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Abstract

The rat amyloid-g (Ap) intracerebroventricular infusion can model aspects of Alzheimer’s disease
(AD) and has predicted efficacy of therapies such as ibuprofen and curcumin in transgenic mouse
models. High density lipoprotein (HDL), a normal plasma carrier of Ag, is used to attenuate Af
aggregation within the pump, causing Af-dependent toxicity and cognitive deficits within 3
months. Our goal was to identify factors that might accelerate onset of AS~dependent deficits to
improve efficiency and cost-effectiveness of model. We focused on: 1) optimizing HDL-AS
preparation for maximal toxicity; 2) evaluating the role of copper, a factor typically in water that
can impact oligomer stability; and 3) determining impact of insulin resistance (type 1l diabetes), a
risk factor for AD. In vitro studies were performed to determine doses of copper and methods of
Ap-HDL preparation that maximized toxicity. These preparations when infused resulted in earlier
onset of cognitive deficits within 6 weeks post-infusion. Induction of insulin resistance did not
exacerbate Af-dependent cognitive deficits, but did exacerbate synaptic protein loss. In summary,
the newly described in vivo infusion model may be useful cost-effective method for screening for
new therapeutic drugs for AD.
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INTRODUCTION

Despite the advances in our understanding of the molecular, genetic and environmental
causes of Alzheimer’s disease (AD), the emotional and economic burdens associated with
this disease continue to grow, due to the growing elderly population and the dearth of
effective, disease-modifying medications. New animal models of AD have been developed
to examine promising therapeutic prospects. Although each of these models exhibits
important aspects of AD pathogenesis, no single model successfully mimics all aspects of
the disease process, and no single model appears to adequately predict efficacy in clinical
trials.

Transgenic mouse models

Several transgenic mouse models of increased amyloid deposition have been developed
which overexpress mutations in human amyloid-g protein precursor (ASPP) and/or
presenilin 1 (PS1) that result in early-onset familial AD. Such transgenic mice have become
the favored preclinical models to investigate potential disease-modifying therapies
[22,27,50,57]. These animals exhibit increased human amyloid-5 (Af) deposition and some
degree of neuroinflammation and neurodegeneration, but lack the neuron loss in selectively
vulnerable regions evident with incipient human AD. The absence of neuron loss may be
related to the trophic effects of AgPP, which can stimulate neurite and synapse growth and
enhance memory function when over-expressed [54,60]. Although some chronic
inflammatory changes are seen in AfPP mice, they are less extensive than those seen in
autopsy studies of human AD patients [56], which may reflect or even explain the lack of
neuron loss in these transgenic models. In contrast, neuron loss has been achieved with
overexpression of mutant tau genes that are associated with frontotemporal dementia (FTD)
[55], suggesting the absence of extensive tau pathology in the ASPP transgenics may be a
factor limiting neuron loss. Interestingly, this inducible tau model is the only model
reflecting robust neuron loss and severe brain atrophy similar to AD. The problem is the
unclear relevance to AD, since its mutation (P301L) is not found in AD, but in FTD, and
P301L has to be dramatically overexpressed to cause this phenomenon.

Triple transgenic mice that over-express [AfPP(Swe)], presenilin-1 [PS1(M146V)], and tau
(P301L) exhibit human tau pathology but lack robust neuron loss, and neuron loss in AD is
not quantitatively explained by tangles. Therefore the connections between A tau
accumulation and neuron loss in AD remain unresolved. ASPP and/or PS1 transgenic
models lack the ability to control amyloid dosing, have high costs of colony maintenance
and are associated with patent rights.

Canine models

Another important model is the aging dog, which exhibits neuron loss, age-dependent
accumulation of diffuse A deposits, and vascular amyloid deposition, but little or no
accumulation of neuritic amyloid deposits in the neuropil and no neurofibrillary tangles
[25,63]. This model incorporates many of the neuropathological aspects of AD and is
particularly compelling because the pattern of neuronal loss correlates with the extent of
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amyloid accumulation. The main disadvantages of this model are the high costs of
maintaining dogs in the laboratory and their long lifespan.

Rabbit models

Aged rabbits maintained on a high cholesterol diet or supplemented with trace levels of
copper in their drinking water, exhibit significant tau and amyloid pathology and neuron
loss; they have been useful for evaluating the efficacy of drugs for AD such as galantamine
[58, 71]. The advantages of this model are moderate neuron loss, tau pathology, and AgS
deposition. It has similarities to the canine model. The disadvantages are that it is less well-
characterized for cognitive effects (perhaps because of neuron loss in cerebellum) and that
its animal costs are higher than costs for smaller rodents.

