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Abstract

Previous reports showed that brain AB amyloidosis can be induced in animal models by
exogenous administration of pre-formed aggregates. To date, only intra-peritoneal and intra-
venous administrations are described as effective means to peripherally accelerate brain Ap
amyloidosis by seeding. Here, we show that cerebral accumulation of Ap can be accelerated after
exposing mouse models of Alzheimer’s disease (AD) to AP seeds by different peripheral routes
of administration, including intra-peritoneal and intra-muscular. Interestingly, animals receiving
drops of brain homogenate laden with A seeds in the eyes were efficiently induced. On the
contrary, oral administration of large quantities of brain extracts from aged transgenic mice and
AD patients did not have any effect in brain pathology. Importantly, pathological induction by
peripheral administration of AP seeds generated a large proportion of aggregates in blood vessels,
suggesting vascular transport. This information highlights the role of peripheral tissues and body
fluids in AD-related pathological changes.
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INTRODUCTION

Alzheimer’s disease (AD), the most common form of dementia worldwide, is characterized
by the accumulation of misfolded amyloid-p (Ap) and tau proteins in the brain [1, 2]. As
such, AD is classified as a protein misfolding disorder (PMD), a group of clinically diverse
diseases caused by the accumulation of abnormally folded proteins in specific tissues [3].
AP aggregates are considered as the earliest pathological abnormality in AD, which might
trigger the subsequent changes leading to neurodegeneration and disease. In humans and
animal models, accumulation of misfolded AP causes tau pathology, synaptic dysfunction,
cell death, and cognitive decline [4-11]. Among the different misfolded AP species present
in the AD brain, oligomers are attributed to participate in the initial stages of seeding

[12], subsequently leading to a decrease in neurogenesis and increased neuronal death [13].
Mutations in the AP precursor protein (APP) and proteins assisting in AP production are
responsible for all familial AD cases [14, 15].

Several reports demonstrate that Ap misfolding can be induced by seeding in a similar

way as described for infectious prions (reviewed in [16, 17]). The intra-cerebral (i.c.)
administration of misfolded AP in susceptible rodent models accelerate brain amyloidosis
[18-20], induce pathological changes in all-or-none systems [21, 22], display a dose-
dependent effect [23], and differentially propagate conformational strains [24, 25].
Experimental transmission of brain Ap misfolding has also been achieved in non-transgenic
primates [26, 27]. Importantly, the prion-like behavior of misfolded Ap explains very

well how these particles accumulate overtime and spread along different brain structures
[28]. Besides i.c. infusions, brain Ap amyloidosis can be induced by the intra-peritoneal
(i.p.) administration of seeding-competent aggregates [29]. However, this specific peripheral
challenge was less efficient than i.c. injections, similarly as observed in prion diseases [30-
32]. The induction of cerebral amyloid angiopathy (CAA) in Ap-treated mice by the i.p.
route suggest an important involvement of the vasculature in transporting these molecules
from the periphery to the central nervous system (CNS) [29, 33]. This hypothesis is further
supported by colocalization of peripheral misfolded AP aggregates with specific blood
components [33]. Although the seeding mechanism governing AP and prion spread are
similar at the brain level, they differ at the periphery as oral, intra-venous, intra-nasal

and intra-ocular administration of seeds failed to induce AP deposition in the CNS [34].
Importantly, the peripheral routes mentioned above are efficient in transmitting prion
diseases [35-37].

Studying the role of peripheral tissues and fluids in brain Ap deposition may be critical for
the development of diagnostic methods and new therapies aimed to halt AD progression.
Here, we evaluated whether the administration of biologically active Ap seeds through
various peripheral routes accelerate pathological changes in the brains of mice models of
cerebral amyloidosis.
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MATERIALS AND METHODS

Mice.

Inocula.

Tg2576 mice [38] were used in these experiments (54% males, n=4-12). These mice

start displaying scattered brain amyloid deposits between 8-10 months as described in
publications from our group [23, 39] and others [40]. Mice subjected to injections or a single
oral gavage were treated at 50 days old. Repeated administrations (eye drops and repeated
oral gavages) in different groups of animals started at the same age (specific details below).
I.c. administered mice were sacrificed at 285 days old. Animals injected by peripheral
routes were sacrificed at 300 days old. Animals were housed in standard conditions (22°C,
12 hours light/dark cycles). All experimental procedures were in accordance with the
regulations of the Center of Laboratory Animal Medicine and Care (CLAMC) and the
Animal Welfare Committee (AWC) of The University of Texas Health Science Center at
Houston.

