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Abstract

Beta-amyloid (8) immunotherapy is a promising intervention to slédwheimer’'s disease
(AD). Aging dogs naturally accumulatepfand show cognitive decline. An active vaccine
against fibrillar A3 1-42 (VAC) in aged beagles resulted in maintendndenot improvement of
cognition along with reduced brainBABehavioral enrichment (ENR) led to cognitive bigse
but no reduction in B. We hypothesized cognitive outcomes could be avgd by combining
VAC with ENR in aged dogs. Aged dogs (11-12 yeam®re placed into 4 groups: (1)
control/control (C/C); (2) control/VAC (C/V); (3) MR/control (E/C); (4) ENR and VAC (E/V)
and treated for 20 months. VAC decreased brdin pyroglutamate B, increased CSF 2
and BDNF RNA levels but also increased microhenages. ENR reduced brainfAand
prevented microhemorrhages. The combination tresatmesulted in a significant maintenance
of learning over time, reduced PA and increased BDNF mRNA despite increased
microhemorrhages, however there were no benefithgmory. These results suggest that the
combination of immunotherapy with behavioral enm@nt leads to cognitive maintenance

associated with reduced neuropathology that magfligreople with AD.

Keywords: Aging, Alzheimer disease, brain, bragrieed neurotrophic factor, dog, canine,

cerebrovascular, immunotherapy
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Introduction

Alzheimer’'s disease (AD) is associated with progires cognitive decline and the
accumulation of senile plagues and neurofibrillygles (Mirra, et al., 1991). Senile plaques
contain beta-amyloid (@), which is a peptide thought to play a causatinle in the disease
(Hardy and Higgins, 1992). Several therapeuticglimical trials are designed to reduce the
production and deposition or improve clearance db ASelkoe and Schenk, 2003).
Immunization with fibrillar A3 1-42 in mouse models of AD can reduce or prevepbslition of
ApB (Morgan, et al., 2000;Schenk, 1999) and improvenorg (Janus, et al., 2000;Morgan, et al.,
2000;Wilcock, et al., 2009;Wilcock, et al., 2004).

Clinical trials in patients with AD have led to gnihodest positive outcomes, or potentially
serious adverse events in response to both ad&ifeéptide with a conjugate to stimulate an
immune response) or passive (administration of-Aftiantibodies) (Wisniewski and Goni,
2015). Using an active vaccine, AD patients whmedo autopsy showed reducefl f-errer,
et al., 2004;Gilman, et al., 2005;Hock, et al., Z0asliah, et al., 2005;Nicoll, et al., 2003).
Notably, using an active vaccine approach, decte@$epathology persisted 5 years after the
last vaccination (Holmes, et al., 2008), althougtiuced brain A did not slow AD progression.
A recent Phase 3 clinical trial using solanezumathi{manized version of a mouse antibody
m266) in a passive vaccine approach suggest bemefthose patients with mild AD, strongly
suggesting a prevention approach might be moreogppte for these therapies (Doody, et al.,
2014;Karran and Hardy, 2014). Adverse effects aatat with anti-A immunotherapy include
edema and microhemorrhages in the case of passooines (Sperling, et al., 2012;Wilcock and

Colton, 2009) and aseptic meningoencephalitis vaittive vaccine approaches (Boche and
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Nicoll, 2008). Despite these, both are still beiegplored in a number of clinical trials
(Wisniewski and Goni, 2015).

We have seen similar cognitive anfl Butcomes to human clinical trials using an active
anti-A3 immunotherapeutic approach in the canine modilafan brain aging, which naturally
produces human-typeA(Cotman and Head, 2008). Aged canines show angesti memory
and learning and a corresponding increase fnpathology (Cotman and Head, 2008). In a
previous study, animals were immunized with filailAB1-42 for 2 years. Although we found
little improvement in cognition, we did find eviden for maintenance of prefrontal function
(reversal learning) (Head, et al., 2008). Braifi Wwas significantly reduced in vaccinated
animals. Based on our work with the previous castuely and the clinical trials outcomes, we
hypothesized that clearing preexistin@ was insufficient to restore neuronal function. bisth
dogs (Azizeh, et al., 2000;Frost, et al., 2013) andhans (Fonseca, et al., 1999;Frost, et al.,
2013), A3 can be deposited over many years, which suggest®ms are chronically exposed to
AP toxicity. Thus, we introduced a second arm to shedy, behavioral enrichment (ENR),
which leads to cognitive benefits in aged canife®ugh mechanisms independent of A
reduction (Fahnestock, et al., 2010;Siwak-Tappalet 2008). This combination approach,
targeting pathways that can redudg #nd restore neuronal function, may be more effedtian
either intervention alone.