Rodent amyloid injection/infusion models

AB injections—We and Yankner/Kowalls group performed the first acute injection
models, investigating the impact of synthetic Af[34] and amyloid plaque cores isolated
from human AD patients [17] on acute neurodegeneration and on inflammatory clearance of
amyloid plaques [16]. Initial reports of the effects of amyloid peptide injections on
neurotoxicity were difficult to interpret, since the vehicle (acetonitrile) appeared to impact
toxicity when injected alone, and acute low-dose injections of PBS-soluble A/ had
relatively minimal effects on toxicity [66] or cognition [70]. Subsequent studies determined
that acute injections of some forms of Afu, could induce behavioral deficits [29,43] and
neuroinflammatory changes [62,69]. Notably, acute injections of A oligomers purified
from cells transfected with human AfPP have demonstrated that specific oligomeric species
are responsible for deficits in object recognition observed with acute injection models [6,
53,64,68].

Chronic AB4p infusion—The fact that single acute injections of purified Afdo not
adequately model the pathophysiology of AD triggered attempts to chronically infuse AfS
into the ventricular system. The use of Afyg is particularly advantageous for chronic
infusion studies because it is more soluble than Afyo, and therefore is less prone to
aggregation in the pump. The potential utility of Afyg infusions for inducing AD pathology
is supported by evidence suggesting that the main genetic risk factor for sporadic AD, the
presence of an apolipoprotein E4 (ApoE4) allele, increases parenchymal Af,g accumulation
[23,28,40,44,67]. Nevertheless its role is complex, since Afyg limits Ay, aggregation and
may even have protective effects [37]. Chronic infusions of Afyg typically result in
behavioral deficits, but the reported extent and duration of these effects vary across studies
[5,48]. A longitudinal study of Afg infusion has suggested mild and reversible cognitive
impairments [65]. Infusion of Afq alone does not produce Thioflavin S-positive amyloid
deposits, but Ap-laden phagocytes are detectable in periventricular regions, presumably
clearing the infused A [18]. Injection of transforming growth factor g1 (TGF/1), an
immunomodulator, in conjunction with Afyq infusion facilitated the deposition of
ThioflavinS positive cotton wool plaques frequently associated with the vasculature,
demonstrating the important of inflammatory clearance mechanisms in attenuating
deposition [18]. Cotton wool plaques (CWP) were first described in a Finnish kindred with a
presenilin-1 A9 mutation and are large, ball-like plaques lacking dense amyloid cores
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associated with dystrophic neurites and microgliosis [35]. Further attempts to replicate this
model of A, infusion-induced plaques using recombinant peptide failed, possibly since
plague induction may also require the presence of an unknown contaminant of the purified
TGF/fused in the original study (TGFS 1.2, R&D, a product that was discontinued in 1993).
In a transgenic animal model of a TGFAL and ASPP/PDASPP overexpression, TGFAL has
been hypothesized to play a role in vascular but not neuropil amyloid deposition [72]. Lack
of success in reproducibility with recombinant TGF/AL/ApSyq infusion model to induce cotton
wool plagues remains unexplained and may relate to a Afg-specific effect or that there was
an unknown contaminant in the original TGF/L preparation that was necessary for induction
of amyloid plaques. One possibility, copper, is discussed below.

Injection or infusion of AR (25—-35 fragment)—Acute injections [42] or infusions of
an Ap fragment (25-35), which is thought to mediate Afrelated toxicity has been shown to
induce deficits in cognition and LTP [13,14,20,21,24,32,61]. The wide use of Afs.35 in
many laboratories suggests that these effects are fairly reproducible. However, this synthetic
fragment of Agis not found in the brain and does not represent all aspects of native Af. In
particular, it does not include domains that interact with other molecules, such as those that
are co-deposited in neuritic plaques (ApoE, a;-antichymotrypsin, ACT, heparan sulfate
proteoglycans). Nevertheless, like Af, Afs.35 aggregates rapidly to form toxic species, but
this is a disadvantage with chronic infusion since aggregation may occur within the infusion
pump itself, resulting in precipitation and reduction in delivery. More significantly, it
remains unclear whether Afs.35 can model the pathophysiological processes and protein-
protein or protein-lipid interactions in AD.

Chronic infusion of Apso—Many researchers believe that Af» is thought to play a more
prominent role in AD pathophysiology than Ay [78]. Chronic infusions with Afy, alone
induce progressive cognitive deficits that correlate with increasing infusion duration [47].
Indeed, the Ay, model system has been used as a preclinical model to test various
therapeutic interventions for AD [73-75]. Much like Afys 35, Afs» demonstrates an
increased propensity of aggregation, particularly within the infusion pump when it is used in
chronic infusion paradigms.

Problems with the Afy, chronic infusion models relate to lack of characterization of the
pump infusate over time and lack of control for aggregation during infusion period. Another
disadvantage is that although infused animals exhibit some Ap;, toxicity, they do not form
parenchymal amyloid plagues. Nevertheless, animal models that demonstrate oligomeric
toxicity in the absence of plaque deposition may be useful since soluble oligomers
concentrations may be better predictors of memory dysfunction than plaque density [38],
and may play a causal role in AD [31,36].