a) Tg2576-derived. 10% wiv brain homogenates from aged (18- to 20-months-old) Tg2576
mice were prepared in Phosphate Buffer Saline (PBS, MP Biomedicals, Santa Ana, CA,
USA) supplemented with a cocktail of protease inhibitors (Pl, Roche Diagnostics GmbH,
Mannheim, Germany). Resulting samples were pooled, aliquoted, snap-frozen in liquid
nitrogen and stored at —80°C until use. This inoculum was previously characterized in a
AP seeds titration study [23]. b) Human-derived: The brain extract from an AD patient
(temporal cortex) was prepared similarly as described above. The AD sample was derived
from a clinically confirmed AD case (male, 84 years old) displaying abundant neuritic and
cored plaques and some diffuse aggregates (Braak stage 1V, Supplemental Figure 1). Use of
human samples was approved by the Institutional Review Board (IRB) of The University of
Texas Health Science Center at Houston.

Intra-cerebral injections.

Anesthetized mice (n=5) were injected with 20 uL of the Tg2576-derived inoculum into the
hippocampus (10 pL per brain hemisphere, AP, —=1.8 mm; L, +1.8 mm; DV, —1.8 mm) using
aseptic techniques with a stereotaxic apparatus.

Intra-peritoneal injections.

Eye drops.

For intra-peritoneal injections (n=6), isofluorane anesthetized mice were inoculated with 100
pL of the Tg2576-derived inoculum into the peritoneal cavity using a tuberculin syringe
(gauge 27 1/2 G).

For administration of eye drops, 5 pL of the Tg2576-derived inoculum were dropped into
each eye of isoflurane narcotized 50 days old mice (n=5) using a 10 UL pipette tip. Animals
were restrained by the tail for approximately 1 minute after treatment and then returned into
their cages. The same procedure was repeated weekly two additional times.
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Oral gavages (per os, p.0.).

For p.o. administrations, a total of 1 mL of Tg2576-derived inoculum was introduced into
the stomach of hand restrained mice (n=4) using a feeding needle. Additional groups of
mice were either treated 5 times per week for four weeks (20 doses in total) with 500 L of
10% wi/v brain homogenate from an AD patient (prepared as described above, n=9), or PBS
(n=12).

Intra-muscular injections.

For i.m. inoculations, 50 pL of Tg2576-derived inoculum were injected with a tuberculin
syringe (gauge 27 1/2 G) in each animal’s thigh (n=6).

Non-treated animals.

Additional untreated animals (n=6) were used as controls.

Immunohistochemistry and ThS staining.

Brains were immersion-fixed in 10% formalin, then dehydrated and embedded in paraffin.
Serial 10 um-thick sagittal sections were cut using a microtome. For Ap staining, brain
slices were previously treated with 85% formic acid for 5 min at room temperature

for antigen retrieval followed by a blocking step with 3% H,0,/10% methanol solution

in PBS. Then, brain sections were incubated overnight with mouse anti-Ap 4G8

antibody (Biolegend, Cat#800710) diluted 1:1,000 in PBS/0.02% Triton-X 100 (Sigma,
St. Louis, MO, USA) and then incubated for 1 h with sheep anti-mouse IlgG—Horseradish
Peroxidase (HRP) secondary antibody (GE Healthcare, Little Chalfont, UK) diluted at a
1:500 ratio. Peroxidase reaction was visualized using 3,3’ -Diaminobenzidine (DAB) Kit
(\Vector Laboratories, Burlingame, CA, USA) following manufacturer’s instructions. Stained
sections were dehydrated in graded ethanol, cleared in xylene, and cover-slipped with
DPX mounting medium (Innogenex, San Ramon, CA, USA). Brain tissue slices from an
AD patient were counterstained with hematoxylin. ThS staining was performed in brain
slices consecutive to 4G8 stained sections. For this, tissue slices were incubated with

a ThS (Sigma, St. Louis, MO, USA) solution (0.1% ThS in 50% ethanol) for 15 min

after deparaffinization. After incubation, sections were washed for 2 min in 80% ethanol,
dehydrated and cover-slipped.

Image analyses.

