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Abstract

Numerous epidemiological studies have shown a significantly higher risk for development of
Alzheimer’s disease (AD) in patients affected by type 2 diabetes (T2D), but the molecular
mechanism responsible for this association is presently unknown. Both diseases are considered
protein misfolding disorders associated to the accumulation of protein aggregates; amyloid-beta
(AB) and tau in the brain during AD, and islet amyloid polypeptide (IAPP) in pancreatic islets in
T2D. Formation and accumulation of these proteins follows a seeding-nucleation model, where a
misfolded aggregate or “seed” promotes the rapid misfolding and aggregation of the native
protein. Our underlying hypothesis is that misfolded IAPP produced in T2D potentiates AD
pathology by cross-seeding A, providing a molecular explanation for the link between these
diseases. Here, we examined how misfolded IAPP affects AP aggregation and AD pathology /n
vitro and in vivo. We observed that addition of |APP seeds accelerates Ap aggregation /n vitroin a
seeding-like manner and the resulting fibrils are composed of both peptides. Transgenic animals
expressing both human proteins exhibited exacerbated AD-like pathology compared to AD
transgenic mice or AD transgenic animals with type-1 diabetes (T1D). Remarkably, IAPP
colocalized with amyloid plaques in brain parenchymal deposits, suggesting these peptides may
directly interact and aggravate the disease. Furthermore, inoculation of pancreatic IAPP aggregates
into the brains of AD transgenic mice resulted in more severe AD pathology and significantly
greater memory impairments than untreated animals. This data provides a proof-of-concept for a
new disease mechanism involving the interaction of misfolded proteins through cross-seeding
events which may contribute to accelerate or exacerbate disease pathogenesis. Our findings could
shed light on understanding the linkage between T2D and AD, two of the most prevalent protein
misfolding disorders.
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Introduction

Protein misfolding disorders (PMDs) are a group of diseases caused by the formation and
accumulation of proteinaceous misfolded aggregates!-2. The disease-associated misfolded
proteins usually organize in a B-sheet structure, leading to the formation of stable oligomeric
and fibrillar species that accumulate in tissues in the form of amyloid-like deposits. In each
disease the main protein component of the aggregates is different and include, for example,
amyloid-beta (AB) and hyperphosphorylated tau (ptau) in Alzheimer’s disease (AD), alpha-
synuclein (a-syn) in Parkinson’s disease, TDP-43 in amyotrophic lateral sclerosis, islet
amyloid polypeptide (IAPP) in type 2 diabetes (T2D) and prion protein (PrPSC) in
transmissible spongiform encephalopathies. In some cases, more than one misfolded protein
can be found in a single disease, with AD as the most emblematic case, because it features
the simultaneous accumulation of Ap and pTau aggregates. In addition, it has become clear
that there is a substantial overlap of pathological abnormalities, leading to the relatively
frequent appearance of mixed pathologies, characterized by the presence of multiple protein
aggregates in the same tissue3-8. For instance, it is common to find in AD brains
accumulation of a-syn and TDP43, in addition to the expected presence of amyloid plaques
and neurofibrillary tangles. Similarly, misfolded IAPP can aggregate and deposit in the brain
of patients with T2D and AD?, while AB and ptau can be found in the pancreas of T2D
patients10. The exact relationship between different protein aggregates is currently unknown,
but it is possible that aggregation of one protein may induce the misfolding and aggregation
of another protein.

Extensive epidemiological studies have reported an association between T2D and AD, and a
higher risk for dementia has been found in individuals who suffer from diabetes and insulin
resistancel-13, In fact, glucose metabolism impairment and T2D significantly increases the
risk for AD4 and the development of mild cognitive impairment (MCI)15:16. Nearly 80% of
all AD patients exhibit glucose tolerance impairment or have been diagnosed with
diabetes!’. Furthermore, IAPP levels in these patients correlate with the AB concentration in
the plasmal®. The mechanism for the risk association between AD and T2D is unknown and
several hypotheses have been proposed, including: alterations in insulin signaling, oxidative
stress, abnormal clearance capacity, hypercholesterolemia, and interactions at the level of
protein misfolding?®.

