cells
(Fig. 5A), with the most prominent labeling asso-
ciated with larger pyramidal neurons that populate
the lower layers of the cerebral cortex. Interestingly,
great variations in the relative content of intracellular
A�42 were observed among neurons (e.g., compare
Fig. 5A–D). FITC-A�42-positive neurons were lack-
ing in the cerebral cortex of PT-Sal and Sal mice
(Fig. 5E, F).

In PT-treated animals injected with unlabeled A�42
(U-A�42) peptide instead of the FITC-labeled pep-
tide, the distribution of U-A�42 in the brain following
the long-term treatment course was investigated
by bright field immunohistochemistry (red arrows,
Fig. 6A, B). As expected, PT-U-A�42 treated mice
demonstrated a U-A�42 distribution of pattern within
the brain parenchyma that closely resembled that of
FITC-A�42-injected animals (red arrows, Fig. 6A,
B). Controls injected with saline in place of U-
A�42 showed no detectable U-A�42 in the brain
parenchyma (Fig. 6C). Interestingly, PT-Sal mice
(not injected with U-A�42) also showed increased
intraneuronal A�42, although less than that of PT-
U-A�42 treated mice, suggesting that endogenous
mouse A�42 is also able to enter the brain parenchyma
via a compromised BBB and preferentially associate
and accumulate within local neurons (Fig. 6D).

BBB compromise increases the density of
Aβ42-positive neurons

We measured the density of A�42-positive neurons
(those exhibiting surface-bound and/or intracellu-
lar A�42) in sections of the mouse cerebral cortex
processed for detection of FITC-A�42 using flu-
orescence microscopy (Fig. 7A) or U-A�42 using
Brightfield IHC and purified anti-A�42 antibodies
(Fig. 7B). Fluorescence data demonstrated a signifi-
cantly higher density of FITC-A�42-positive neurons
in mice injected with PT plus FITC-labeled A�42
(p < 0.0001) compared to Sal and PT-Sal groups
(Fig. 7A). Similarly, mice exposed to PT plus U-A�42
showed an increased density of U-A�42-positive neu-
rons within the cortex relative to PT-Sal (p < 0.01)
and Sal (p < 0.0001) mice, (Fig. 7B). Brightfield IHC
also showed a significantly higher number of A�42-
positive neurons in the PT-Sal group compared to the
Sal group (p < 0.001) (Fig. 7B).
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Fig. 5. FITC-labeled A�42 enters the brain parenchyma, shows selective affinity for pyramidal neurons, and is internalized within
these cells. A–D) In the cerebral cortex of mice injected with PT and FITC-A�42, FITC-A�42 leaks out from blood vessels (white dashed
circle in A) and is selectively internalized in pyramidal neurons (B–D). In neurons, FITC-A�42 was localized within numerous discrete
granules in the neuronal perikaryon, suggesting that cell surface-bound FITC-A�42 is internalized and accumulates within a membrane-
enclosed compartment. E, F) Background fluorescence in the cerebral cortex of mice not exposed to FITC-A�42 [i.e., PT-Sal (E) and Sal-only
(F)] mice. No punctate immunofluorescence like FITC-A�42 was seen in PT-Sal (E) and Sal-only (F) mice. PN, Pyramidal neurons: BV,
blood vessel; Cap, capillary; PT, Pertussis toxin; Ctx, cerebral cortex. Scale bar = 50 �m.
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Fig. 6. Cortical pyramidal neurons in mice treated with PT + unlabeled A �42 (U-A�42) peptide showed an increase in intraneuronal
A �42 accumulation comparable to that seen in mice treated with PT+FITC-labeled A�42 (FITC-A�42) peptide. Bright-field
immunohistochemistry with anti-A�42 primary antibody was used to compare the fates of injected U-A�42 and FITC-A�42 in the context
of PT-induced chronic BBB breakdown. A, B) Both PT + U-A�42- and PT + FITC-A�42-treated mice demonstrated increased neuronal
accumulation of A�42 in the cerebral cortex (Ctx), red arrows. C) No evidence of neuronal A�42 deposition was observed in Sal-only mice.
D) Mice in the PT-Sal group also demonstrated some intraneuronal A�42, but this was much less extensive and was often largely confined
to small, isolated groups of neurons. This suggests that soluble, endogenous mouse A�42 is also able to enter the brain parenchyma through
a defective BBB. It is important to point out that, using the bright field microscopy, we are unable to differentiate between endogenous
A�42 peptides from the FITC-A�42 peptide. PN, pyramidal neuron; BV, blood vessel; Cap, capillary; PT, Pertussis toxin; Sal, saline. Scale
bar = 50 �m.