For quantification of AP burden, brain slices were examined under a DM16000B microscope
(Leica, Buffalo Grove, IL, USA) and image analysis was performed as previously described
[23, 41, 42]. Briefly, AP deposits in pictures taken with a 5X objective from cortical and
hippocampal areas were quantified using the ImageJ software (National Institutes of Health,
Bethesda, MD, USA). A burden was expressed as a percentage of the area stained by the
4G8 antibody versus the total area analyzed. Five tissue slices per animal were analyzed
(one every 100 um). The specific brain regions used in each measurement are described in
Supplemental Figure 2. For specific quantification of vascular AR deposition, slices stained
with 4G8 were quantified for blood vessel associated staining by manually deselecting
parenchymal plaques from the same images used to measure total Ap load, similarly
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as described before [43]. For Ap lesion profile (three brain slices every tenth), images

of olfactory bulb (OB), frontal cortex (FC), parietal cortex (PC), occipital cortex (OC),
hippocampus (HP), thalamus (TH), caudate/putamen and striatum (ST) and cerebellum (CB)
were taken with a 2.5X objective, and image analysis was performed as described above.
The percentage of lesion was defined as the area stained with anti-Ap antibody versus the
total area analyzed and normalized as a percentage for each tissue sliced analyzed. Plaque
density was calculated by counting the total number of plaques in cortex and hippocampus
divided by the total area analyzed in each brain region. Personnel performing these analyses
were blind to the identity of the samples.

Quantification of insoluble AB species by ELISA.

Brain homogenates were prepared at 10% wi/v in PBS 1X supplemented with PI, as
described above. Insoluble AP was isolated and characterized as described previously [41].
Briefly, 200 pL of brain extracts were ultracentrifuged at 32,600 rpm for 1 h at 4°C using
a 42.2 Ti rotor (Beckman-Coulter, Brea, CA). Supernatants were collected, snap-frozen in
liquid nitrogen, and pellets resuspended by pipetting and sonication in 200 L of 70%
formic acid (Fisher Scientific, Waltham, MA, USA). Samples were ultracentrifuged for 30
min at the same conditions described above, and supernatants were collected. Formic acid
fractions were diluted 20 times in volume using 1M Tris buffer, pH 11 (Sigma-Aldrich, St.
Louis, MO) in order to neutralize pH. The AB4> concentration of the formic acid soluble
fractions was measured with Human Ap4, ELISA kit (Invitrogen, Carlshad, CA, USA). The
assays were developed following manufacturer’s recommendations. Samples were read on
an ELISA reader (EL800 BIO-TEK, BioTek, Winooski, VT, USA) at 450 nm. Personnel
performing these analyses were blind to the identity of the samples.

Statistical Analyses.

Number of animals in each group was based in our previous experience using mice treated
with infectious prions and availability of inoculum (oral gavages). Kolmogorov-Smirnov
or Skewness-Kurtosis statistic tests were used to confirm normal distribution of the data.
Next, 1-way ANOVA followed by a multiple comparison test (Tukey) or student’s t-test
were used to analyze differences between groups. The values were expressed as means

+ Standard Error of the Mean (SEM). Data was analyzed using the Graph Pad Prism
software (GraphPad, La Jolla, CA, USA), version 5.0. *p < 0.05, **p < 0.01, ***p <
0.001. Statistical differences were considered significant for values of p < 0.05. In order

to appreciate the treatment effect in individual mice, we defined an attack rate threshold
emulating experiments in which prion infection produced disease only in some of the
animals treated [32, 44]. To define the attack rate thresholds, the limit was set at 3 standard
deviations (3o) over the mean of untreated controls. Individual values above the attack rate
thresholds were defined as positive for seeded amyloid induction. No inclusion/exclusion
criteria or randomization methods were applied to experimental groups.
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RESULTS

Administration of AB seeds by peripheral routes accelerates brain amyloidosis

50-days-old Tg2576 mice were exposed, by different routes, to brain extracts from 18-

to 20-months-old Tg2576 mice harboring large quantities of Ap deposits. Routes of
administration included i.c., i.p., intra-muscular (i.m.) and per os (p.o.). Additionally, we
tested eye drops (e.d.) to assess the effect of direct ocular contact with AB aggregates on
brain amyloidosis. Volume and estimated amounts of Ap administered varied depending on
the route to allow maximum exposure (Table 1). Due to the non-invasive nature of the e.d.
administration and the unknown amount of brain homogenate absorbed through this route,
three weekly e.d. doses were performed instead of one as for all other routes (summarized in
Table 1 and Supplemental Figure 3). Animals were sacrificed at either 285 (i.c.) or 300 (all
other routes) days old. At these ages, untreated mice show little Ap deposits in their brains,
as previously reported [23].