Chronic co-infusion using human HDL with either A4, or mixed A4, and
AB40—One approach to optimizing the utility of chronic Af, infusion models is to limit
the aggregation of Af, within the infusion pump by co-infusing it with human HDL. HDL
is a normal carrier of Agin the serum [33] and appears to inhibit Ay, aggregation [51].
Apy also limits aggregation [37]. In our laboratory, we have co-infused HDL with Af,g and
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Apuo, which results in increased oxidative damage, synaptic dysfunction, inflammatory
changes, plaque deposition, and cognitive impairment compared to infusion of vehicle
(HDL) [19]. HDL contains apolipoproteins such as apolipoprotein J (ApoJ) and ApoE,
which bind A, and although, HDL is carrier for Agin plasma, it is not a normal carrier in
the brain. Nevertheless Agis found bound to HDL-like particles in cerebrospinal fluid. The
ASBHDL infusion model has been useful for preclinical assessments of the efficacy of
potential therapeutic interventions for AD [8-11,19,39,45]. However, different preparations
of HDL and A/, have not consistently induced cognitive deficits, suggesting that variations
between batches of HDL and/or Af or additional unknown factors may be affecting
aggregation within the infusion pump or toxicity in the brain parenchyma.

The purpose of this study was to improve the Af»/HDL infusion model in order to produce
more consistent results. Our goals included developing in vitro methods for pre-screening
preparations of Af oligomers for toxicity in order to predict cognitive deficits in our in vivo
infusion models of AD. We wanted to avoid infusion of preparations that, for unforeseen
reasons, do not yield stable toxic oligomers. We also focused on optimizing the ratio of
AAHDL concentrations in our preparation and the impact of two environmental risk factors
that might confer vulnerability to Aginfusion in vivo: copper exposure and insulin resistance
(Type 11 diabetes).

Copper levels in drinking water can vary dramatically between different regions and may
therefore be a crucial determinant of the reproducibility of Aginfusion models.
Epidemiological studies have suggested that higher levels of dietary copper intake are
associated with an increased risk for cognitive decline [46]. Rabbits ingesting high levels of
copper in drinking water who are on a high cholesterol diet show increased neuronal
accumulation of A5 [58]. Copper may also modulate A aggregation [1] and vulnerability to
oxidative damage [4]. Therefore, we investigated impact of doses of copper on Aftoxicity
and aggregation in vitro and then infused preparations with similar ratios in vivo to
determine impact on cognitive performance.

Insulin resistance (Type Il diabetes) is another major environmental risk factor for AD (see
reviews [7, 12]), and may modulate the effects of Aginfusion on cognitive deficits and
synaptic loss. We induced insulin resistance in infused rats by maintaining them on a high
fructose diet, a commonly used model for hyperinsulinemia, hypertriglyceridemia, and
hypercholesterolemia [52].

MATERIALS AND METHODS

In vivo studies

Animals—Retired breeder Sprague-Dawley rats were used in this study. Surgical and
animal care procedures were carried out following guidelines set out in the NIH Guide for
the Care and Use of Laboratory Animals. Animals were maintained on a 12-hour light-dark
cycle and provided with food and water ad libitum. Rats were either fed a control diet or a
high fructose diet to induce insulin resistance [79] which is a well-accepted model [52].
Insulin resistance was induced by feeding rats 60% High Fructose Diet (Harlan Teklad; TD.
89247, Madison WI) for 8 months prior to surgery.
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Mini-osmotic pumps—Three in vivo studies were performed using mini-osmotic pumps
that release their contents at a rate of 0.25 pl/hour in each lateral ventricle. All animals
received continuous infusions for at least one month. In the first study, A5 pumps were
prepared as previously described, combining Ay, (25 pg/mL), Afsg (100 ug/mL), and HDL
(750 pg/mL) using 10 rats per group [19]. In the second study, Ao (25 pg/mL) was co-
infused with different concentrations of HDL using 5 rats per group. In the third in vivo
study, 6 to 7 rats per group were put on a high fructose diet to induce insulin resistance or a
normal diet and infused with a toxic oligomeric preparation of Af», HDL and copper
sulfate at pump concentrations of copper sulfate (2 uM), HDL (210 pg/mL), and ASs» (120
pg/mL), which enhanced Aftoxicity in in vitro studies. Pumps were replaced every 28 days
to ensure continuous Ag infusion.

Surgery—Animals received isoflurane anesthesia during the intracerebro-ventricular pump
implantation procedure. A 10 mm incision was made in the skin overlying the skull. A
double stainless steel catheter system with 3 mm spacing and 4 mm depth (Plastic One,
3280PD, Roanoke, VA) was stereotaxically implanted into the lateral ventricles at
coordinates —0.6 mm AP, —1.4 mm ML to Bregma and fixed with medical grade acrylic
cement. A 10 mm length of polyethylene tubing was used to connect each catheter to a mini-
osmotic pumps (Alzet 1004, 100 pl volume, 0.25 pl/hr release rate) containing the infusion
preparations, which were inserted through the cranial incision and implanted subcutaneously
on the back. The cranial incision was closed with sterile stainless steel staples.