Accumulation of bloodborne Aβ42 within
hippocampal hilar neurons

In PT-FITC-A�42-treated animals, the hippocam-
pus also showed blood vessels with prominent
perivascular IgG-positive leak clouds extending out
into the hippocampal parenchyma (Fig. 8A, D),
which were not seen in PT-Sal mice (Fig. 8B, E)

and Sal mice (Fig. 8C, F). As in the cerebral cor-
tex, larger vessels in the hippocampus displayed the
most extensive leak clouds (Fig. 8A). In mice injected
with PT-FITC-A�42, the fate of FITC-A�42 in the
hippocampus mirrored that in the cerebral cortex.
A considerable number of the large hilar neurons
exhibited intense FITC-A�42 fluorescence localized
within discrete granules in the neuronal perikaryon,
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Fig. 7. The density of A�42 positive neurons in the cerebral
cortex was highest in PT-A�42 mice. A) A comparison of the
density of A�42-positive neurons in mice injected with FITC-
A�42 peptide was carried out by immunofluorescent microscopy.
A difference in the density of A�42-positive neurons in the
cerebral cortex was detected across the three treatment groups.
Comparison of the density of A�42-positive neurons reached sta-
tistical significance (Mann-Whitney tests, p < 0.0001) between
the Sal-only and PT-FITC-A�42 groups. The difference in the
density of A�42-positive neurons also reached statistical signifi-
cance (Mann-Whitney tests, p < 0.0001) between the PT-Sal and
PT-FITC-A�42 groups. B) Comparison of the density of A�42-
positive neurons reached statistical significance (Mann-Whitney
tests, p < 0.0001) between the Sal-only and PT-A�42 groups. Sim-
ilarly, group comparisons between Sal and PT-Sal, and PT-Sal
and PT-A�42 groups also attained statistical significance (Mann-
Whitney tests, p < 0.001 and p < 0.01, respectively). Error bars are
standard error of the mean (SEM).

again suggesting that exogenous FITC-A�42 is selec-
tively internalized by these neurons and most likely
deposited within elements of the lysosomal compart-
ment (Fig. 8D). No fluorescent signal similar to that
from FITC-A�42 was seen in hippocampal neurons of
animals PT-Sal and Sal control animals (Fig. 8E, F).

DISCUSSION

The goal of the present study was to use an aging
mouse model to investigate the effects of long-term,
chronic BBB compromise on the fate of exogenous
bloodborne A�42 peptide and cognitive function. To
achieve this, 10-month-old mice were treated repeat-
edly with Pertussis toxin (PT) to induce a chronic
increase in BBB permeability over a period of three
months. During the same interval, animals were
also repeatedly administered purified FITC-labeled
or unlabeled A�42 via tail vein injection. Controls
were similarly injected with PT plus saline or saline
only. FITC-labeled A�42 was used to track the fate
of bloodborne A�42 in the brain tissue. During the
last month of treatment, all mice underwent extensive
behavioral testing. Animals were subjected to a wide
range of learning, attentional, and long-term retention
tests that relied on diverse motivational and neural
systems. Following completion of behavioral testing,
animals were sacrificed, and the brains removed and
evaluated to determine the distribution of tail vein
injected A�42 peptide (FITC-labeled and unlabeled)
and bloodborne IgG, both of which are normally
blocked from entry into the brain in animals with a
functionally intact BBB.