AP deposition was initially assessed by immunohistochemistry (IHC) in the cortex and

the hippocampus, the brain areas where AP deposits are more abundant in this model

[23, 38]. As expected, untreated mice sacrificed at 300 days old displayed low levels of
amyloid deposition (Figures 1A and 1B). AB burden values in these mice were similar

to the ones observed in animals injected with brain homogenate from wild type mice

(data not shown) or PBS [23]. As expected, the cortex and hippocampus of animals i.c.
injected with brain extracts from aged Tg2576 mice generated massive deposition of Ap
amyloid at the experimental end point (Figures 1A and 1B). In addition, we confirmed
previous results obtained by Eisele et a/. [29] by showing that i.p. administration of AB-
laden materials is able to induce cerebral amyloid deposition (Figures 1A and 1B). The
administration of AP seeds by two other peripheral routes, i.m. and e.d., also accelerated
brain amyloidosis (Figures 1A and 1B). As explained in Material and Methods section, we
defined an attack rate threshold to appreciate the treatment effect in individual mice. This
analysis is reminiscent of many experiments involving infectious prions where disease is
observed in only a fraction of the animals treated [32, 44]. Here, the attack rate threshold
was defined as three standard deviations over the average value of the untreated control
group (dotted red line in Figure 1B). We observed that 4 out of 6 i.m. treated mice showed
significantly higher levels of Ap deposits compared to controls (Figure 1B). Surprisingly,
mice treated with e.d. (a non-invasive way of administration) showed a complete attack
rate, with average AP burden levels similar to the ones seen in the i.m. group. On the
contrary, none of the p.o. treated Tg2576 mice displayed burden values above the attack
rate threshold. This is noteworthy as the amount of material administered was substantially
higher compared to all other groups (Table 1). Negative results in the p.o. group were
further confirmed by showing that twenty repetitive administrations of an AD brain extract
(harboring large quantities of AB deposits) in young Tg2576 mice did not modify the extent
of brain pathology (Supplemental Figure 1).

In regards to amyloid distribution in the brains of mice receiving seeds by peripheral routes,
we did not observe significant differences in cortex and hippocampus (Supplemental Figure
4). However, the patterns of deposition in mice receiving seeds by the i.m. route were erratic.
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This is reflected by the incomplete attack rates observed in this group and non-uniform
patterns of amyloid deposition across the brain of individual animals (Supplemental Figure
5).

Ocular and i.p. Ap seeds administration are the most efficient peripheral routes for seeding

To best compare the extent of Ap seeding by different routes, we calculated the ratio
between AB burden values obtained for each animal and the estimated amount of seeds
administered as evaluated by ELISA (Table 1). As expected, i.c. administration was at least
25 times more efficient than all other peripheral administrations (Figure 1C). Nevertheless,
IHC is known to possess low sensitivity and unable to detect non-clustered/soluble Ap
aggregates. For that reason, the opposite brain hemispheres from the same experimental

and control mice were homogenized and levels of PBS-insoluble Ap were analyzed by
ELISA. In addition of being more sensitive, this test allowed us to assess the Ap content

in preparations involving all brain structures in a more quantitative manner. Insoluble A
levels largely confirmed the IHC analyses, only slightly differing in the i.m. administrations
(attack rate of 3 out of 6, Figure 2A). When ELISA values were normalized for the
estimated amount of seeds administered, we observed that e.d. treated mice contained higher
quantities of insoluble AB compared to the i.m and i.p groups (Figure 2B). It is important

to highlight the non-invasive nature of this route, as well as the overestimation of seeds
entering into the eye. However, these results suggest e.d. as an efficient mean of extra-neural
AP transmission.

Another way to assess seeding efficiency is to compare the resulting Ap burden in each
experimental group with that of untreated animals sacrificed at different time points. We
have previously done this analysis for Tg2576 mice i.c. challenged with different amounts of
AP seeds [23]. In that specific case, pathological features were shown to be accelerated in
over a year for the most concentrated inoculum [23]. By plotting Ap burden versus time for
these untreated animals (9-19 months old, Table 2 and Figure 3), i.c. administrations were
calculated to accelerate cerebral Ap amyloid deposition over 9 months (Table 2). Moreover,
the i.m. and e.d groups revealed levels of AR deposits similar to 14-months-old untreated
mice, indicating the acceleration of brain amyloidosis equivalent to 4 months (Table 2 and
Figure 3). Among all peripheral administration routes, i.p. showed the highest net efficiency
with an equivalency of AR burden similar to untreated mice sacrificed at around 16 months
old (Table 2 and Figure 3).

A high proportion of seeded AB deposits are associated with vascular tissue.