We tested the hypothesis that cognitive outcomes fAB vaccination could be improved
with the addition of behavioral enrichment. Thagroup of aged beagles were assigned to one
of 4 groups: 1) control/control (C/C); (2) contr@tcine (C/V); (3) behavioral
enrichment/control (E/C); (4) behavioral enrichmantl vaccine (E/V). Over the duration of the

study, cognition was assessed, antibody titers wezasured, and cerebrospinal flui§ wvas
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assayed. At the end of the study, brain tissue eedlected to measure A cerebrovascular

pathology, brain derived neurotrophic factor andaptophysin RNA levels.

Materialsand M ethods

Animals. As shown in Table 1, the longitudinal study staneéth 34 beagles (10.5 — 13.6 years
— Table 1): 31 from Lovelace Respiratory Reseanstitute (LRRI — Albuquerque, NM) and 3

from Harlan (Riglan Farms, Inc, Mount Horeb, Wissior). Dogs were housed in pairs (n=12)
or singly (n=22) in kennel buildings with indoortdoor runs measuring 91 cm x 600 cm, which
were the same kennels as used in previous studesd( et al., 2008;Milgram, et al., 2005).
Some dogs were required to be housed singly as wesg aggressive towards other dogs.
However, the number of animals in each type of maugvas similar across groups (Table 1).
The outdoor portions of the kennels were sepatayezhain link fencing allowing animals to see
neighboring dogs and interact. Housing conditiomere randomized across treatment
conditions. Dogs were fed Harlan Teklad Global #5% protein - Teklad Pioneer Lab Diets,
Madison, WI) once daily and water was availablalatimes. All animals were thoroughly

examined prior to inclusion in the study and weretednined to be in good health.

Examinations included physical examination, neugigial examination and analysis of blood
biochemistry values. All procedures were conduategiccordance with LRRI approved animal

protocols and the NIH Policy on Humane Care anddjseaboratory Animals.

Overall Study Design
The cognitive testing procedures from the previeascination study in dogs were repeated in

the current study to allow direct comparisons betwexperiments (Head, et al., 2008). Dogs
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were first given a series of baseline cognitivestés train them to work in the apparatus and to
assess learning and memory function prior to titeaiion of treatment. No food deprivation is
required for any of the cognitive testing procegduas animals are motivated to acquire the food
rewards. Subsequently, the vaccine and behavionathenent protocols were implemented.
Dogs in the behavioral enrichment condition wergtete throughout the treatment period as
cognitive enrichment was a component of the stdidycontrast, dogs provided with only the
vaccine were given cognitive testing after ~7 (fj@ctions) and 16 (19 injections) months of
follow-up to assess longitudinal cognitive respansét the end of the study, the brains of all

treated animals (C/C, E/C, C/V, E/V) were used &asure neurobiological outcomes.

Baseline Cognitive Testing. The testing apparatus has been described previgMsigram, et
al., 1994) and was a 0.609 x 1.15 x 1.08 m woodasncbnstructed from press board coated with
melamine. The box was equipped with a slidingkblBlexiglas tray containing 3 food wells.
Vertical stainless steel bars, which could be ddpido provide openings appropriate for
individual dog sizes, served as the front of the. bdhe experimenter sat behind a barrier that is
hinged to allow a sliding tray to be pushed eitteevards or out-of-view of the dog. A 60W
light was placed above the presentation tray tat lige objects. Data acquisition was controlled
using a customized program (MetaCog Testing SystBiesw Westminster, B.C., Canada). One
teaspoon (approximately 4 mils) of wet dog food ¥eamed into a ball and served as the food
reward. Each dog was given either 10 or 12 trialdag (depending on the task) with trials
separated by a 30 sec intertrial interval. Dogeewested 5 days a week.

Dogs were first given an object discrimination aedersal learning task. The first test