Despite the fact that each PMD is associated to the misfolding of a different protein, the
process of protein misfolding and aggregation in all PMDs follows a similar mechanism -the
so-called seeding-nucleation model- and results in the formation of structures rich in B-sheet
conformation, partially resistant to proteolysis and with a high tendency to form larger order
aggregates2021, A seeded-nucleated aggregation starts with a slow nucleation phase
followed by a rapid elongation stage??. In the nucleation phase, the rate-determining step is
the formation of a stable seed or nucleus of polymerized protein. Once the first seeds are
formed, a rapid and exponential recruitment of soluble protein increases the population of
misfolded units. A typical feature of the seeding-nucleation model is the ability of
preformed seeds to accelerate the process of conversion by recruiting the soluble normal
protein into the growing aggregate?. Interestingly, the fact that the process as well as the
end-products and intermediates of the seeding-nucleation mechanism are similar in all
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PMDs raise the possibility that seeds composed by one protein may catalyze the
polymerization of other proteins22. This process of heterologous seeding, also known as
“cross-seeding”, has been extensively described using pure preparations of proteins in test
tube experiments, especially between proteins with some degree of sequence
homology23-26. In particular, several Jn vitro studies have described cross-seeding between
IAPP and AB26-28, The underlying hypothesis of the current study is that IAPP aggregates
can interact with AB, inducing cross-seeding of amyloid aggregation and thus, accelerating
or exacerbating the pathological features of AD. The main goal of this study was to
investigate a possible molecular interaction through cross-seeding between Ap and IAPP
proteins /n vitro, the effect of the coexistence of both misfolded proteins /in vivo, and the
acceleration of cerebral amyloid deposition by exogenous administration of IAPP aggregates
into a transgenic mouse model of AD. Our findings may contribute to understand the
molecular mechanism responsible for the linkage between AD and T2D observed in
epidemiological studies.

Materials and Methods

Peptide synthesis

AP40, AB42 and IAPP peptides were produced by solid-phase synthesis by Dr. James |
Elliott (The ERI Amyloid Laboratory, LLC) and purified (>95% purity) by reverse-phase
chromatography. Peptides were dissolved in 50% acetonitrile, frozen, and lyophilized
overnight. Lyophilized Ap and IAPP were then dissolved at a concentration of 2.5 mg/mL in
either 10mM NaOH (pH 12) or 2 mM HCI (pH 2), respectively. The material was
centrifuged in a 30 kDa cut-off filter for 12 min at 14,000 x g at 4°C to obtain the “seed-
free” solution.

In vitro aggregation assay

AP seed-free solution was diluted to a final concentration of 0.05 pg/pL and incubated with
shaking (450 rpm) at 25°C, for 5 h to produce oligomeric seeds. For IAPP oligomer
preparation, |APP seed-free solution was diluted to a final concentration of 0.04 ug/uL and
incubated at room temperature, with shaking (450 rpm) for 90 min. For the seeding assays, 2
UM seed-free AB1-40 was mixed in 100 ul of Tris-HCI buffer in the presence of 1% of IAPP
oligomers (heterologous seeding), or 1% of Ap oligomers (homologous seeding). The same
volume of Tris-HCI buffer was added for negative controls. Then, 20 pl of 50 uM Thioflavin
T (ThT) was added so aggregation could be measured by fluorescence at 485 nm over time.