Morris water maze—Rats were tested on the Morris water maze task using a 2-meter
diameter tank as previously described [19]. Water temperature was maintained at 21°C.
Distal stationary cues were placed around the walls of room. No proximal or mobile cues
were present. Swim latency and path length were determined with a video tracking system
(HVS Image Ltd.; Buckingham, UK). Rats were first trained on a visible Morris water maze
task for 3 consecutive days, with 4 trials per day. In this version of the task, the platform
protrudes 1 cm above the surface of the water and is moved to a different location for each
day of testing. They were subsequently tested on the hidden Morris water maze task, where
the platform is submerged 2 cm below the surface of the water and is no longer visible to the
swimming rat. Prior to the initial trial of the hidden platform task, rats were placed on
platform for 30 seconds for spatial orientation. They were then trained for 5 consecutive
days with 4 trials per day divided across two blocks. Rats were introduced to the pool facing
the tank wall from one of 8 possible start points in a pseudo-randomized fashion, and
allowed to search for the hidden platform for a maximum of 60 seconds. If the rat failed to
locate the platform, it was guided to the platform by the experimenter. Rats were allowed to
remain on the platform for 30 seconds before the start of the next trial.

Perfusion and tissue collection—Prior to euthanasia, rats were terminally anesthetized
with pentobarbital and perfused with a non-fixative protease inhibitor buffer [19]. The brain
was removed, and one hemisphere was immersion-fixed in 4% paraformaldehyde and
paraffin-embedded, and the other hemisphere was dissected and snap frozen for biochemical
analysis as previously described [19].
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Western blots—Post-synaptic density protein-95 (PSD-95), NMDA-receptor 2B (NR2B),
and actin were assayed in the lysis buffer fractions. Samples (30 pg) were loaded and
electrophoresed onto a 7.5-15% Tris-glycine gel, and which was transferred to a PVDF
membrane and blocked for 1 hour at room temperature in 5% milk with 0.05% Tween20 in
PBS. The membrane was incubated overnight at 4°C with the following primary antibodies:
mouse anti-PSD95 antibody (1:1,000; Upstate, Lake Placid, NY), mouse anti-NR2B (1:500;
Biosource International, Camarillo, CA) and mouse anti-actin (1:2000; Chemicon
International, Temecula, CA). Membranes were then incubated for 6 minutes at room
temperature with horseradish peroxidase-conjugated anti-mouse (1:25,000) or anti-rabbit
(1:100,000) secondary antibodies and developed with Super Femto chemiluminescence kits
(Pierce, Rockford, IL).

Immunostaining and image analysis—8 um paraffin sections were baked for 40
minutes at 55°C and cleared with Citrisolvent. Sections were then quenched in 0.3%
hydrogen peroxide and methanol for 30 minutes at room temperature, and washed 3 times
with TTBS buffer solution (pH 7.4). Sections for Af staining were pre-treated with 50%
formic acid for 20 minutes at room temperature. Sections for Ne-uN were steamed for 1
hour using a citrate buffer. Sections for Iba-1 were treated with 0.3% Triton in TBS buffer
for 10 minutes at room temperature. All sections were subsequently blocked using 5%
normal horse serum (NHS) or normal goat serum (NGS) containing 3% BSA/TTBS for 1
hour at 37°C. Primary antibody was incubated for 1 hour at 37°C and 24 hours at 4°C. A
deposits were labeled with 10G4 (Af5.13) (1:500 [76]). Microglia were labeled with anti-
Iba-1 rabbit polyclonal antibody (1:200; Wako, Richmond VA). Neuron loss was
determined through staining with anti-NeuN antibody (1:5,000; Chemicon, Temecula, CA).
Sections were then blocked with 1.5% NHS or NGS containing 3% BSA/TTBS for 1 hour,
incubated with secondary antibody (Vector biotinylated horse anti-mouse or goat anti-rabbit
antibody; 1:1200) for 1 hour, then treated with ABC reagent (Vector Labs, Burlingame, CA)
followed by metal peroxidase di-aminobenzidine (DAB; Pierce, Rockford, IL) for single
labeling. Microscopic images were acquired and analyzed using NIH Image software to
quantify amyloid plaque, microglia, and neuron counts, size, and density in the cortical and
hippocampal layers.

In vitro studies

AP oligomer preparation—Afy, oligomer was prepared as previously described [77].
Briefly, double-lyophilized synthetic A4, peptide (Charles Glabe, UCI) was
monomerized by solubilization in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). Fibril
formation was minimized during evaporation by the addition of sterilized water to achieve a
concentration of 315 pg/ml and subsequently by adding HDL (EMD Biosciences, La Jolla,
CA,; stock H solution 525 pg/ml) to achieve desired AS:HDL ratios. For the pre-aggregated
Ap preparations, HDL (EMD Biosciences, cat. 437641) and copper sulfate (Sigma, St.
Louis, MO) were added to 1 mg/ml of Apy, (after HFIP evaporation). This solution was
continuously stirred at 600 rpm for 48 hours at 25°C.