session was used to establish object preferengeath trial, the hinged door of the barrier
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separating the tester and the dog was raised hangrésentation tray was pushed forward. The
left and right food wells were covered by the twajeats. The food reward was placed inside
both the left and right food wells beneath eachuslils. Dogs were required to displace an
object to obtain the hidden reward. Ten trials evgiven with two objects presented
simultaneously (yellow plastic coffee jar lid anidid plastic Lego block) and with both objects
baited. The objects appeared randomly 5 times eacthe left or right side. The preferred
object was whichever object was chosen more fratuére. 6 or more times). Subsequently,
the preferred object was used as the positive &isniAfter establishing preferences, each
subject was given 10 daily trials with the food eed/ located beneath the designated positive
object. To prevent the dogs from using olfactongs, the food odor was smeared over both
wells and a piece of food was pressed inside thatne stimulus such that the dog could smell
it but not see it or eat it. A correct response ve®rded when dogs approached and displaced
the positive stimulus. An error was committedofyd chose the negative object. One correction
per test session was allowed and subsequent eesuied in an immediate withdrawal of the
tray leaving the dog unrewarded. Dogs were traunatl one of two criterion levels was met:
9/10 correct on one day or 8/10 correct on two eonsve days. An additional 3 days of testing
was provided to ensure that animals maintainedzarage of 70% or better correct. A maximum
of 400 trials were given if a dog could not readkecion. After dogs had reached criterion in the
object discrimination problem, the reward continges of the positive and negative stimuli
were reversed. Testing was continued on this tagk the same criterion as for the object
discrimination test was met. All other testinggedures were identical to those used with object

discrimination learning.
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Following discrimination learning, dogs were givarspatial non matching to position memory
task as described in our previous study (Head].e2@08). To assess spatial acquisition and
memory, we used a 2- choice non matching to postisk. Animals were first shown a single
red Lego block covering either the left or righbéowells. Animals displaced the object on one
side (e.g. L) to obtain the reward. A 5-secondgéhterval followed, after which, animals were
shown two identical red Lego blocks with the rewardden under the object on the side not
rewarded previously (e.g. R). Dogs were given fdlst per day with a 30 second intertrial
interval and were tested for 40 days. During #fisday period, when criterion was met at a 5-
second delay, the delay was progressively increasd@, 20, 30, 50, 70 and then 90 seconds.
Two scores were derived from this learning phaseheftask: maximal memory and total
number of errors to reach criterion at the 5-seadeldy. Subsequently, animals were given 20
days of a variable delay problem. In this tasledut assess working memory, animals were
exposed to delays of either 20, 70 or 110 second=saoh day of testing. The order of the delay
interval presentation was random but each delagaeg 4 times/day and 12 trials were given
each day. Accuracy scores for each delay intenalewcalculated as a measure of spatial
working memory and used for repeated measures a@opa after treatment was started.

The total errors made for discrimination and reaklsarning and for acquisition of the

spatial memory task were summed and dogs were dadedrding to these total error scores.

AB Vaccine. Fibrillar AR was prepared by adding 5@0 of sterile phosphate buffered saline
(PBS pH 7.5) to 0.5 mg of peptide (provided by Dharles Glabe, University of California at
Irvine, Irvine, CA), the sample was vortexed, andubated overnight at 3Z in a water bath

prior to conjugation with the adjuvant. To prepaf& for immunization, each dog received 0.5
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mg of fibrillar AB (500 pl) that was added to 5Ql of 2% aluminum hydroxide (alum)
suspension (Accurate Chemical, Westbury, NY) an@d |4%f PBS and vortexed. All animals
that did not receive fibrillar A 1-42 were given alum injections. Animals were iomized
subcutaneously in the back of the neck and monitéoe adverse reactions. After 2 weeks,
animals were boosted with an additional injectioliofved by monthly injections thereafter. The
rationale for using an active vaccine approach tmedold: (1) to use an identical vaccination
approach as in our previous study to confirm anterek our results; (2) a passive vaccine

approach was prohibitive in terms of the volumegined and the infusion process.

Behavioral Enrichment. Dogs in the behavioral enrichment group were gitvem 20-min walks
outdoors in groups of 3-4 animals each week. Rigy were rotated through their kennels on a
weekly basis. Cognitive enrichment involved adudtitil testing procedures including: landmark
discrimination learning (1 month of treatment), bgdliscrimination learning (4.3 months of
treatment) and a retest on landmark discriminagitber ~15 months of treatment (See Table 2 —
more detailed descriptions to follow). For thesgrative tasks, only dogs receiving behavioral
enrichment were included. In a previous study,altih the kennels were identical, behavioral
enrichment also included pair housing as comparathgle housing, but this was not possible in
the current study given the number of animals teguired single housing (Milgram, et al.,

2005). Table 1 shows the number of animals in gachp that were singly housed.

Treatment Groups. Animals were assigned to one of four treatment ggobalancing for
baseline cognitive test scores, sex, and age. @éitrol animals received alum only as the

injection while those receiving the active vacomere injected with fibrillar £1-42 mixed with

10



Davis et al

alum. These groups included 1) control/control (n€&C); (2) control/vaccine (n=8; C/V); (3)
behavioral enrichment/control (n=8; E/C); (4) bebaal enrichment and vaccine (n=10; E/V).