Electron microscopy

Amyloid fibrils were visualized by transmission electron microscopy (TEM), using negative
staining, as previously described?®. To better visualize fibrils, AB1-42 peptide was used at a
concentration of 37 uM, which was incubated in the presence of 10% molar ratio of IAPP.
For immuno-gold labeling, 10 pL of the IAPP-Ap fibrils were added to Formvar/carbon
coated 200 mesh copper TEM support grids (EMS) and blocked with normal goat serum.
After glutaraldehyde fixation, the grid was incubated with a mixture of primary antibodies
(mouse anti-Ap 4G8 and rabbit anti-IAPP). After rinsing, the grid was incubated in a
mixture of secondary colloidal gold antibodies — 6 nm goat anti-mouse 1gG and 12 nm goat
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anti-rabbit 1gG (Jackson Immuno Research). 2% uranyl acetate solution was placed on the
grid, rinsed, and allowed to air-dry. Grids were imaged in a JEOL 1200 transmission
electron microscope at 60 kv, and images were captured with a 2kx2k Gatan Orius CCD
camera.

Transgenic mice

APP (Tg2576 on a 129S2 background, The Jackson Laboratory) transgenic mice
overexpress a mutant form of APP bearing the Swedish mutation. Heterozygous APP
animals begin to develop amyloid deposits by 9-10 months in the hippocampus and cortex,
numerous parenchymal Ap plagues appear by 11-13 months, and behavioral impairments
are displayed by 12 months of age30. As a model for IAPP aggregation, we used transgenic
mice over-expressing human IAPP (FVB background; a kind gift from Dr. Peter C. Butler,
UCLA)3L, In homozygosity, transgenic mice spontaneously develop IAPP amyloid deposits
in the pancreas, which are associated with selective B-cell death, impaired insulin secretion
and hyperglycemia3®. We bred these colonies in our facilities to obtain double transgenic
animals with two (IAPP*/* x APP) or one (IAPP*/~ x APP) copy of the human IAPP, and
selected for the animals having one copy of the human, mutant APP gene. Appropriate
controls were produced by breeding APP mice with the same mixed background (FVB/
129S2) of the IAPP transgenic mice. Mice were sacrificed by CO, inhalation at 8.5 months
old and perfused transcardially. One hemisphere was frozen for biochemical studies, and the
other half was fixed for histological analysis. All animal experiments were carried out in
accordance with the NIH regulations and approved by the committee of animal use for
research at the University of Texas Health Science Center at Houston Medical School.

Induction of diabetes by streptozotocin administration

As a model of type 1 diabetes (T1D), mice were treated with streptozotocin (STZ) as
previously described32. STZ is a diabetogenic drug that specifically destroys pancreatic -
cells. Briefly, STZ (Sigma-Aldrich) was diluted in sodium citrate buffer and injected
intraperitoneally at 110 mg/kg per day for two consecutive days. Mice were fasted for 16 h
before collecting blood from the tail vein and measuring glucose levels with a Contour
Blood Glucose Monitoring System (Bayer). Animals were considered to have T1D when
their blood glucose levels were higher than 500 mg/dL. Pancreases from positive animals
were harvested and stored at —80°C.

Intracerebral inoculation of pancreas extracts

Pancreas specimens from IAPP*/* animals showing extensive IAPP deposition and STZ-
injected WT animals were homogenized at 10% (w/v) in PBS containing protease inhibitors
and stored at —80°C. 2-month-old APP mice received a stereotaxic intracerebral injection in
the right hippocampus with 10 pL of 10% pancreas homogenate.

Behavioral testing

At 8 months old, experimental animals were assayed in the Barnes maze to examine
hippocampal/medial temporal lobe function related to spatial reference memory. The Barnes
maze is a circular platform with 40 holes and is surrounded by black curtains with visual
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clues to enable the animal to navigate and reach the escape hole. We used negative stimuli
(buzz and light) to stimulate the animal to enter into the escape hole. On day 1, the mouse is
familiarized and adapted to the task. Spatial acquisition was done during days 2-5, where
the animal is placed in the center of the platform and allowed to explore the maze for a
maximum of 3 min with 4 trials each day. The animal’s latency to the escape hole is
averaged over training trials in blocked days, as well as short term memory is designated as
the first trial on day 5. Trials were recorded and tracking analyzed by TopScan 2.0. Any
animal demonstrating motor impairments was not used in analyses.

