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The accumulation of the amyloid-f8 peptide (Af}) in
the brain is considered to have a primary role in
Alzheimer’s disease (AD). In addition to the extracel-
lular accumulation of Af3 in the parenchyma and ce-
rebrovasculature, emerging evidence indicates that
intraneuronal A also plays a pathophysiological role
in AD. It is unclear, however, if the intracellular and
extracellular pools of A are unrelated or connected.
In these studies, we sought to establish a relationship
between these two pools of AB. We identified an in-
verse relationship between intracellular and extracel-
lular AB in the 3xTg-AD transgenic model of AD. Us-
ing an immunotherapy approach, we further found
that extracellular AB was cleared before intracellular
AB. After the antibody dissipated, however, the reap-
pearance of extracellular plaques was preceded by
the accumulation of intraneuronal AB. Taken to-
gether, these results provide strong experimental ev-
idence that intraneuronal A may serve as a source
for some of the extracellular amyloid deposits. (4mJ
Patbol 2006, 168:184—194; DOI: 10.2353/ajpath.2006.050593)

Alzheimer’s disease (AD) is the most common cause of
dementia. Neuropathologically, it is marked by two hall-
mark features: the accumulation of diffuse and neuritic
plagues, mainly comprised of the amyloid-B peptide
(AB), and neurofibrillary tangles, which consist of hyper-
phosphorylated tau protein.” Besides plaques and tan-
gles, the AD brain is characterized by profound cell loss,
particularly impacting cholinergic neurons. Although the
genesis of plagues is not well understood, the accumu-
lation of AB is considered the earliest event in the cas-
cade leading to AD neurodegeneration.? Ag is generated
via the endoproteolytic cleavage of the amyloid precursor
protein (APP) by the sequential activity of different secre-
tases, presumably leading to the extracellular secretion
of AB. It has also been established that AB may be
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generated in intracellular compartments such as the en-
doplasmic reticulum and the trans-Golgi.>®

Emerging evidence suggests that intraneuronal AB
plays a pathophysiological role in the progression of the
disease.® In this regard, several studies indicate that
memory impairments in various transgenic models of AD
precede the accumulation of extracellular plaques.’©~'?
We previously generated a transgenic model of AD
(3xTg-AD) that develops an age-dependent accumula-
tion of both plagues and tangles in disease-relevant brain
regions.'® In these mice, the first pathological manifesta-
tion is the accumulation of intraneuronal AB, and deficits
in synaptic plasticity, learning, and memory appear to be
induced by the buildup of intraneuronal AB."?~'* Further-
more, we recently found that the 3xTg-AD mice show a
loss of a7 nicotinic acetylcholine receptors restricted to
brain regions that accumulate intraneuronal AB."® The
sum of these studies in transgenic mice clearly supports
a pathophysiological role for intraneuronal AB. More sig-
nificantly, there is also evidence from human studies
supporting a role for intracellular AB.°. For example, in
the Down’s syndrome brain, it has been shown that intra-
neuronal AB pool progressively decreases in an age-
related manner as the extracellular plaque load increas-
es."® It is unclear, however, whether the intraneuronal
and extracellular pools of AB are mechanistically linked
or independent of each other.

We previously showed that a single intrahippocampal
injection of an anti-AB antibody successfully removes not
only extracellular AB deposits but also intraneuronal AB
pathology.' In this current study, we again used an
immunotherapy approach to investigate the relationship
between the intracellular and extracellular AB pools. We
show that the extracellular pool is reduced first, within 12
hours of a single intrahippocampal injection of an anti-AB
antibody, followed by the reduction of the intracellular
pool by day 3 after injection. Notably, after the antibody
dissipates, we found that the intraneuronal AB pathology
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re-emerges before the appearance of extracellular
plaques. We further show that in the brains of the
3xTg-AD mice, the intraneuronal AB immunoreactivity de-
creases as the extracellular plaque load increases.
These studies provide compelling experimental evidence
that these two pools of AB are related, and that the
accumulation of extracellular AB may be at least partially
dependent on the accumulation of intraneuronal AB.

Materials and Methods
Mice

The generation of the 3xTg-AD mice has been described
elsewhere.’ Briefly, 3xTg-AD mice were derived by co-
microinjecting two independent transgenes encoding hu-
man APPg,.. and the human taupso;, (both under control
of the mouse Thy1.2 regulatory element) into single-cell
embryos harvested from homozygous mutant PS1y, 146y
knockin (PS1-KI) mice.' Tissue from Tg2576 mice'® was
obtained from the Institute for Brain Aging and Dementia
at the University of California, Irvine.