Infectious prions are known to reach the brain either by direct transport through the blood
brain barrier [45] or by retrograde transport through peripheral nerves after peripheral
replication [44, 46]. For AP, previous reports show that seeds placed in the peritoneal cavity
can be found associated to monocytes up to 1 week after administration [33]. Additionally,
AP deposition induced by the i.p. administration of seeds was importantly associated with
blood vessels [29, 33]. Amyloid deposits naturally generated by Tg2576 mice are mostly
located in the brain parenchyma and vascular deposition is negligible when present. To
better understand the contribution of CAA in seeded animals, we quantified the burden of
AP deposits associated with vascular and meningeal vessels in all our experimental and
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control groups, using previously described methodologies [43]. Our results demonstrate
that all seeded animals, with the sole exception of the p.o. groups, developed vascular Ap
deposits (Figure 4A). Quantification of these protein deposits showed that the amount of
vascular aggregates followed the total amount of AB induced by each treatment (Figure 4B).
Indeed, i.c. administrations displayed the highest amount of deposits compared to all other
groups. However, considering that the total burden for each route group was different, we
normalized the vascular Ap deposition readings to the total aggregation induced in each
case. Interestingly, we observed that the contribution of vascular deposition in peripherally
induced AP pathology (i.p. and e.d.) was higher and significantly different compared to i.c.
administration (Figure 4C). This data suggests that peripherally administered Ap aggregates
reach the brain by vascular routes and from there seed parenchymal amyloid deposition.

Different peripheral routes generate distinct brain seeding tropisms.

Considering the differential vascular vs. parenchymal extent of AR deposition induced by
the administration of preformed seeds through distinct routes, we investigated for potential
differences on the brain areas affected by Ap pathology. As a baseline, we used brains
from untreated 19- to 21-months-old Tg2576 mice and compared their amyloid pathology
distribution with that of the experimental groups. Aggregates in old/untreated mice were
concentrated in the cortical areas (mostly frontal cortex), hippocampus and olfactory bulb.
Other brain regions, such as the striatum, thalamus and cerebellum presented considerably
lower A pathology (Figure 5A and 5E). A similar deposition profile was observed for
animals receiving seeds by e.d (Figure 5B and 5F). Conversely, the pathology induced by
i.p. (Figure 5C and 5G) and i.c. (Figure 5D and 5H) administration of seeds displayed
different brain tropisms (additional pictures of micés brains from the e.d. and i.p. groups
are provided in Supplemental Figure 6). The i.p. group generated a significantly higher
amount of deposits in the olfactory bulb, while i.c. (intra-hippocampal) injections of seeds
shifted the aggregates to the hippocampus, as expected [23]. In addition, we observed that
the latter route generated a lower proportion of aggregates in the frontal cortex. The i.m.
administration was not included in this analysis due to their incomplete attack rate and the
high variability observed in induced mice (Supplemental Figure 5).

Seeds administered by different routes generated a wide variety of aggregates.

Gross examination of brain tissues revealed clear morphological differences among the A
deposits generated by seeding. Aged untreated Tg2576 mice (19-21 months old) manifested
compact plaques comprising minor diffuse pathology (Figure 6A, first panel). Untreated
control animals and experimental mice receiving AP seeds by the p.o. route (both sacrificed
at 300 days old) showed scattered small and compact plaques, especially in the cortex

and the hippocampus (Figure 6B and not shown). Compact and larger deposits compared
to the latter two groups were observed for animals receiving e.d (Figure 6C). Mice from
the i.m. group displayed Ap aggregates with a compact core and surrounded by more
diffuse deposition (Figure 6D). Distinct from all other groups, i.p. and i.c. injected animals
generated large and diffuse (fleecy-like) aggregates (Figures 6E and 6F, respectively). To
further confirm our observations, we stained consecutive tissue slices with thioflavin S
(ThS), a dye extensively characterized to bind compact amyloid structures [47]. Plaques
from the p.o. and e.d. groups displayed comparable co-localization of ThS staining when
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compared with anti-Ap staining (Figures 6H and 61, respectively), similar to aged untreated
Tg2576 mice (Figure 6G). Consistent with IHC, only the core of the plaques in the i.m.
group showed ThS staining (Figure 6K). On the contrary, little or no ThS signal was
observed for most of the AP aggregates in the i.p. and i.c. groups (Figures 6K and 6L,
respectively). Importantly, the aggregates associated with blood vessels in all seeded mice
were positive for ThS (Supplemental Figures 7A and 7B). Other than vascular deposits, the
i.c. group developed ThS-reactive plaques only in the needle track (Supplemental Figures
7C and 7D). This data suggests that Ap seeding can generate different pathological features
depending on the route of administration.