A oligomer characterization by Western blot—Fresh preparations of co-incubated
and pre-aggregated A/ oligomers were incubated at 37°C for 2 days. 500 ng samples of each
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Apoligomer preparation were electrophoresed at 100 V on a 10-20% Tris-Tricine SDS gel
for 45 minutes to 1 hour, transferred to a PDVF membrane and blocked for 1 hour at 37°C
with 10% nonfat milk in PBS and 0.1% gelatin. The blots were then incubated probed with
6E10 (1:10,000) and A11 (1:4,000) overnight at 4°C, followed by goat anti-mouse
(1:10,000) or anti-rabbit (1:50,000) horseradish peroxidase conjugated secondary antibodies
for 1 hour at 25°C, and then developed with Supersignal (Pierce, 1:80).

Cell culture—To evaluate the impact of HDL and copper-induced Ag oligomer toxicity,
Ap oligomer preparations with or without HDL and copper were added to human APPsw
transfected N2A cells (gift of Dr. S. Sisodia) cultured in 50% Dulbecco’s modified Eagle’s
medium, 50% Opti-MEM (Invitrogen, Carlsbad, CA), 5% fetal bovine serum, 200 pg/ml
Glutamax. Cells were plated at equal densities (8000 cells/well) with 1.5% bovine calf
serum and maintained at 37°C in an atmosphere of 5% CO,. The medium was removed
before treatment and replaced with 70% Dulbecco’s modified Eagle’s medium and 30%
Opti-MEM with 0.1% BSA. After 48 hours of incubation, lactate dehydrogenase (LDH)
levels leaking into media were measured as an index of toxicity, using a CytoTox 96 Non-
Radioactive Cytotoxicity Assay (Promega, Madison, WI), with absorption read at 490 nm.
Maximal LDH release was determined by measuring LDH release after lysing cells with 1%
Triton-X. Each data point was determined in triplicate, and the S.D. values did not exceed
5%.

Statistical analysis—Assays comparing Af oligomer preparations with or without HDL
and copper were analyzed by one-way ANOVAs, followed by post-hoc Bonferroni/Dunn
tests (SPSS 14.0 for Windows; SPSS Inc., Chicago IL). Western blot densitometry was
analyzed by one-way ANOVA analysis (Graph Pad InStat v.3.05, San Diego, CA).
Coefficient of correlation and significance of the degree of linear relationship between
parameters were determined with a simple regression model using StatView (SAS Institute
Inc, Cary, NC). All experiments were performed in triplicate or quadruplicate (n = 3 — 4).
Performance on the hidden platform version of the Morris water maze was analyzed using
repeated-measures ANOVAS and independent-samples t-tests (SPSS 14.0 for Windows;
SPSS Inc., Chicago IL).

Our previous work indicated that co-infusion of Ao and Ay, with HDL caused cognitive
and/or synaptic deficits [19], but the relationship between HDL dose, toxicity and amyloid
deposition when only Afy,, the more toxic form of A, was infused, remained unclear.
Therefore, we co-infused a continuous dose of Af, (25ug/200 pl) with different doses of
HDL and examined amyloid deposition and neurotoxicity, as defined by loss of NeuN in the
entorhinal cortex (Fig. 1). HDL co-infusion caused a dose-dependent decrease in A
deposition measured by two monoclonal antibodies to Ag, but a dose-dependent increase in
toxicity. HDL alone was not toxic even at the highest doses used (data not shown).

Since high molecular weight A/ oligomers appear to play a critical role in AD pathogenesis
[3,30,36], we investigated the impact of HDL on neurotoxicity induced by pre-aggregated
toxic high molecular weight A oligomers in vivo and in vitro. Oligomer preparations were
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positive for conformation-sensitive anti-oligomer antibody A11 by dot blot [30]. As
expected, this preparation was toxic in vitro to neuroblastoma cells as evident by excessive
lactate dehydrogenase (LDH) leakage into media, but the addition of HDL resulted in dose-
dependent protection from pre-formed Afyo oligomer (Fig. 2A). Next, we investigated the
impact of co-stirring freshly dissolved (not pre-aggregated) A5 with HDL for 48 hours, and
found that with this protocol, HDL exacerbated toxicity (Fig. 2B), suggesting that such
preparations may be useful for continuous pump infusion. We then incubated the preparation
for 2 weeks at 37°C and observed it retained its toxicity over this interval (Fig. 2C).
Immunoblotting these preparations on a Tris-Tricine gel with anti-Ag antibody 6E10
revealed that the soluble fractions of the preparations containing HDL exhibited a greater
concentration of soluble high molecular weight oligomers, even after 2 weeks (Fig. 2D).
Without HDL, soluble oligomers were greatly reduced by 2 weeks incubation compared to
the initial preparation (not shown). Morphological examination of cells (Figures 2E-2H)
revealed that, compared to vehicle (HDL, Fig. 2E), A alone slightly increased the number
of pyknatic cells (Fig. 2F), while the co-aggregated Af-HDL preparation caused more
dramatic shrinkage and pyknosis (Fig. 2G). Pyknosis was less pronounced after treatment
with the pre-aggregated Af-HDL preparation (Fig. 2H).