Surgeries

Homozygous 3xTg-AD and non-Tg mice (12 to 14 months
old) were anesthetized with 0.6 ml of avertin per 25 g of
body weight (1.3% tribromoethanol, 0.8% amylalcohol)
and placed in a stereotactic apparatus (MyNeurolLab,
St. Louis, MO) with a mouse adaptor. The monoclonal
anti-Ag antibody 1560 (2 pg; Chemicon, Temecula, CA)
was injected into the left hippocampus through a 33-
gauge injector attached to a 5-ul Hamilton syringe (Ham-
ilton Co., Reno, NV). The coordinates, with respect to
bregma, were —2.7 mm posterior, +2.5 mm lateral, and
—3.0 ventral to the skull. The rate of injection was 1
wl/minute, after which the cannula was left in place for an
additional 5 minutes to allow for diffusion. Animals were
kept on a warming pad until they had fully recovered from
anesthesia, and were kept in individual cages to prevent
damage to the scalp sutures until they were sacrificed for
tissue processing. All animal procedures were performed
in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and ap-
proved by the University of California, Irvine, Institutional
Animal Care and Use Committees. All appropriate mea-
sures were taken to minimize pain and discomfort in
experimental animals.

Immunohistochemistry

Mice were sacrificed by CO, asphyxiation and the brains
were fixed for 48 hours in 4% paraformaldehyde. Free-
floating sections (50 um thick) were obtained using a
vibratome slicing system (Pelco, Redding, CA) and
stored in phosphate-buffered saline. The endogenous
peroxidase activity was quenched for 30 minutes in 3%
H.,0O,. Sections were then incubated in 90% formic acid
(FA) for 7 minutes to expose the epitope. The appropriate
primary antibody was applied overnight at 4°C. Sections
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were washed with Tris-buffered saline (TBS) and incu-
bated with the appropriate secondary antibody for 1 hour
at 20°C. Sections were developed with diaminobenzidine
substrate using the avidin-biotin-horseradish peroxidase
system (Vector Laboratories, Burlingame, CA).

Antibodies

The following antibodies were used in this study: anti-Ap
B6E10 (Signet Laboratories), anti-AB 1560 (Chemicon),
anti-AB40 and anti Ap42 (Biosource, Camarillo, CA), an-
ti-AB 35-40 (MM32-13.1.1, for detecting AB,o) anti-Ap
35-42 (MM40-21.3.4, for detecting AB,,), anti-IDE1 (a
generous gift from Dr. D.J. Selkoe, Brigham and Wom-
en’s Hospital, Harvard University), anti-APP clones
22C11 and CT20 (Calbiochem, La Jolla, CA), anti-NEP
(Abcam), and anti-B-actin (Sigma, St. Louis, MO).

Protein Extraction and Western Blot

Mice were sacrificed by CO, asphyxiation. Brains were
homogenized in 50 mmol/L Tris, pH 8.0, containing 0.7
mg/ml pepstatin A supplemented with a complete mini-
protease inhibitor tablet (Roche, Basel, Switzerland). The
homogenized mixes were briefly sonicated to sheer the
DNA and centrifuged at 4°C for 1 hour at 100,000 X g.
The supernatant containing the cytoplasmic fraction was
stored at —80°C until used. The pellet was rehomog-
enized in a solution of 10 mmol/L Tris, pH 7.5, 150 mmol/L
NaCl (TBS), and 2% Triton containing a complete mini
protease inhibitor tablet and centrifuged at 4°C for 1 hour
at 100,000 X g. The supernatant, now containing the
membrane fraction, was stored at —80°C until used.

Proteins were resolved by sodium dodecyl sulfate/
polyacrylamide gel electrophoresis (10% Bis-Tris from
Invitrogen, Carlsbad, CA) under reducing conditions and
transferred to a nitrocellulose membrane. The membrane
was incubated in a 5% solution of nonfat dry milk for 1
hour at 20°C. After overnight incubation at 4°C with pri-
mary antibody, the blots were washed in Tween 20-TBS
(T-TBS) (0.02% Tween 20, 100 mmol/L Tris, pH 7.5, 150
nmol/L NaCl) for 20 minutes and incubated at 20°C with
the appropriate secondary antibody for 1 hour. The blots
were washed in T-TBS for 20 minutes, incubated for 5
minutes with Super Signal (Pierce, Rockford, IL), washed,
and exposed.