Biochemical extraction and quantification of Ap aggregates

Mouse brain hemispheres were homogenized at 10% w/v in PBS containing protease
inhibitors and centrifuged at 32,600 rpm for 1 h at 4°C in an ultracentrifuge (Beckman-
Coulter). The supernatant was collected to measure the concentration of soluble Ap
containing a mixture of monomers and low molecular weight oligomers. The pellets were
resuspended in 200 pL of 70% formic acid followed by sonication. Samples were
centrifuged for 30 min under the same conditions, and the supernatant was collected and
neutralized in 1 M Tris buffer, pH 11, to detect the fraction of insoluble AB, corresponding
mostly to fibrillary aggregates. Levels of Ap42 were measured using Human Ap ELISA Kits
(Invitrogen) on an ELISA plate reader (EL800 BIO-TEK).

Histological staining

Brains and pancreases were post-fixed into formalin and embedded in paraffin. Serial 10-
um-thick sections from all animal groups (n=5-10/group; 5 sections/stain/animal) were
processed in parallel for immuno-staining. After blocking the endogenous peroxidase
activity with 3% H,0, and 10% methanol for 20 min, sections were incubated overnight at
room temperature in one of the following primary antibodies: 82E1 (1:1,000 IBL America),
4G8 (1:1,000 Covance) monoclonal anti-Ap antibodies; or rabbit anti-hIAPP (1:1,000
Peninsula Laboratories). Sections stained for Ap were pretreated with 85% formic acid.
Primary antibody was detected by incubating 1 h with the corresponding Alexa Fluor linked
secondary antibody. For Thioflavin-S (ThS) staining, tissue slices were incubated in 0.025%
ThS solution for 8 min. Finally, all sections were cover slipped with mounting medium
containing DAPI.

Image analysis

Photomicrographs of samples examined under an epifluorescent microscope (DMI6000B,
Leica) were taken with a digital camera (DFC310 FX Leica), imported into ImageJ 1.45s
software (NIH), and converted to black and white images. Threshold intensity was manually
set and kept constant, and the number of pixels was determined for 82E1, 4G8, or hIAPP
immunostained sections to quantify the amyloid load in hippocampal and cortical areas of
the brain as well as in the Islets of Langerham. Burden was defined as the area labeled per
total area analyzed. Amyloid plaque quantification was performed manually using the same
software by calculating the area and the number of plaques per total analyzed area.
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Statistical analysis

Results

Graphs are expressed as means + standard error (SEM). After confirming normal
distribution with Skewness and Kurtosis statistic test, one way analysis of variance
(ANOVA) followed by a post-hoc Tukey’s multiple comparisons test were used to analyze
differences among groups. Two-ways ANOVA followed by a post-hoc Tukey’s multiple
comparisons test and Bonferroni post-test were used to analyze the Barnes maze data.
Statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad Software
Inc). Statistical differences for all tests were considered significant at the p < 0.05 level.

In vitro aggregation of AP is accelerated by IAPP seeds

First, we wanted to determine if IAPP oligomeric species could cross-seed Ap misfolding
and aggregation /n vitro. Under the conditions the experiments were carried out, AB1-40
monomers do not substantially aggregate until 144 h of incubation in the absence of pre-
formed seeds (Fig. 1A, circles). Addition of homologous AR seeds accelerated misfolding
and aggregation of Ap, reaching maximal aggregation at approximately 96 h (Fig. 1A,
diamonds). When the reaction was seeded with the same concentration of IAPP aggregates,
AP aggregation showed an intermediate Kinetic, reaching maximal aggregation by 144 h
(Fig. 1A, triangles). These results indicate that IAPP aggregates can serve as a nucleus to
cross-seed AB aggregation /n vitro, confirming previous reports?6-28. To further study
whether Ap and IAPP can directly interact within the aggregates, we visualized the
aggregates produced in the presence of IAPP seeds by transmission electron microscopy
with immunogold to specifically label the presence of Ap or IAPP in the fibrils. As shown in
Fig. 1B, in many instances, AB and IAPP are in close proximity (see red arrows in Fig. 1B),
although it is clear also that homologous labeling is much more frequent. These results
suggest that AB and IAPP may interact by a cross-seeding mechanism. However, we cannot
rule out that the co-localization of both proteins in the same aggregates may in part be due to
IAPP aggregates, or even monomers present in the preparation, contributing to fibril
extension initiated by A seeds.