DISCUSSION

Several proteins associated with neurodegenerative diseases, such as a-synuclein, tau, Ap,
among others, have been experimentally shown to share features with disease-associated
prions [3, 17, 48]. After administration of pre-formed seeds in suitable animal models, these
proteins induce or accelerate pathological features in a prion-like manner [16, 17, 48]. Aside
from prionopathies, only Amyloid-A (AA) amyloidosis in cheetahs has been proven to be
transmissible between individuals in non-experimental conditions [49]. Data from grafted
cells in Parkinson’s disease patients [50], and Ap amyloidogenesis in young individuals
receiving dura transplants [51, 52] or administration of human growth hormone [53, 54]
suggest the possibility of clinically relevant inter-cell and inter-individual transmission of
protein misfolding. At minimum, the current evidence supports the idea that the prion-like
behavior of misfolded proteins is at the core of the intra-individual spread of pathogenic
units from cell-to-cell and from brain region-to-brain region [48, 55, 56]. By comparing the
pathological induction of misfolded protein aggregates with the characteristics of bona fide
prions, we have gained a better understanding of how neurodegenerative diseases progress
and may help to design new strategies for disease intervention and diagnosis.

Our results showing that the exogenous administration of Ap aggregates by different routes
can propagate amyloid pathology into the brain highlight the role of peripheral A in

the progression of brain amyloidosis. Previous reports suggest that brain and peripheral

AP concentrations are at equilibrium [57, 58]. This equilibrium is maintained by the

ability of AP to cross the blood-brain barrier in both directions. Importantly, peripherally
administered AP binds pre-formed plaques present in the brain [58, 59]. Confirming
previous observations made by Jucker and colleagues [29], we observed that a single
administration of AP seeds in the peritoneal cavity increases amyloid deposition in Tg2576
mice. Additionally, we described that other means of administration such as i.m. injections
and e.d. also accelerated brain A pathology. These results partially contradict a previously
published report showing that peripheral routes other than i.p were unable to modify brain
amyloidosis [34]. This discrepancy may be due to the different mouse model used (Tg2576
vs. APP23), the source of inoculum (Tg2576 vs. APP23 brain extracts), and/or the different
incubation periods in each case (which has been shown to be a key determinant for Ap
seeding /n vivo [60]). Regarding the ocular route, the previous report tested intra-ocular
injection of minute amounts of brain extracts (1 pL of a 10% brain homogenate). In our
experimental approach, a non-invasive strategy was used by placing a larger quantity of
seeds directly onto the eye surface. Surprisingly, e.d. was the most efficient peripheral route
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of administration when pathological induction was made relative to the amount of seeds
administered. This result takes a higher relevance considering that from the 30 uL placed
onto the eyes (5 L per eye each week) it is likely that only a small fraction of it was
internalized. I.m. administration of seeds was also efficient in accelerating changes in the
brain, albeit the incomplete attack rates obtained. All of these results strongly suggest that
misfolded AP present in peripheral tissues may have an effect in the progression of brain
AD-associated pathological changes. Conversely, the administration of high quantities of
seeds by oral gavages did not generate changes in the brain, even when two sources of
inoculum and two different dosages were tested.

The strong association of seeded aggregates with blood vessels suggests that aggregates
administered in the periphery reached the brain through the circulation. Actually, one
experiment using a mouse model lacking Ap in the periphery suggests that seeds
administered by the i.p. route exert their effects by directly reaching the brain [33]. This
information supports the idea that blood is an important vector for the spread of A

seeds between peripheral tissues and the brain. Our data confirms previous results showing
that seeded aggregation (by i.c. or i.p. routes) promotes the appearance of these type of
aggregates [28, 29, 61, 62]. Moreover, normalized vascular pathology data for two out of
three of the peripheral routes tested (i.p. and e.d.) was significantly increased compared to
the one observed in mice receiving seeds directly in the brain. This data support the idea that
peripheral seeds initially promote aggregation in vascular structures, subsequently inducing
pathology in the brain parenchyma. This is plausible considering Ap aggregates as dynamic
entities ranging from small oligomers to large fibrils. In that sense, small/seeding-competent
AP oligomers could be released from these initial pools of vascular amyloids and spread
pathology in a prion-like fashion to the brain parenchyma. Nevertheless, the possibility that
AP aggregates replicate in peripheral tissues and undergo retrograde transport by peripheral
nerves, as described for prion diseases [63], has not yet been disproven. This is especially
relevant for our results involving e.d. administrations, since eyes are highly innervated
organs with direct neural connectivity to the brain. On the contrary, the administration of
high quantities of AP seeds by the p.o route suggest that aggregates are degraded in the
gastrointestinal tract or are unable to cross the epithelial layers. Additional experiments

are needed to understand how peripherally applied AB reaches the brain to spread protein
misfolding.