AB Quantification and Statistical Analysis

To quantify the age-related changes in intraneuronal AB
immunoreactivity and number of plaques, photomicro-
graphs (six mice/group, three sections/mouse, three pho-
tographs/section) were taken with a Zeiss digital camera
and imported into the Scion Image system (NIH, Be-
thesda, MD) and converted to black and white photos.
Threshold intensity was manually set and kept constant,
and the number of pixels was determined for AB-immu-
nostained sections. To keep the area analyzed constant
from mouse to mouse, we imaged only sections of the
hippocampus underneath the rhinal fissure. A similar
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analysis was performed for Nissl| staining. To determine
the number of plaques, three images per brain section
per mouse were taken using a X20 objective and the
number of plaques was manually counted. Quantification
for the immunization experiments was done as following:
three pictures/section were taken in the area surrounding
the injection site and the number of pixels and/or number
of plaques was compared to similar regions from the
uninjected contralateral hippocampus. The data were
subsequently analyzed by analysis of variance or t-test
comparison using Graphpad Prism software.

Cortical Cultures and Enzyme-Linked
Immunosorbent Assay (ELISA) Measurements

Primary cortical neurons were prepared from embryonic
day 15 Tg2576 mice as previously described.'® Briefly,
cortical neurons were plated at a concentration of 5 X
10° cells per ml. After 12 days in vitro, neurons were
incubated in either vehicle (dimethyl sulfoxide) or 10
nmol/L +y-secretase inhibitor XVII (Calbiochem, San Di-
ego, CA) for 0, 1, 3, 12, 24, and 48 hours. Intracellular
amyloid was determined from cell lysates obtained using
M-Per tissue protein extraction reagent (Perbio Science,
Cramlington, UK) containing Complete Mini Protease In-
hibitors (Roche Diagnostics, Pleasanton, CA). Secreted
amyloid was determined from collected media. Sandwich
ELISA was performed as previously described.'®

Results

The first neuropathological manifestation in the brains of
the 3xTg-AD mice is the buildup of intraneuronal AB
within certain brain regions.'® To further corroborate the
presence of intraneuronal AB in the 3xTg-AD mice, we
stained serial sections from 9-month-old mice with differ-
ent antibodies raised against different regions of the APP
(Figure 1A). The strongest intraneuronal staining was
obtained in sections stained with antibody 1560 (Figure
1B), which is raised against the first 17 amino acids of the
AB sequence. Although this antibody recognizes any
AB-containing fragment of APP, when serial sections
were stained with 22C11, CT20, APP N-terminal and C-
terminal antibodies, intraneuronal staining was markedly
reduced compared to the 1560 staining (Figure 1, B-D).
These data suggest that the majority of the intraneuronal
immunoreactivity detected by 1560 is AB. In fact, serial
sections stained with two different AB42-specific antibod-
ies (see Materials and Methods) further confirm that AB42
is the primary species that accumulates in neurons of the
3xTg-AD mice (Figure 1E). Because of the presence of
the M146V mutation in the PS1 gene, the 3xTg-AD mice
accumulate mainly AB42.%2

Although intraneuronal AB accumulation is the first
overt neuropathological manifestation in the 3xTg-AD
mice, it is not yet known whether this pool remains con-
stant with aging, particularly in the context of the age-
related buildup of extracellular plaques. Our initial anal-
ysis, therefore, centered on determining whether the

A 22C11 1560 CT20

Figure 1. Intraneuronal AB accumulates in the brains of 3xTg-AD mice. A:
Schematic representation of the epitopes on the APP protein recognized by
different antibodies. The diagram is not to scale. B-E: Serial sections were
stained with different antibodies. Although some of the intraneuronal mate-
rial is detectable with 22C11 and CT20, very robust immunostaining is clearly
evident with the two different AB antibodies.

intraneuronal AB pool changes as a function of age. We
addressed this matter by analyzing 12- to 18-month-old
3xTg-AD mice because there is a marked increase in the
extracellular plague load during this time period. We
focused our study on the hippocampus because this is a
well-defined structure that facilitates a more precise
quantitative analysis and because it is one of the major
brain regions impacted in both human AD and 3xTg-AD
mice. Through quantitative imaging analysis, using anti-
AB.,.-specific antibodies, we measured the intensity of
the AB immunostaining in the hippocampus and found a
significant reduction in intracellular AB immunoreactivity
between 12 and 18 months (Figure 2, A-E). In contrast,
the number of extracellular plaques markedly increased
throughout this time period (Figure 2, A-D and F).