After 5 weeks of infusion animals, infused with s pre-aggregated Af-HDL preparation
demonstrated significant elevations in the synaptic proteins PSD-95 and NR2B, a type of
subunit of the ionotropic N-methyl D aspartate (NMDA) receptor (Fig. 3A). We previously
described to be selectively and dramatically reduced after Ag infusion[19]. After 15 weeks
of infusion these proteins were significantly diminished (Fig. 3B) relative to vehicle-treated
animals.

Epidemiological, in vivo, and in vitro data all suggest a role for copper in AD pathogenesis.
Therefore, we also investigated the impact of copper concentrations upon the toxicity of our
infusion preparations. Incorporating a high dose of copper (5.6 mM) precipitated the A5 so
the addition of the remaining soluble fraction to cells was not toxic (data not shown). In
contrast, lower copper doses, ranging from 2 to 30 uM, enhanced AS-HDL toxicity (Fig.
4A). At these concentrations, copper did not appear to disrupt oligomer (A11-
immunoreactive) bands in the soluble fraction (Fig. 4B). Similar results were obtained with
6E10 (data not shown).

We infused the AA/HDL/copper preparation into 15 month old rats that were fed either a
control diet or a high fructose diet for 4 months to induce insulin resistance [52]. Behavioral
testing on the Morris water maze was performed 5-7 weeks post initiation of infusion.
Average swim speeds in the two groups were similar [Af = 26.7 cm/s, vehicle = 28.4 cm/s;
F (1, 14) = 1.19, p = 0.29]. However, across all 5 days of testing, the Af group exhibited
significantly longer latency to the hidden platform than the vehicle group [Fig. 5A; F (1, 12)
=5.93; p = 0.031], but there was no effect of diet [data not shown; F (1, 12) =0.18; p =
0.68]. The poorer performance of the A group appeared to be attributable to significantly
greater proportion of thigmotaxic (i.e. wall-hugging) swimming patterns during the
acquisition trials [Fig. 5B; F (1, 14) = 7.70, p = 0.015].
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These rats were subsequently euthanized and their hippocampi were analyzed for post-
synaptic NR2B levels (Fig. 6A). Analysis showed a diet x treatment interaction (p < 0.01).
There was no Af-dependent NR2B depletion among animals maintained on the regular diet.
However, NR2B levels were significantly reduced in insulin-resistant animals maintained on
the high-fructose diet (Fig. 6B).

Similar hippocampal amyloid plaque densities were seen in Aginfused animals maintained
on either the regular and high-fructose diets (Fig. 7A). However, the difference in Ag
staining was more robust in the regular diet group (p < 0.05), possibly because the high-
fructose diet may have increased endogenous AS deposition in the vehicle-treated group. AS
infusion also significantly increased microgliosis in the hippocampus (Fig. 7B). This
response was more robust in the animals in the high-fructose diet group (p < 0.01).

DISCUSSION

The primary advantages of intracerebroventricular (icv) Aginfusion models of AD over
ASPP and/or PS1 transgenic models include the ability to control amyloid dosing, produce
neurotoxicity, and avoid the high costs of colony maintenance and patent rights associated
with transgenic animals. Many different chronic icv infusion models of AD that incorporate
mini-osmotic pumps have been used in the past decade for pre-clinical studies, but
inconsistent reproducibility and characterization of the Af preparations, particularly in
regards to potential aggregation within the pump, have limited widespread use and broad
acceptance of any particular model. In the work presented here, we have attempted to
optimize the production of toxic Af preparations that efficiently produce measurable
cognitive and synaptic deficits and remain stable within a chronically implanted infusion
pump. Our results indicate that assessing the neurotoxicity of these preparations in vitro can
help identify those that are most likely to exhibit greater efficacy in vivo.

In vivo performance of infused Ag preparations appears to be critically dependent on their
formulation. In Afy, preparations that are not pre-aggregated, the addition of increasing
doses of HDL diminished A/ deposition, but enhanced toxicity. The inverse relationship
between Ag deposition and neurotoxicity is consistent with published data demonstrating
that soluble Afy, oligomers are toxic, block long-term potentiation, and induce cognitive
deficits. These findings also raise important questions regarding the utility of using amyloid
plaque burden in ASPP transgenic models as the primary outcome measure used to predict
the potential translational value of candidate drugs.