This study had four main findings. First, repetitive
PT treatments induced a chronic increase in BBB per-
meability, leading to an influx of plasma components
into the brain parenchyma, including IgG antibod-
ies and FITC-labeled and unlabeled A�42 peptide.
BBB leaks were evident as IgG- and A�42-positive
perivascular leak clouds in PT-treated mice and were
most prominent in mice treated with PT plus A�42.
Second, after entering the brain parenchyma, both
IgG and A�42 preferentially associated with certain
types of neurons, mostly pyramidal neurons in the
cerebral cortex and the large hilar neurons in the
hippocampus. In these neurons, internalized FITC-
labeled A�42 was most often localized within discrete
cytoplasmic granules, presumably structures associ-
ated with the neuronal lysosomal compartment. We
also found that endogenous A�42 was detectable in
neurons in PT-treated mice (PT-Saline Control), but
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Fig. 8. The hippocampal region of PT-A�42 mice also showed increased BBB breakdown and intraneuronal accumulation of FITC-
A�42. A–C) Representative images from paraffin-embedded sections through the hippocampal region of PT-A�42 mice showing extensive
BBB leak of IgG compared to PT-only and Sal-only groups. D) Representative images from PT-FITC-A�42-treated mice demonstrating
intraneuronal accumulation of FITC-A�42 in hippocampal hilar neurons. E, F) The hippocampal region of the PT-Sal and Sal-only mice
lacked FITC-positive fluorescence. Hippo, hippocampus; BV, blood vessel; Cap, capillary. Scale bar = 50 �m.

not in mice injected with saline-only (Saline-Saline
Control), suggesting that disruption of the BBB in
mice is required for entry of bloodborne A�42 into

brain. Third, chronic BBB compromise increased the
density of A�42-positive neurons and thus total brain
A�42 load in animals injected with A�42 via the tail
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vein. Cells containing the greatest amounts of A�42
were positioned either within or in the vicinity of the
leak, but no A�42-immunopositive amyloid plaques
were found in any treatment group. Fourth, with
respect to cognitive functioning, animals with chronic
BBB compromise and injected A�42 displayed a
pattern of variable disruption of the acquisition of
learned behaviors, a more consistent and preferen-
tial deficit in the capacity for long-term retention,
and increased susceptibility to interference in selec-
tive attention. Taken together, these results indicate
that chronic disruption of the BBB and the resulting
influx of exogenous A�42 and neuron-binding IgG
antibodies (autoantibodies) from the blood into the
brain in mice can mimic pathological events associ-
ated with early AD-related pathology in humans as
well as cause comparable early changes in behav-
ior and cognition. In addition, our data supports the
notion that blood is a likely source of exogenous
A�42 peptide that eventually deposits in the brains of
people afflicted with AD, with autoantibody-induced
endocytosis as a route of A�42 entry into neurons.

BBB compromise and AD

Results of the present study are in accord with pre-
vious work suggesting that cerebrovascular changes
are key contributors to early AD pathogenesis and
subsequent disease progression [31, 54, 57, 60–62,
85–93]. Studies on humans and animal models have
suggested that long-term, functional compromise of
the BBB may contribute to initiation and/or progres-
sion of AD pathology, although the exact nature of
its contribution is yet to be defined [30, 31, 54, 57,
60–62, 85–93]. Despite this, it is reasonable to expect
that long-term increase in BBB permeability result
in a chronic, gradually escalating disruption of brain
homeostasis due to the influx of plasma components,
including immunoglobulins (Igs) and A� peptides,
into the brain [30, 31, 92]. For obvious reasons, stud-
ies on the causal mechanisms of BBB compromise
and long-term consequences in humans have been
limited, necessitating the use of animal models. A
missing feature that weakens the utility of mouse
models for studies on the potential role of BBB com-
promise in AD pathogenesis is that, unlike in humans,
mice lack comparable aging-associated changes in
the structural/functional integrity of brain blood ves-
sels, including those thought to lead to chronically
increased BBB permeability in humans, and appar-
ently do not live long enough to allow the full extent
of AD-related pathological changes to evolve. In