In addition to the vascular tropism observed for seeded A deposits, we tested whether
exogenous administration of misfolded A by different routes changed the distribution
of the aggregates across the brain. Tg2576 mice spontaneously accumulate Ap mostly

in the cerebral cortex and hippocampus, with little deposition observed in other areas.
We previously showed that the distribution of A aggregates can be shifted by the site

of i.c. injection [23], with aggregates appearing in a larger extent in the injected area.
This conclusion is further supported by the results of the current experiments. On the
other hand, peripheral routes led to varying pathological profiles. While e.d. treated mice
caused a similar brain distribution of A aggregates when compared to aged Tg2576, i.p.
administrations resulted in different outcomes with significant amyloidosis in the olfactory
bulb. 1t is likely that the different tropism of AP deposition by distinct routes might be
due to differential brain entry of AP aggregates in e.d. and i.p. routes. We are currently
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investigating the mechanisms governing the entry of Ap aggregates after different means of
administration to further understand these unexpected outcomes.

AP deposits in AD patients are heterogeneous and easily differentiated by their morphology
and reactivity against amyloid-specific dyes, such as Congo Red and ThS [47, 64]. Among
the various distinct types of Ap deposits, it is possible to distinguish neuritic, mature,
diffuse and fleecy plaques, as well as synaptic diffuse and intra-cellular aggregates [64].
The presence and proportion of these aggregates may vary between individuals and the
brain regions analyzed. In this study, we discovered that the route of administration of
seeds influenced the types of deposits generated in the brain. Importantly, seeded aggregates
were different compared to what is observed in aged Tg2576 mice and resembled more
closely the pathological features found in the brain of AD patients [64]. We are currently
investigating the biological relevance of each type of aggregate generated by seeding in the
context of inflammation, synapto- and cell-toxicity, and tissue damage.

It is important to mention that the experiments described in this article were done using
brain extracts containing high quantities of misfolded AP and that the amount administered
was variable depending of the route of administration (we used the maximum volumes
allowed per route). Whether the differential pathological features generated by seeding are
due to the variable quantities of misfolded A administered will be explored in future
studies.

The data presented in this article highlight the role of peripheral tissues and blood in the
progression of brain AR amyloidogenesis. This subject acquires more relevance considering
reports suggesting that peripheral administration of cadaveric pituitary preparations
(supposedly containing Ap aggregates) may seed Ap misfolding in the brain [53, 54].
Considering the data presented in this article, other medical procedures such as corneal
transplants (tissues known to accumulate misfolded A [65]) should be revisited for possible
inter-individual transmission of biologically active seeds. Future epidemiological studies
designed to directly address these questions may be useful to either confirm or discard the
inter-individual transmission of AB misfolding. Besides the implications of this phenomenon
in public health, our results highlight the important contribution of peripheral A in the
spreading of brain amyloidosis in AD. The identification AP aggregates in different tissues
and fluids may serve as an efficient biomarker to diagnose the disease. In the same ling,
removal of AP species from the periphery may alter the stability of brain deposits in a
beneficial manner, opening new avenues for therapeutic interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tg2576 mice challenged with AP seeds by different routes developed accelerated brain
amyloidosis.

(A) Representative pictures of hippocampi (upper panels) and cerebral cortices (lower
panels) of untreated and treated mice with Ap seeds by different routes of administration.
Scale bar in the top left panel represents 100 pm and applies to all panels. (B) A burden

in cortices and hippocampi was measured in tissue slices, as explained in Material and
Methods. AP burden is expressed as a percentage for the area stained by the 4G8 anti-Ap
antibody versus the whole area analyzed. Attack rate (ratio depicted at the top of each
group) was defined as the fraction of animals having burden values 3o over the average of
untreated animals (red punctuated line). (C) Induction ratio was calculated by taking the
burden area obtained in (B) and dividing by the estimated amount of Ap seeds administered
in each case (as depicted in Table 1). For (B), lines within the groups represent the mean
average of amyloid burden values + standard error of the mean (SEM). Statistical differences
in amyloid burden for each group were measured by Student’s t-test with respect to the
“Untreated” (negative control) group. *p < 0.05, ***p < 0.001.
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Figure 2. Evaluation of insoluble Ap4 levels in Tg2576 mice receiving biologically active seeds

by peripheral routes.