Our data indicate that HDL restricts A aggregation and are consistent with prior work [51].
Inhibition of Afaggregation by HDL represents a potential underlying mechanism for its
protective effects in vitro that are reported here and elsewhere [15]. However, another study
demonstrated that when HDL is incubated for 5 days at 37°C with a shorter peptide, Afxg, it
can promote increased Ag fibrillization [59]. These radically different results led us to
explore the impact of Af pre-aggregation on neurotoxicity.

When we compared preparations of HDL with pre-aggregated A, or freshly dissolved
Apyo, we found that the freshly dissolved Afyo preparation exhibited much greater Ag
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toxicity, even after 2 weeks at 37°C. This more neurotoxic preparation contained a
significant proportion of oligomeric species that remained stable over an extended period.
These results suggest that HDL plays a critical role modulating Agtoxicity through its
regulation of Afaggregation.

We then explored the impact of pre-aggregated Agin our Ag-HDL infusion model. After 5
weeks of infusion with this preparation, markers of synaptic function were surprisingly
elevated (Fig. 3A). However, after 15 weeks of infusion, post-synaptic protein levels were
significantly reduced in the Ag group relative to the vehicle group (Fig. 3B). Thus, the
addition of HDL to pre-aggregated A appeared to delay the onset of synaptic dysfunction in
vivo, which is consistent with the neuroprotective effects of this preparation in vitro.
Similarly, delayed deficits in cognition have also been described, particularly when Af,
preparations are used [47].

Inconsistencies in Af preparations make it difficult to create a reproducible infusion model
of AD and highlight the importance of designing preparations in which stability and toxicity
of Afcan be pre-tested in vitro to ensure consistent in vivo results. The mechanisms
underlying the protective effects of pre-formed Af aggregates remain elusive, and in
particular, the divergent impact of HDL on Agtoxicity depending on whether the A5
preparation is pre-aggregated or freshly dissolved may seem paradoxical. However, the
effects of HDL on Ap,, resemble those seen with ApoJ, which increases Afy, aggregation
and toxicity under some conditions [49], but exerts neuroprotective effects by inhibiting
Ap,y, aggregation under other conditions [2, 41].

We also explored the effect of copper on Af-related toxicity in our infusion model. Copper
is known to regulate Af5aggregation and toxicity [1], and increased copper intake appears to
increase dementia risk, particularly in conjunction with diets high in trans-fats [46].
Furthermore, even relatively low levels of copper in drinking water can increase AD
pathology in other animal models, particularly if in combination with high cholesterol
[58,71]. Based on this, we hypothesized that variations in copper levels in the water supplies
of different laboratories might be related to the differences in the efficacy of Aginfusion
preparations between groups. The addition of copper to our preparations stabilized soluble
Apoligomers and exacerbated amyloid toxicity in vitro across a range of levels that are
acceptable in drinking water.

The impact of insulin resistance on accelerating onset of post-synaptic loss and exacerbating
microgliosis may suggest that insulin resistant diabetes, a major risk factor for AD [7,12],
increases vulnerability to Agtoxicity and may dysregulate microglial responses. In addition,
these results may suggest that use of insulin resistant diets such as the one used here, a high
fructose diet, may facilitate modeling neurodegeneration in the disease, particularly since it
has already been shown to increase amyloidogenesis in AgPP transgenic models [26].

In conclusion, we have shown that the outcomes in Aginfusion experiments are critically
dependent on details of the protocol. We have improved our Afyy in vivo infusion model,
leading to more rapid onset of deficits by optimizing HDL and copper concentrations.
Because copper in the water has been implicated as a risk factor for AD that interacts with
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dietary lipid intake, there may be an interaction with lipoprotein status in humans. We have
successfully used this HDL + copper co-aggregation paradigm to evaluate an environmental
risk factor for AD, insulin resistance. With further optimization, this model system, which
can reveal significant Af-dependent neurodegeneration and cognitive deterioration in a short
time, is likely to prove useful in understanding the mechanisms and time course for Af-
dependent neurodegeneration and the role of environmental risk factors and efficacy of
neuroprotective drugs.
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Fig. 1. Impact of HDL dose on AB deposition and neurotoxicity
Apyo was icv infused at 25 pg/200 pl (0.2% DMSO) with different mass ratios of HDL. Rats

were sacrificed at 4 weeks post-infusion and evaluated for A/ deposits using monoclonal
antibodies 6E10 (A) or 10G4 (B). Neuron nuclei staining in layer 2 of the entorhinal cortex
was evaluated using NeuN (C). Values are shown as the mean + SD. * p < 0.05 represent a
significant difference between vehicle (HDL) and treatment (HDL + Ap).
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Fig. 2. Differential effect of HDL on ABtoxicity in ABPP SWN2A neuroblastoma cells, depending