To better quantify the relationship between the intra-
cellular and extracellular AB pools, we measured intra-
cellular AB staining and counted the number of amyloid
plaques in 3xTg-AD mice of different ages (n = 20 mice).
We found a significant inverse correlation between these
two AB pools (Figure 2G). A similar inverse relationship
between intraneuronal and extracellular AB has also
been documented in the brains of Down’s syndrome
patients."®

There are several likely factors that could account for
the age-dependent decrease in intraneuronal AB immu-
noreactivity: 1) neurons are dying between 12 and 18
months of age; 2) the steady-state levels of APP/AB de-
crease between 12 and 18 months of age; 3) the expres-
sion of intracellular AB-degrading enzymes increases
between 12 and 18 months of age; 4) the lack of intra-
neuronal AB immunoreactivity in old mice may be due to
the antibody predominantly binding extracellular
plaques; and/or 5) the intraneuronal pool of AB contrib-
utes to the extracellular plaque load. To distinguish be-
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Figure 2. Intraneuronal A immunoreactivity decreases as plaque number increases. A—G: Using Scion image software (from NIH), we measured intraneuronal
AB immunoreactivity and extracellular AB load in the hippocampus of 12-to 18-month-old 3xTg-AD homozygous mice (7 = 6 per group, three sections per mouse,
three pictures per sections). Representative low- and high-magnification microphotographs of the hippocampus of 12-month-old (A, B) and 18-month-old (C, D)
3xTg-AD mice immunostained with an anti-AB,,-specific antibody. E: Quantitative analysis of intraneuronal AB immunoreactivity shows a significant decrease in
levels between 12 and 18 months of age (P < 0.05). F: In contrast, plaque numbers significantly increase during this time (P < 0.01). G: A significant inverse
relationship exists between intraneuronal AB immunoreactivity and number of amyloid plaques in mice of different ages (12 = 20).

tween these possibilities, we stained sections from 12-
and 18-month-old mice with Nissl and found that the
overall number of CA1 neurons is similar between these
two ages (Figure 3A). The lack of terminal dUTP nick-end
labeling-positive (data not shown) and fluorojade-positive
neurons in the CA1 subfield in 12- and 18-month-old mice
(Figure 3A) suggests that the diminished intraneuronal
AB staining is not due to a decrease in cell number.
We next compared the steady-state levels of full-length
APP in the hippocampus of 12- and 18-month-old
3xTg-AD mice using quantitative Western blot. We found
no statistically significant change in APP levels between
these ages (Figure 3, B and C). We also directly mea-
sured steady-state levels of AB by sandwich ELISA to
determine whether the age-dependent decrease in intra-
neuronal AB was due to an overall decrease in total AB
levels. We found that both AB,, and AB,, in the soluble
and insoluble fractions significantly increased between
12 and 18 months of age (Figure 3D). These results
indicate that the reduced intraneuronal AB immunoreac-

tivity is not due to a reduction in transgene expression nor
to an overall decrease in total AB levels.