Transgenic animals expressing IAPP and APP human genes displayed higher Ap
deposition in the brain

Next, we wanted to analyze the possibility that IAPP aggregates may also seed Ap
aggregation /n vivo. For this purpose, we bred transgenic mouse models for amyloidosis
associated to T2D and AD to generate animals with two (LAPP*/*) or one (IAPP*/~) copies
of the human IAPP in the context of one copy of mutant APP (APPgyc*/"), termed IAPP*/*
x APP and IAPP*/~ x APP, respectively. As controls, APP transgenic mice were bred with
animals having the same genetic background (FVB/129S2) of the IAPP transgenic mouse.
As a further control and to rule out an effect caused by glucose impairment instead of IAPP
aggregates, we used a model of T1D induced by administration of STZ in APP animals
(Tg2576 transgenic mice) having the same background and age than experimental animals.
All animals were sacrificed at 8.5 months when standard APP animals start to display the
first amyloid plaques. As illustrated in Fig. 2A-B, IAPP*/* x APP animals demonstrated a
statistically significant difference in AB burden in the hippocampus and the cortex
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(p=0.0021 and p<0.0001, respectively), in comparison to heterozygous IAPP*/~ x APP, APP
STZ-injected, and untreated APP animals. Moreover, the number of plaques found in
IAPP** x APP animals was also higher than the other control groups (Fig. 2C-D),
indicating that the presence of IAPP in AD animals can increase both A burden and plaque
density in the brain (p=0.0012 and p<0.0001, respectively). We also detected that a
significant percentage of the deposits were bigger (more than 500 pm?) in IAPP*/* x APP
compared to APP or STZ-injected animals (Fig. 2E-F; p=0.0074), suggesting that the
presence of IAPP induced AB plaques to grow faster. Interestingly, double transgenic mice
harboring one copy of the IAPP gene have an intermediate phenotype, showing significantly
higher amyloid pathology than the control groups in some, but not all measurements (Fig.
2). To evaluate a possible interaction between IAPP and AP aggregates, we double-stained
brain samples using antibodies that recognize human IAPP and Ap, and the results clearly
showed that both proteins were detectable in amyloid plaques (Fig. 2G). Interestingly, when
pancreas tissue from these animals was examined, we could observe that the load of IAPP
aggregates was substantially higher in animals over-expressing the human mutant APP gene
(Supplementary Fig 1), suggesting that Ap pathology may also promote pancreatic IAPP
aggregation.

Intracerebral inoculation of IAPP aggregates promotes A aggregation

To study in a more direct manner if the presence of IAPP aggregates was indeed responsible
for the enhanced amyloid pathology observed in our double transgenic animals, we
intracerebrally injected APP mice with pancreas homogenate (PH) from IAPP transgenic
mice harboring extensive amounts of IAPP aggregates. For this experiment, the following
groups of intracerebral inoculations were done: 1) APP transgenic mice inoculated with PH
from IAPP** animals containing high levels of ThS-positive IAPP aggregates (Suppl. Fig.
2), 2) APP mice inoculated with PH from WT mice with STZ-induced T1D and lacking
IAPP aggregates, and 3) WT animals inoculated with PH containing aggregated 1APP. In
addition, we also analyzed untreated APP animals.