on whether Ay is pre-aggregated

N2A neuroblastoma cells were incubated for 48h with different mass ratios of HDL:Afand
toxicity determined by maximum LDH release and morphological assessment. A. HDL
caused dose-dependent protection from toxicity caused by pre-aggregated Ag. B. But if
unaggregated Af was co-stirred (co-aggregated) with different concentrations of HDL for 48
hours and then applied to N2A cells, HDL exacerbated A toxicity. C. Toxicity of freshly
made preparations of unaggregated Ag (co-stirred with HDL) was compared to that of a
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preparation incubated for 2 weeks at 37°C. D. Afalone (not shown) and co-stirred A-HDL
preparations (fresh and incubated for 2 weeks) were spun down, and the soluble fraction was
immunblotted with 6E10. E-H. Neuroblastoma cells were stained non-specifically with
diaminobenzidine (not quenched with H202) to increase contrast and visualization of
cytoplasm to reveal morphological or pyknotic changes. Magnification bar = 100 um.
Values are shown as the mean + SD. * p < 0.05, ** p < 0.01 and *** p < 0.001 represents a
significant difference between vehicle (HDL) and treatment with A5+ HDL (co-
aggregated) or with preaggregated Ag +HDL.
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Fig. 3. Delayed post-synaptic protein loss in the hippocampus after pre-aggregating Agis co-

infused with HDL

Rats were infused with pre-aggregated A/ which was shown to be A11 positive on dot blot
and neurotoxic at 100 nM in N2A cells. HDL was added in the pump to further attenuate
aggregation and rats as previously described. Rats were sacrificed at 5 (A) and 15 weeks
post infusion (B). Hippocampal lysates were immunobloted for post- synaptic proteins,

normalized to factin and quantified. Values are shown as the mean + SD. * p < 0.05
represent a significant difference between vehicle (HDL) and treatment (HDL +pre-

aggregated Ap).
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Fig. 4. Low dose copper enhances toxicity in N2A neuroblastoma cell without destabilizing
soluble oligomers

To determine the copper effect on Ag, N2A neuroblastoma cells were incubated for 48h
with different doses of copper with and without HDL. A. At lower concentrations (0.5-30
UM) copper exacerbated toxicity caused by pre-aggregated Agor Ag co-stirred with HDL.
B. These preparations were electrophoresed on Western blot and determined oligomeric
band by conformationally specific anti-oligomer antibody A11. Values are shown as the
mean = SD. * p < 0.05, ** p < 0.01 and *** p < 0.001 represents a significant difference
between vehicle (HDL+ copper) and treatment (co-aggregated Ag with HDL or co-
aggregated ASwith HDL and copper).
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Fig. 5. Behavioral effect of co-aggregated copper- AFHDL by Morris Water Maze
Co-aggregated Ap-HDL-Copper or vehicle (copper-HDL) was icv infused into Sprague

Dawley rats and behavior conducted between 5-7 weeks post infusion. There were no
differences in performance to find a visible platform or in swim speeds (not shown), but A5
HDL-Copper-infused animals showed acquisition deficits to find a hidden platform (A) and
an increase in thigmotaxis (B). Values are shown as the mean + SEM. * p <0.05and ** p <
0.01 represent a significant differences between vehicle (HDL+copper) and treatment (AS
co-aggregated with HDL and copper).
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Fig. 6. Impact of insulin resistance on Aginfusion-induced loss of post-synaptic protein NR2B
Male Sprague Dawley rats were fed a high fructose diet to induce insulin resistance or a

regular diet for 4 months, and then at 15 months of age infused with vehicle or Af co-
aggregated with HDL and copper. Animals were sacrificed 6 weeks later at completion of
behavioral analysis and representative lanes from a Western of hippocampal lysate is shown
for the post-synaptic protein NR2B and f-actin (A). Western quantification of diet
dependent effect on NR2B normalized to f-actin (B). 2x2 ANOVA (Treatment x Diet)
revealed significant treatment-diet interaction (p < 0.01). RD; Regular Diet, HFD; High
Fructose Diet. Values are shown as the mean £ SD. * p < 0.05 represent a significant
difference between vehicle (HDL +copper) and treatment (A/ co-aggregated with HDL and

copper).
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Fig. 7. Impact of insulin resistance on Aginfusion-induced Agdeposition and microgliosis (Iba-1)
Rats were fed a high fructose diet to induce insulin resistance or a regular diet, and then icv-

infused with Af co-aggregated with HDL and copper or vehicle (HDL+copper). Sections
were immunostained with monoclonal antibody against Af (10G4). Representative
micrographs of hippocampus are shown, and A burden quantified using image analysis (A).
Sections were also stained for antibody to microglia (Iba-1). Representative sections are
shown and quantified by image analysis (B). Magnification bar = 100 um. Values are shown
as the mean £ SD. * p < 0.05, ** p < 0.01 and *** p < 0.001 represents a significant
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difference between vehicle (HDL +copper) and treatment (Af co-aggregated with HDL and
copper) within diet.
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