AB accumulation is the result of a balance between
production and degradation and different proteases have
been shown to degrade AB in vivo. Among these, insulin-
degrading enzyme (IDE) and neprilysin (NEP) have re-
ceived the major experimental confirmation.2°=22 To de-
termine whether the level of these proteases increases
between 12 and 18 months, thereby accounting for the
decrease in intraneuronal AB staining, we measured IDE
and NEP steady-state levels throughout this period in the
hippocampus of the 3xTg-AD mice. We found that IDE
steady-state levels significantly decreased during this
time, and a similar tendency was also apparent for NEP
levels, although in this case the difference was not sta-
tistically significant (Figure 3, B, E, and F). The decrease
in the levels of these AB-degrading enzymes between 12
and 18 months in the hippocampus of the 3xTg-AD ar-
gues against the possibility that the age-related reduction
in intraneuronal AB immunoreactivity results from en-
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Figure 3. Investigation of experimental parameters that could underlie the age-related decrease in intraneuronal AB. A: Representative microphotographs of
sections stained with the Nissl and fluorojade technique indicating that there is no evident loss of neurons between 12 and 18 months of age (7 = 6 per group).
B: Representative immunoblots of protein extracts from the hippocampus of 12- and 18-month-old 3xTg-AD mice analyzed for APP, IDE, and NEP. B-Actin levels
were assayed to control for protein loading. Note that the representative blots are 7 = 3 whereas the quantifications of these blots (see below) are done one a
sample of 72 = 6. C: Quantitative analysis of APP blots shows that full-length APP steady-state levels remain relatively constant during these time points (P = 0.158).
D: ELISA measurement of AB,, and AB,, in 12- and 18-month-old 3xTg-AD mice. There is a significant age-dependent increase in both AB4, (P = 0.0054 and
P <0.0001 for sodium dodecyl sulfate and FA, respectively) and AB,, levels (P = 0.0476 and P = 0.0038 for sodium dodecyl sulfate and FA, respectively), between
these time points. E: Steady-state levels of IDE show a significant age-dependent decrease (P < 0.05). F: A similar decrease was also detected for NEP, although
the difference did not achieve statistical significance (P> 0.05). G: Representative microphotograph showing staining of extracellular plaques and nearby neurons
that contain intraneuronal AB immunoreactivity. Scale bars: 125 um (A); 50 um (G).

hanced A clearance. Moreover, these data are consis-
tent with our previous studies showing an age-dependent
decrease in IDE and NEP in brain regions susceptible to
AD neuropathology.?® The age- and region-dependent
decrease in these two AB-degrading enzymes may ac-
count for the different susceptibility of different brain re-
gions to AB pathology.

It is also plausible that the reduced intraneuronal AB
immunoreactivity in old 3xTg-AD mice is due to the anti-
body predominantly binding extracellular plaques and
not neurons. However, the presence of both plaques and
intraneuronal AB in the same brain regions argue against
this possibility (Figure 3G). In fact, if the antibody were to
bind predominantly to plagues and not to neurons, one
would expect to find a reduction of intraneuronal AB
immunoreactivity in neurons next to plaques. Moreover,
we also stained sections from the 3xTg-AD mice with an

excess of AB antibodies and still observed a reduction of
intraneuronal AB staining between 12 and 18 months of
age (data not shown). To determine whether the AB im-
munoreactivity changes as a results of the FA pretreat-
ment that we used to detect extracellular plaques (see
Materials and Methods), we stained serial sections from
12-month-old 3xTg-AD mice with and without FA pretreat-
ment and found no difference in the intraneuronal AB
immunoreactivity (data not shown). Therefore, the age-
related decrease in intraneuronal AR immunoreactivity is
likely not due to limiting concentration of the antibody.
The age-dependent decrease in intraneuronal AB im-
munoreactivity with the concomitant increase in extracel-
lular AB plagues has also been demonstrated in Down’s
syndrome cases,** which agrees well with our data from
the 3xTg-AD mice. Nevertheless, we sought to determine
whether a similar event occurs in another transgenic
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Figure 4. Intraneuronal AB immunoreactivity decreases as a function of age in Tg2576 mice. A and B: Sections from 12- and 18-month-old mice (7 = 5) were
stained with an AB40-specific antibody. The photomicrographs reveal intraneuronal A immunoreactivity in 12-month-old mice, which is absent in 18-month-old
mice. In contrary, the number of plaques greatly increases during this time. C-F: Representative microphotographs of hippocampal sections stained with the Nissl
and fluorojade, respectively, showing that there is no evident loss of neurons between 12 and 18 months of age. G: Representative Western blots showing APP,
IDE, and NEP levels as a function of age. H: Quantification of Western blots for APP, IDE, and NEP show no significant changes in the steady-state levels of these
proteins between 12- and 18-month old mice. The levels of each time point were adjusted to the relative B-actin levels, which were used as a protein loading
control.