As before, animals were sacrificed at 8.5 months of age and accumulation of AB deposits
was evaluated by histological and biochemical techniques. Analysis of Ap deposition
showed that the APP animals inoculated with IAPP-containing PH displayed a significantly
higher AB burden in both the cortex and the hippocampus with respect to controls (Fig. 3A-
C; p=0.0001 and p=0.0054, respectively). This increase was also observed in the number
(Fig. 3D-E; p=0.0002 and p=0.013, respectively) and the size of plaques (Fig. 3F; p=0.0002
and p=0.036, respectively; 500 um? in the cortex). To measure the effect of injecting
pancreas extract containing IAPP aggregates by a different procedure, we performed
biochemical studies to quantify the levels of soluble and insoluble AB using a sequential
extraction procedure that enables to separate low molecular weight aggregates (soluble
material) and large fibrillar aggregates (insoluble material). As shown in figure 3G and H,
the amount of soluble and insoluble Ap measured in the brain of APP transgenic mice
injected with PH from IAPP mice was significantly higher compared with that from
untreated animals.
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Intracerebral inoculation of IAPP aggregates enhances memory impairment

To study whether the exacerbated amyloid deposition observed after injection of PH
containing IAPP aggregates resulted in cognitive impairment, we measured memory
performance in the same group of animals. For this purpose, animals from each
experimental and control group were subjected to the Barnes maze test at the age of 8
months. In comparison to the control groups, animals injected with IAPP-containing PH
took more time to find the escape box throughout the entire learning period (Fig. 4A,;
p<0.0001) and performed worse when evaluated for short term memory (Fig. 4B; p=0.0015).

Collectively, these results suggest that intracerebral inoculation of PH containing IAPP
aggregates accelerates AP deposition and enhances memory impairment.

Discussion

Numerous epidemiological and experimental studies have indicated that individuals with
diabetes have a higher risk to develop dementia and AD, providing a robust link between
T2D and AD1:19.33  |nsulin resistance has been shown to be associated with acceleration of
A fibrillogenesis3* and cognitive impairment2. Insulin administration resulted in a
reduction of amyloid accumulation, and improved cognitive performance in mice and
humans affected by AD38:37. Experimental induction of diabetes has also been shown to
promote the accumulation of ptau38:3%, Moreover, treatment with anti-diabetic drugs
(including roziglitazone, pioglitazone, and liraglutide) was reported to reduce AP and tau
deposition and prevent memory impairment in animal models of AD#%4 as well as to
provide some cognitive improvement in patients affected by AD#2-44, 1t is often assumed
that reduced glucose metabolism in the brain of diabetic patients or a negative effect of the
lack of insulin or insulin resistance might be the main culprit of increasing the risk for AD
development. Since both AD and T2D are protein misfolding disorders characterized by the
accumulation of protein aggregates in the respective target organs, in this study we analyzed
a putative alternative mechanism for the association, based on the direct interaction between
IAPP and A aggregates. In this study we show that synthetic | APP aggregates are able to
seed and enhance AP aggregation /n vitro and both peptides appear to be part of the same
fibrillar aggregates. The ability to cross-seed may reside in the shared characteristics
between AP and IAPP misfolded aggregates. Both Ap and IAPP are peptides of similar
length produced by the proteolytic processing of a larger protein. Moreover, they have a 25%
amino acid sequence identity, particularly in regions responsible for misfolding and
aggregation®®. Finally, both peptides are highly amyloidogenic and considered to be
cytotoxic in their oligomeric conformation#6:47.