a previous study, we examined the fate of FITC-
labeled A�42 that was introduced into mice via a
single bolus tail vein injection, with the BBB ren-
dered permeable by a single treatment with PT [31].
This study showed that FITC-A�42 readily pene-
trated the BBB and was localized in neurons. To test
the requirement for disruption of the BBB to allow
the influx of bloodborne FITC-A�42 into the brain
tissue, mice were subjected to saline injections in
place of PT prior to administration of FITC-A�42 by
tail vein injection. Results showed that FITC-A�42
was detected in the brain but was confined to the
lumen of blood vessels, and neurons throughout the
brain were devoid of FITC-A�42 [31]. In the present
study, we induced a chronic, increase in BBB per-
meability in mice via repetitive PT injections over
a period of three-months, an approach confirmed to
be successful by demonstrating a resulting influx
of bloodborne IgG and FITC-labeled and unlabeled
A�42 into the brain parenchyma. Although PT has
been widely used in developing various animal mod-
els with impaired BBB, details on how PT mediates
the observed increase in BBB permeability remains
poorly understood [94]. The observation of rather
sharp interfaces between IgG- and A�42-positive and
-negative brain regions in these mice indicated that
the site and extent of BBB compromise was not
uniform in the cerebral cortex or hippocampus. A
similar phenomenon has been reported in postmortem
AD brains [30, 31], providing a plausible explana-
tion for the often unpredictable pattern of symptoms
that emerge early in the course of the disease,
which later become more generalized as the disease
progresses.

Bloodborne IgG and Aβ42 preferentially
associate with pyramidal neurons

The present study shows that a chronic BBB
compromise allows bloodborne IgG antibodies and
FITC-labeled A�42 to gain access to neurons and
glial within the brain parenchyma, suggesting that
the blood can serve as a major source of the A�42
peptide that accumulates in AD brains under condi-
tions of increased BBB permeability. Indeed, several
studies have suggested that the blood can serve as
a source of A� peptides that deposit in the brain
of AD patients [30, 31, 93, 95–98]. Here, we show
that, after entering into the brain parenchyma, blood-
borne IgG and FITC-labeled A�42 introduced via tail
vein injection preferentially associate with neurons,
most notably pyramidal neurons in the cerebral cor-
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tex and large hilar neurons in the hippocampus, the
same neurons that are IgG-immunopositive and have
been shown to contain intracellular A�42 deposits in
human AD brains [30, 31]. Of the three treatment
groups, mice receiving PT + A�42 injections showed
the highest number of cortical pyramidal neurons that
were immunoreactive to IgG and A�42. Cells with the
largest deposits of A�42 were most often positioned
within a perivascular leak cloud or in the vicinity of
a leaky blood vessel. In these cells, exogenous FITC-
labeled A�42 was primarily localized within discrete
granules, presumably structures associated with the
neuronal lysosomal compartment. Little or no blood-
borne FITC-A�42 entered the brains of mice with
an intact BBB (saline controls), as has been reported
previously [31]. The above findings suggest a causal
relationship between chronic BBB breakdown, the
resulting influx of soluble A�42 and IgG into the brain
tissue, the selective association and internalization of
A�42 in neurons and the pathogenesis of AD.

Evidence from a number of studies demonstrates
that a substantial amount of A�42 accumulates intra-
cellularly in neurons of AD brains and in elderly
mutant transgenic mice overexpressing AD-relevant
genes [15, 25, 30–51]. Studies on AD transgenic
mice have revealed that intraneuronal A�42 accumu-
lation invariably precedes the appearance of plaques
and temporally coincides with loss of synapses, the
appearance of initial cognitive deficits and, in a triple
transgenic mouse model characterized by overex-
pression of mutant tau, A�PP, and presenilin (i.e.,
3xTg-AD), the development of neurofibrillary tan-
gles [15, 36, 99]. Collectively, this suggests that
intraneuronal A�42 accumulation is an early event
in a disease process that eventually leads, either
directly or indirectly, to neuronal and synaptic loss,
the appearance of amyloid plaques and neurofibril-
lary tangles and associated neurological sequalae [17,
36, 41, 91, 100–102]. Based on this, it has been pro-
posed that the gradual deposition of A�42 within
vulnerable neurons might progressively impair the
ability of these cells to structurally and functionally
support their extensive dendrite arbors and synapses,
thus precipitating a gradual dendrite collapse that
ultimately leads to deterioration of cognition and
memory [30, 34]. Nevertheless, very little has been
conclusively ascertained thus far concerning how
and why A�42 accumulates selectively in certain
types of neurons, why aging predisposes these neu-
rons to do so, and how this accumulation might
induce its potential effects on neuron structure and
function.