model of AD. For this study we used the Tg2576 trans- sections from 12- and 18-month-old mice (n = 5) with an
genic mice, which overexpress APPswe.'® Considering AB40-specific antibody. We found that intraneuronal AB
that these mice mainly accumulate AB40, we stained immunoreactivity was present in the CA1 regions of 12-
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Figure 5. Intracellular AB is secreted extracellularly in primary neurons. Primary neurons from Tg2576 transgenic mice were treated with a specific y-secretase
inhibitor or with vehicle only to determine whether there was a dynamic relationship between the intracellular and extracellular AB pools. After 12 days in vitro,
the media was replaced with conditional media from nontransgenic mice and neurons were treated with either the potent y-secretase inhibitor XVII or with vehicle
only. A: In neurons treated with the y-secretase inhibitor, the intracellular AB,, significantly decreases after changing the media (compare point 0 and 1 hour, P <
0.01) and remains constant after that, whereas in the vehicle-treated neurons, after the initial decrease, the levels of intracellular ABy, gradually increase. The
significant decrease after media replacement is consistent with the secretion of AB. B: Notably, we found that treatment of neurons with the y-secretase inhibitor
result in a significant increase in secreted Ay, levels (P < 0.05). Because AB production was blocked and that at time 0 there was no detectable AB in the media,
the secreted AB must come from the intracellular pool, where indeed we detect a decrease in AB levels. Note that the increase in secreted AB, is higher in the
vehicle-treated neurons because A production is not blocked. C: Paralleling the results obtained with AB40, we found a time-dependent increase in secreted AB,,

levels (P < 0.05). The levels of intracellular AB,, were below detection.

month-old mice (Figure 4A). However, in the same brain
region of 18-month-old mice, we found numerous extra-
cellular AB plagues but no intraneuronal AB immunore-
activity (Figure 4B). Therefore, even in another mouse
model of AD such as the Tg2576 mice, intraneuronal AB
immunoreactivity is observed and declines with age as
the extracellular plague burden increases.

To determine whether the age-related decrease in in-
traneuronal AB immunoreactivity was due to a loss of
neurons between 12 and 18 months of age, we stained
sections from these two time points with Nissl and fluoro-
jade. As for the 3xTg-AD mice, the age-dependent de-
crease in intraneuronal AB immunoreactivity in the
Tg2576 brain did not appear to be due to a decrease in
cell numbers (Figure 4, E and F). We next addressed
whether the levels of APP, IDE, and NEP changed with
time in the Tg2576. We found that between 12 and 24
months of age the steady-state levels of APP, IDE, and
NEP were unaltered in the hippocampus of Tg2576 mice
(Figure 4, G and H).

To directly address whether a dynamic relationship
exists between the intraneuronal and extracellular AB

pools, we also investigated this question with in vitro
experiments using primary neurons. The APP transgene
in the 3xTg-AD mice is under the control of Thy1.2 pro-
moter, which is expressed at low levels in embryos, ren-
dering AB production below threshold for detection.™
Therefore, we used primary neurons from Tg2576 mice,
in which the APP transgene is under the prion promoter
and is expressed in embryos.'® Neurons were isolated
and cultured in vitro for 12 days, after which the media
was replaced with conditioned media from nontransgenic
mice supplemented with either 10 nmol/L of the potent
y-secretase inhibitor XVII or vehicle only. The potency of
this +y-secretase inhibitor has been shown previous-
ly.25=27 Although it is unlikely, we cannot exclude that the
inhibitor blocks 100% of the production of AB. We sub-
sequently measured intracellular and secreted AB levels
at different time points. We found that the intracellular
AB.o levels were significantly lower 1 hour after changing
the media in both the y-secretase inhibitor- and vehicle-
treated samples (n = 4). In the ry-secretase inhibitor-
treated group, as expected, intracellular AB,q levels did
not change at the other time points, as AB production was
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Figure 6. Clearance of the intracellular and extracellular AB pools is hierarchical. The monoclonal anti-AB antibody 1560 was unilaterally injected into the left
hippocampus of 12- to 14-month-old 3xTg-AD mice, and the mice were subsequently sacrificed at different time points (7 = 4 per time point). A=C: The ipsilateral
hippocampus shows a reduction in plaque number compared to the contralateral, uninjected hippocampus 12 hours after a single intrahippocampal injection of
an anti-AB antibody (P < 0.001), however, the intraneuronal AB immunoreactivity was not different between the ipsilateral and contralateral hippocampi (P =
0.887). Arrows in A point to several extracellular plaques present in the contralateral hippocampus. D-F: Areas surrounding the injection site show virtually no
extracellular AB deposits and a marked reduction in intraneuronal AB immunoreactivity by 3 days after antibody administration compared to contralateral
uninjected hippocampi (£ < 0.001 for both number of plaques and intraneuronal A immunoreactivity).