Interestingly, it has been reported that IAPP aggregates can be found in the brain of patients
affected simultaneously by T2D and AD®. Some of the IAPP aggregates appear associated
with AP deposits, suggesting that IAPP and AP may also interrelate i vivo in human
patients®45. A similar result was found in transgenic rats over-expressing human IAPP in the
pancreas, which also display IAPP deposits in the brain parenchyma?®. In order to study the
potential of misfolded IAPP to reach the brain, interact with Ap, and modify AD pathology,
we generated a double transgenic animal model that develops simultaneously pancreatic
IAPP and cerebral AB deposits. In these mice, IAPP over-expression in the pancreatic 8-
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cells triggers the accumulation of IAPP aggregates in the islets of Langerham and glucose
impairment to precede A plaque formation in the brain. This transgenic model resembles
the onset and development of both diseases, since T2D pathology likely precedes AD brain
alterations in human patients. We hypothesize that IAPP aggregates generated in the
pancreas circulate through the blood, get into the brain, and can nucleate the misfolding and
aggregation of the AP peptides that are locally produced. Consistent with our hypothesis,
over-production of human IAPP in APP mice promotes higher accumulation of A in the
brain, and IAPP staining is readily detectable in the core of senile plaques. Furthermore, we
can observe a dose-dependency in the Ap burden, plaque density, and size of A plaques in
relation to the expression levels of IAPP in our double transgenic animals. IAPP*/* x APP
mice developed more and bigger plaques than IAPP*/~ x APP animals, indicating that the
amount of IAPP produced in the pancreas regulates Ap deposition in the brain in a dose-
dependent manner. Interestingly, the load of IAPP aggregates in the pancreas of the double
transgenic mice was also increased compared with animals expressing only |APP, suggesting
that AP aggregates may also promote T2D abnormalities. Of note, epidemiological studies
have shown an increase risk for T2D in patients affected by AD7.,

Our results are supported by a previous observation in monkeys that spontaneously develop
both AD and T2D pathologies, which showed accelerated Ap pathology compared to non-
diabetic monkeys*?. Although previous studies have reported that induction of T1D leads to
accelerated brain pathology in transgenic animal models by increasing levels of AB4250:51
under our experimental conditions, there was not significant difference in AB deposition in
animals with diabetes induced by streptozotocin administration compared to untreated APP
mice. This result indicates that increased Ap deposition is likely not produced by glucose
metabolism impairment.

To further characterize the effect of IAPP in Ap pathology, we exogenously inoculated APP
animals with PH containing aggregated IAPP. As a control, PH without IAPP aggregates
was used. In addition, WT animals were inoculated with IAPP-containing PH. Our results
showed that APP mice injected intra-cerebrally with PH harboring IAPP aggregates have
increased AP deposition compared to control groups. Strikingly, this group of animals
displayed significant problems in learning and memory, likely as a consequence of the
exacerbated brain pathology. This data goes along with a recent study from Westermark and
colleagues describing that synthetic IAPP or AR aggregates intravenously injected into
transgenic mice over-expressing IAPP, accelerated pancreatic pathology, providing further
support for cross-seeding interaction between these peptides#®. Unfortunately, in this study,
the effect of IAPP aggregates in cerebral Ap deposition was not analyzed.

In conclusion, our findings suggest that IAPP and Ap may interact by cross-seeding,
providing a potential new mechanistic explanation for the higher risk of AD in people
affected by T2D. Obviously, our findings do not rule out the implication of other pathways
in the linkage, such as glucose metabolism, insulin resistance, oxidative or endoplasmic
reticulum stress, insulin-induced amyloid pathology, or impairments of clearance pathways,
among others. Further studies need to be conducted to explore in more detail a cross-seeding
interaction between IAPP and A and its role in disease induction and progression.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In vitro AP aggregation is enhanced by IAPP heterologous seeding
A: Soluble seed-free Ap40 (2000 nM) in 100 mM Tris-HCI pH 7.4 (200 pl) containing 5 uM