Possible relationship between the influx of
brain-reactive antibodies and intraneuronal
accumulation of Aβ42

The present study shows that the same neuronal
subtypes in mouse brain that exhibit intracellular
deposits of A�42 are also IgG-immunopositive, rais-
ing the possibility that the selective binding of IgG
antibodies to the surfaces of these cells may some-
how facilitate A�42 internalization and accumulation
[30–32]. In a previous study, we tested the effects of
human sera on the extent of neuronal IgG binding
and intraneuronal deposition of soluble A�42 in adult
mouse neurons in organotypic brain slice cultures
[30]. This study showed that binding of human serum
IgG to the surfaces of mouse neurons was accompa-
nied by a dramatic increase the rate and extent of
A�42 (both exogenous and endogenous) accumula-
tion in neurons of the cerebral cortex and hippocam-
pal region. Furthermore, replacement of human sera
with specific antibodies targeting abundant neuronal
surface proteins (e.g., the alpha7 nicotinic acetyl-
choline and glutamate R2 receptors) resulted in
a comparable dramatic enhancement of exogenous
A�42 internalization and accumulation in mouse cor-
tical and hippocampal neurons, compared to neurons
treated with A�42 alone [30, 103]. Taken together
with the results of the present study, this suggests
that increased BBB permeability allows bloodborne,
brain-reactive IgG autoantibodies to access the brain
interstitium and bind selectively to cognate targets
on the surfaces of certain neuronal subtypes, which
enhances intraneuronal deposition and accumula-
tion of exogenous A�42 peptide, presumably via the
natural tendency of neurons to clear surface-bound
antibodies via endocytosis [19, 23, 30, 32, 103].

Chronic, long-term BBB compromise and
treatment with Aβ42 peptide caused deficits in
cognitive functioning

With respect to cognitive functioning, animals
subjected to PT-induced, long-term BBB com-
promise and repeated injections of unlabeled or
FITC-labeled A�42 displayed a pattern of variable
disruption of the acquisition of learned behaviors,
a more consistent and preferential deficit in the
capacity for long-term retention, and an increased
susceptibility to interference in selective attention.
We used a battery of behavioral and cognitive tests
aimed at assessing animals’ learning (acquisition)
and retention (long-term memory). Except for the
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odor discrimination task (where significant learning
deficits were observed), experimental manipulations
such as the PT-induced increase in BBB permeability
and injection of A�42 peptide had only a small and
inconsistent effect on initial learning. However,
mice in the PT-A�42 group demonstrated significant
deficits in long-term retention as revealed by the
water maze and Lashley Maze tests. The specificity
of the latter effect was particularly salient in light of
intact acquisition on these same tasks.

In a test of selective attention that made no explicit
demands (at the time of testing) on either learn-
ing or long-term retention, mice in the PT-A�42
group expressed profound deficits. Selective attention
evidenced a pattern of performance consistent with
increased susceptibility to interference, manifested in
specific impairment on later test trials, a segment most
sensitive to accrual of interference. Since attentional
abilities broadly influence cognitive processing [104,
105] this suggests that BBB breakdown and exoge-
nous A�42 may influence general cognitive abilities
that extend beyond the tasks reported here.