blocked (Figure 5A). Conversely, in vehicle-treated neu-
rons, after the initial decrease the level of intracellular AB
significantly increased throughout time (Figure 5A). Al-
though we cannot exclude that this initial decrease in
intraneuronal AB is due to some AB remaining in the
secretory pathway at the moment of the application of the
inhibitor, the significant decrease in intracellular AB levels
after 1 hour can be explained by the change in the
balance between the intracellular and extracellular AB
pools that occurred after replacement of the media.
Moreover, we found a time-dependent increase in the
levels of secreted AB,q for both the vehicle- and y-secre-
tase-treated samples, which is consistent with some of
the intraneuronal AB pool contributing to the accumula-
tion of secreted AB. Notably, the increase is more sub-
stantial in the vehicle-treated neurons as AB production
was not blocked (Figure 5B). Because the production of
AB is inhibited by the y-secretase inhibitor, the secreted
AB must come from the intracellular pool because at time
0 there was no AB,q in the conditioned media (Figure 5B).
Similar results were obtained for AB,, (Figure 5C), al-
though the intraneuronal AB,, levels were below detec-
tion. Nevertheless, the results are consistent; despite
inhibition of AB formation, there was a time-dependent
increase in secreted AB,,, paralleling the results ob-
tained with AB,.

To determine whether such a relationship between
intracellular and extracellular AB is present in vivo, we
used an immunotherapy approach. We previously
showed that both extracellular and intracellular AB are
cleared within 3 days after a single intrahippocampal
injection of anti-Ag antibodies.™ In this current study, we

initially examined which pool was cleared first by admin-
istering AB antibodies into the left hippocampus of the
3xTg-AD mice and sacrificing the mice at 12, 24, 48, and
72 hours after injection. At 12 hours after antibody ad-
ministration, there was a marked reduction in the number
of extracellular plaques in the ipsilateral versus the unin-
jected contralateral hippocampus (Figure 6, A-C). Nota-
bly, the intraneuronal AB staining was comparable be-
tween the ipsilateral and contralateral hippocampus
(Figure 6, A-C). However, by 72 hours after injection both
AB pools were markedly reduced in the ipsilateral hip-
pocampus (Figure 6, D-F). Therefore, these results indi-
cate that extracellular plaques are cleared first, followed
thereafter by the clearance of the intraneuronal AB pool.
It is critical to note that the removal of AB is not a gener-
alized consequence of the antibody injection as we pre-
viously showed that injection of other antibodies, such as
the human tau-specific antibody HT7 (monoclonal anti-
mouse) or a protozoan antibody, does not alter AB pa-
thology."” Moreover, we also showed that injection of an
anti-AB antibody does not mask the epitope during im-
munohistochemistry because the reduction in AB depos-
its is also observed by thioflavine S staining.™

To determine whether, after the antibody diffuses, in-
traneuronal AB and extracellular plaques re-emerge con-
currently or consecutively, we sacrificed 3xTg-AD mice
15, 30, and 45 days after antibody administration. At 15
days after antibody administration, we found that the
intraneuronal AB pathology retrogressed and was com-
parable to the contralateral hippocampus. In contrast, at
this time point no extracellular deposits were evident by
immunohistochemistry, even though they were readily
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Figure 7. Intracellular AB re-emerges before extracellular AB. A—C: Fifteen days after antibody administration, intraneuronal AB immunoreactivity is detectable
in areas surrounding the injection site and is comparable to the contralateral, uninjected hippocampus (P = 0.214). No extracellular AB deposits are apparent in
the area surrounding the injection site, whereas numerous plaques are present in the contralateral site (P < 0.001). In contrast, in the contralateral, uninjected
hippocampus intraneuronal and extraneuronal AB deposits are both readily apparent (arrows in A). D-F: Intracellular and extracellular AB immunoreactivity
appear comparable between the ipsilateral and contralateral hippocampi (P = 0.09 and P = 0.1, for plaques and intraneuronal AB immunoreactivity, respectively),
30 days after a single intrahippocampal injection (7 = 4 per time point). Therefore, these data suggest that the development of the extracellular pathology is in

part dependent on the accumulation of intraneuronal AB.

apparent in the contralateral hippocampus (Figure 7,
A-C). By 30 days, however, the intracellular and extra-
cellular AB pathologies were similar between the ipsilat-
eral and contralateral hippocampi (Figure 7, A-C). Al-
though we cannot exclude that glial-mediated clearance
or other mechanisms may differentially influence intracel-
lular and extracellular AB clearance, these data suggest
that the accumulation of extracellular plagues may be, at
least in part, dependent on the accumulation of intraneu-
ronal AB.