thioflavin T (ThT) was allowed to aggregate at 22°C with intermittent shaking at 500 rpm in
the absence or in the presence of either 20 nM AB40 seeds (homologous seeding) or 20 nM
IAPP seeds (heterologous seeding). The extent of aggregation was periodically monitored by
measuring the ThT fluorescence at excitation of 435 nm and emission of 485 nm. Error bars
indicate standard deviation (S.D.) B: Transmission electron microscopy microphotography
of double immuno-gold labeling of fibrils formed by the addition of IAPP seeds (10% with
respect to AB) into seed-free AB1-42 (37 uM) aggregation solution. After /n vitro cross-
seeding, fibrils were stained using antibodies coupled to gold nanoparticles. IAPP was
detected with an antibody coupled to 12 nm gold particles while Ap was labeled with 6 nm
gold particles. Scale bar: 100 nm. Red arrows point to aggregates showing staining for both
peptides.
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Figure 2. IAPP** x APP mice display increased Ap-immunopositive deposition in the brain
AP deposition was analyzed in the brain of transgenic animals over-expressing human IAPP

and APP and control animals by immunohistological staining using 4G8 antibody. n=5-10
animals/group; 5 sections/animal. A-B: Brain AP burden was quantified as the immune-
reactive area per total area analyzed in IAPP*/* x APP, IAPP*/~ x APP, APP animals
injected with STZ, and untreated APP mice in hippocampal and cortical areas. C-D:
Amyloid plague density was measured as the number of plaques per mm? in the
hippocampus and cortices. E: Plagues bigger than 500 pm? were quantified in the brain of
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experimental and control groups. Data in panel A—E was analyzed by one-way ANOVA,
followed by the Tukey’s multiple comparison post-hoc test. *p<0.05; **p<0.01;
***p<0.001. F: Representative pictures of amyloid plaques in the cortical area reactive to
human anti-Ap antibody 82E1 in analyzed groups. G: Double immune-staining of IAPP (in
red) and AB (in green), and co-localization (yellow) in the cortical area of IAPP*/* x APP
transgenic mice. Scale bar: 50 um.
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Figure 3. Ap pathology is aggravated by exogenous addition of pancreas homogenates containing
IAPP aggregates
A: Representative microphotography of fluorescent immuno-labeled A in the brain of APP

animals intracerebrally inoculated with IAPP-PH, WT STZ-injected PH and untreated APP
animals. Scale bar: 25 um. B—C: Immunohistochemical quantification of AR burden
(immune-reactive area per total area analyzed) in cortical and hippocampal brain areas in
experimental and control groups. D-E: The number of plaques per mm?2 was quantified to
analyze differences in the amyloid plaque density in the brain of APP mice inoculated with

Mol Psychiatry. Author manuscript; available in PMC 2017 July 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Moreno-Gonzalez et al. Page 17

IAPP-PH, WT STZ-injected PH and untreated APP animals. F: The density of plaques
bigger than 500 um?2 per mm?2 was quantified in the cortical area of experimental and control
groups. G-H: Whole brain homogenate of APP mice intracerebrally inoculated with IAPP-
PH, WT STZ-injected PH, and untreated APP animals was fractionated by
ultracentrifugation. PBS and formic acid soluble fractions containing either oligomeric
soluble (panel G) or fibrillar insoluble Ap (panel H) were extracted and quantified using an
ELISA kit to measure AB42 protein concentration per gram of tissue. Data in panels B-H
was statistically analyzed by One-way ANOVA, followed by the Tukey’s multiple
comparison test, *p<0.05; **p<0.01; ***p<0.001. n=5-10 animals/group; 5 sections/animal.
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Figure 4. APP animals inoculated with pancreas homogenate containing aggregated IAPP
display learning and memory deficits

Learning and memory was measured by Barnes maze, a spatial working memory,
hippocampal dependent task that measures the spatial navigation and memory of an animal.
A: Learning was measured in experimental and control groups at 8 months old in 5-10
animals for five consecutive days as the primary latency in seconds. Two-way ANOVA,
Tukey’s: *p<0.05, **p<0.01 compared to untreated APP; #p<0.05, #p<0.01 compared to
inoculated WT. B: Short term memory was measured as the time in seconds the animals take
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to reach the escaping box (latency) in the day 5 after the learning period. One-way ANOVA,
Tukey’s: **p<0.01.
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