The aggregate pattern of functional repercussions
of experimental manipulation of BBB integrity and
plasma A�42 levels is particularly illuminating in
view of implications for AD pathogenesis. Taken
together, this profile is most consistent with a prodro-
mal or emergent phase of AD [i.e., subtle cognitive
impairment/mild cognitive impairment (MCI)], both
with respect to absolute degree and distribution of
impairment across domains of cognition or behav-
ior. Individuals suffering from the amnestic variant of
MCI, a subtype of MCI generally considered a transi-
tional state for AD, typically display a specific profile
that includes preferential deficits in long-term reten-
tion as compared to initial acquisition, coupled with
variability in other domains of cognitive functioning.
Behavioral disturbance is also common, including
mild to moderate neuropsychiatric problems and
mood changes such as anxiety, irritability, and apa-
thy [106, 107]. Furthermore, the variable pattern of
cognitive and behavioral deficits demonstrated here
mirrors the unpredictable behavioral presentation
and lack of consistent characterization of cogni-
tive impairment associated with MCI. However, the
most compelling parallels concern the specific pro-
file of cognitive and behavioral impairment exhibited
by animals treated with PT-A�42, most prominently
including a preferential deficit in long-term retention
with respect to acquisition capacity, in addition to
changes in selective attention. Remarkably, the pat-
tern of results in the present model dovetails very

closely with the staging observed in longitudinal
studies assessing the progression of pathology in
the 3xTg-AD model, a model which surpasses the
present model in progression of pathology [36, 106,
108]. In this case, studies have demonstrated that
the emergence of a specific and preferential deficit
in long-term retention (i.e., with respect to acquisi-
tion as well as other cognitive functions) coincides
temporally with the initial appearance of intracellu-
lar accumulation of A�42, and both can be traced
to initial phases of pathological progression, corre-
sponding to early disease stages (i.e., MCI).

Limitations of the study

This study has some inherent limitations. First
is the usage of PT for compromising cerebrovascu-
lature and BBB. Though used extensively for this
purpose, PT is a toxin that can lead to inflammatory
changes. Secondly, this model does not show
AD-associated terminal pathological changes such
as amyloid plaques, neurofibrillary tangles, and
significant neuronal loss, all of which may require
longer study intervals. Another limitation concerns
the age of the mice. Given the consistent and robust
link between advanced age and development of AD
(i.e., in sporadic, non-hereditary variants of AD), this
is a core feature of AD that is likely to be important
in attempts to replicate pathology and determine
causal mechanisms. While the age of the mice used
in the present model is sufficiently advanced to
allow activation of some AD-related pathological
processes, their relative youth may have attenuated
key mechanisms implicated in AD pathogenesis and
thus curbed emergence of more dramatic pathology.
Such flaws are endemic to all mouse models that
attempt to translate from rodent to human pathology.
Lastly, these animals lack the larger arteries found in
humans, blood vessels that are most associated with
susceptibility to BBB dysfunction and ensuing vas-
cular leak given their increased hydrostatic pressure.
Nevertheless, despite these potential critiques, this
model is comparable to other animal models in the
reproduction of early pathological and behavioral
alterations associated with AD, with the advantage
of exhibiting pathogenic mechanisms in the absence
of forced expression of various AD-relevant genes
and their gene products.

Conclusions

Results presented here indicate that plasma derived
A�42 peptide and anti-neuronal autoantibodies can
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penetrate a chronically defective BBB, bind selec-
tively to the surfaces of certain types of neurons and
accumulate within these cells in the characteristic pat-
tern of AD. These findings demonstrate that chronic
BBB compromise and the ensuing influx of exoge-
nous A�42 and anti-neuronal autoantibodies from the
blood over time can initiate or at least contribute to a
cascade of neurological events and associated cog-
nitive and behavioral changes that resemble those
apparent in emerging AD. Taken in the context of
research indicating widespread BBB deficiency in
AD brains, these findings provide compelling evi-
dence that the blood may serve as a chronic source
of A�42 peptides as well as neuron-binding autoan-
tibodies in AD as they gain access to the brain tissue
through a compromised BBB, and that the influx
of soluble, exogenous A�42 into the brain may be
the origin of the intracellular A�42 that accumulates
within neurons early in AD pathogenesis.
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