Discussion

Extracellular amyloid plaques have long been consid-
ered one of the two major neuropathological hallmarks of
AD." Despite extensive advances in our understanding of
the biochemistry of APP processing/AB formation, there
is a paucity of studies that have addressed the steps
leading to extracellular AB deposition in the brain paren-
chyma. Transgenic models offer the best insight into this
process because it is possible to chart the relationship
between the various pools of AB. In this regard, immuno-
therapeutic approaches have proven to be a feasible
means of rapidly and effectively clearing AB from the
mammalian brain and thereby helping to elucidate the
process of AB deposition.

The inverse relationship between plague number and
intraneuronal AB load and the immunotherapy results
suggest that these two pools of AB may be dynamically
related, as clearance of one pool affects the clearance of
the other. Notably, our findings of an age-dependent

decrease in intraneuronal AB pathology but an increase
in extracellular AB in the 3xTg-AD brains are consistent
with studies in human Down’s syndrome brains.'® More
significantly these studies provide compelling experi-
mental evidence that these two pools of AB are related
and that the accumulation of extracellular AB may at
least, in part, be dependent on the accumulation of intra-
neuronal AB.

We previously showed a strong relationship between
intraneuronal AB and the onset of cognitive impair-
ments in the 3xTg-AD mice.'? Although we show that
intracellular AB levels decrease as a function of age,
the cognitive impairments in the 3xTg-AD continue to
worsen as a function of age (L.M. Billings et al, manu-
script in preparation). In this regard, the number of
thioflavine-positive plaques and the number of tangles
present in the 3xTg-AD mice increases as a function of
age, accounting for the worsening of the cognitive
impairments. In other words, the intraneuronal AB ac-
cumulation causes the onset of the cognitive impair-
ments in the 3xTg-AD mice and as the mice age, the
appearance of plaques and tangles further exacerbate
the cognitive impairments even if the intraneuronal AB
immunoreactivity decreases. Behavioral deficits also
occur in transgenic mice with little or no intracellular
AB; however, these cases should not be considered
contradictory with transgenics in which intraneuronal
AB is responsible for cognitive impairments. Consider-
ing the complexity of cognition, it is likely that distinct
triggers can lead to similar impairments in different
transgenic mice.



The data presented here, however, should not be con-
strued to imply that the formation of extracellular plaques
can only occur after the intraneuronal accumulation of
AB. On the contrary, plaque formation is likely to be a
complex process that may occur via several independent
pathways. For example, Herzig and colleagues®® re-
cently showed that transgenic mice that overexpress APP
harboring the Dutch mutation in neurons develop cere-
brovascular amyloidosis and smooth muscle cell degen-
eration; they showed that intraneuronal AB is not required
for the muscle cell degeneration and that extracellular
neuron-derived AB can be imported to and accumulate in
the vasculature. Therefore, at least some extracellular AB
does not appear to originate from the intracellular pool.

The movement of AB from one compartment to another
seems to play an important role in the pathogenic pro-
cess. In this regard, different studies have shown that AB
can be removed from the brain parenchyma into the
vasculature through the blood brain barrier.?®-3% These
results indicate the existence of an equilibrium between
the AB levels in the blood and the brain parenchyma.®*
Here we show that a similar equilibrium exists between
the intracellular and extracellular AB pools.

Further studies are needed to elucidate the molecular
mechanism underlying this equilibrium. However, it has
been shown that AB can be transported to the synaptic
terminals and released into the extracellular space where
it can accumulate.®® It is possible that the intracellular
accumulation of AB can facilitate the terminal release of
this peptide into the extracellular space. After its release,
it is likely that there will be a local increase in the extra-
cellular concentration of AB, which is a critical determi-
nant of plaque formation based on kinetic studies.®® We
and others have shown the presence of intraneuronal AB
in animal models''*37 and more importantly in human
AD and Down’s syndrome cases.?*%83% Several lines of
evidence indicate that intraneuronal AB accumulation is a
toxic event for neurons.'®'349-43 Understanding these
processes may lead to the discovery of new therapeutic
targets and help to design new drugs to ameliorate this
insidious disease.
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