(A) PBS-insoluble ApB was fractionated as described in Material and Methods and measured
by ELISA. A threshold to define attack rates was defined for values 3o over the average

of the untreated control group (red punctuated line). (B) Induction ratio was calculated by
taking the individual values obtained in (A) and dividing them by the estimated amount

of AP seeds administered in each case (as depicted in Table 1). Lines within the groups
represent the mean average + SEM. Statistical differences in Ap concentration values (A)

in each group were measured by Student’s t-test with respect to the “Untreated” (negative
control) group. Statistical analyses in (B) were performed by 1-way ANOVA followed by

Dunn’s multiple comparison test. *p < 0.05, ***p < 0.001.
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Figure 3. Comparison of AP burden between seeded and untreated Tg2576 sacrificed at different
time points.
Untreated Tg2576 mice were sacrificed at different time points (ranging from 9 to 19

months old) and AP burden was measured by image analysis in cortex and hippocampus
(black dots). An AP deposition curve was generated using this data (black line) and values
for experimental (AP seeded) animals were extrapolated on it (colored dots). Vertical lines
represent the mean average + SEM. Data in this figure is expressed in months as untreated
mice were sacrificed at the respective months with a + difference of 5 days.
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Figure 4. Seeded AP deposits in the brain of Tg2576 mice are highly associated with blood
vessels.

(A) Representative pictures of mice from different groups showing vascular anti-Ap (4G8)
staining. Scale bar in the right panel represents 100 pm and applies to all panels. (B)

Net vascular deposition was measured for each experimental group in brain cortices and
hippocampi by image analysis and data expressed as burden (%). Numbers at the top of each
column represent the number of animals showing vessel-associated aggregates versus the
total number of animals analyzed. (C) Individual values in (B) were divided by the total Ap
deposition found for each animal as depicted in Figure 1B to calculate the extent of vascular
deposition in each case. For (B) and (C), lines at the top of each column represent standard
errors. *p < 0.05; **p < 0.01; ***p < 0.001; n.s., not significant.
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Figure 5. Regional profile of AR deposition in exogenously induced mice compared with
untreated aged animals.

(A-D) Representative pictures of brain slices stained with the 4G8 antibody, highlighting A
deposition along the brain for experimental and control groups. Scale bar at the bottom of
(A) represents 1,000 um and applies to all panels. (E-H) The percentage of aggregation in
different areas of the brain regarding total aggregation (%) was calculated by image analysis,
as described in Materials and Methods. For (E-H), dots represent averages and vertical

lines averages + standard errors. Lines connecting dots were used to better visualize the
pattern of aggregation in each group. **p < 0.01, ***p < 0.001. OC: occipital cortex; PC:
parietal cortex; FC: frontal cortex; OB: olfactory bulb; ST: striatum; HP: hippocampus; TH:
thalamus; CB: cerebellum.
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Figure 6. Morphological and staining differences in Ap deposits induced by different routes of
administration.
Consecutive brain slices for each experimental and control groups were stained with the 4G8

anti-Ap antibody (A-F) and ThS (G-L). Scale bars in (A) and (G) represent 100 um and
apply to all panels.
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Table 1.

Estimated quantities of AP peptides injected by each route.

n  Estimated amount of AB injected (ng)

Intra-cerebral 5 34.2
Eye drops 5 51.54
Intra-muscular 6 171.8
Intra-peritoneal 6 171.8
Oral gavages 4 1718

Untreated 6 --
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Table 2.

Brain amyloidosis induced by brain and peripheral administration of misfolded Ap.

Page 23

Age Equivalent (months,

p value™ (compared to

attack rate . Mean + SD fold similar 4G8 burden)* untreated)
Intra-muscular 4/6 0.082 £ 0.047 11.77 13.98 0.0021
Eye drops 5/5 0.098+ 0.0514 14.03 14.32 0.0009
Intra-peritoneal 6/6 0.205 +0.191 29.09 15.78 0.0146
Intra-cerebral 5/5 3.551+1.019 507.28 >19 < 0.0001
Untreated - 0.006961 + 0.003237 1 - -

*
Data expressed in months for simplicity as untreated mice were sacrificed at the respective months with a + difference of 5 days.

Ak
Statistical differences in amyloid burden for each group were measured by Student’s t-test with respect with the “Untreated” (negative control)

group.
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