(Table 1). The study timeline is provided in Table

Enrichment Task - Landmark Discrimination and Variable Landmark Test. The landmark
discrimination task and variable landmark discriation task represent tests of spatial attention
(Milgram, 1999;Milgram, et al., 2002). The firdbgse, Landmark 0O, involved showing animals
two identical objects (wooden blocks) with a tholbject, the landmark, placed on top of the
object associated with a food reward. The comesponse was to select the object associated
with the landmark. Animals were trained until eribn was met, either by obtaining a score of
9/10 on one day or 8/10 on two consecutive dayesiing. A maximum of 40 days (400 trials)
was given for all of the landmark tasks. In thetrghase of testing, the landmark was moved at
successively greater distances (1, 4 or 10 cm) dreay the reward object with animals required
to meet criterion before progressing to testinghvétlarger landmark distance. Animals that
could not solve the problem at any of the longstatices within 400 trials stopped testing on
this stepwise protocol. Once all animals had liested out to a 10 cm distance on the landmark
discrimination task or had reached the maximum ramdd trials for a single distance, all
animals were given a variable landmark distance testhis test, animals were given 12 trials
per day with the landmark being placed 1, 4 or hOagvay from the correct object. These three
distances appeared for 4 trials per day with Isfiday in total and dogs were given a total of

20 days of testing (240 trials).

11
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Landmark discrimination learning was initiated a@imals had been immunized twice
(initial, 2 weeks), which was 1 month into the treant phase of the study. In previous studies,
the landmark task and the variable landmark proeedere age sensitive and improved in aged
dogs with behavioral enrichment (Milgram, 1999;Mém, et al., 2002). Following landmark
discrimination learning, the variable landmark tas&s administered for 20 days. After 15.2
months of treatment (18 immunizations), dogs weverganother 20 days of variable distance

landmark testing as described previously.

Enrichment Task - Oddity Discrimination. After 4.3 months of treatment and 5 immunizations,
dogs were given the next behavioral enrichment, tad#lity discrimination learning, a measure

of complex learning ability (Milgram, et al., 2002) In previous studies, the oddity

discrimination task was age sensitive and distisigenl animals receiving behavioral enrichment
from controls (Cotman, et al., 2002;Milgram, et, &005).  This task involved 4 sets of 3

objects. Two objects of each set were identicdl ame was novel. Animals were shown the
first set and all 3 objects simultaneously, witlioad reward hidden under the novel object.
Dogs were given 12 trials per day with the locatdnhe food reward appearing once in each of
the 3 food wells each day. Once dogs learnedittstepioblem, the next set of objects was used.
The dogs were required to reach criterion levelsesponding from each object set prior to
moving to the more difficult object sets. Anim#st failed to learn one of the oddity problems
within 40 days of testing were stopped. The sintjfabetween the odd object and the two
identical object increased with each problem sehdhat the last problem, oddity 4 was the

most difficult to discriminate.

12
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Cognitive Outcomes Across All Treatment Groups. At pre-determined intervals, all dogs on study
were administered tests of size and black/whiteruiisnation learning, size and black/white

reversal learning and spatial memory testing (T&)le This allowed comparison across all 4
groups to detect synergistic effects of the combitreatment. Dogs were included in each
cognitive test analysis if they completed that tds& dog had to be removed from the study, and

did not complete a task, the scores were not irclddr that task in the data analysis.

Sze Discrimination and Reversal Learning. After animals were treated for a period of 7.6
months and had received 10 immunizations, they warmen a size discrimination and reversal
problem. The procedures were identical to thosel wliring baseline testing except the objects

differed in size (one red wooden block vs 2 woolleicks stacked) (Milgram, et al., 2005).

Black/White Discrimination and Reversal Learning. After animals were treated for a period of
16.1 months and had received 19 immunizations, thene given a black/white discrimination
and reversal problem. The procedures were idéniicéhose used during baseline and size
discrimination testing except the objects wereegitnblack or white lego block (Milgram, et al.,

2005).

Spatial Learning and Memory. At two time points during the study, a 3-choicatsgd memory

task was used. The 3-choice delayed non matclongosition task has been described
previously (Chan, et al., 2002) and is sensitivbeaefits of an antioxidant diet and behavioral
enrichment with minimal practice effects (Milgraet,al., 2005). Dogs were first shown a single

red Lego block covering either the left, right enter food wells. Once the object was displaced

13
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and the reward obtained, a 5-second delay intdolalwed. After the delay, animals were
shown 2 identical red Lego blocks, one coveringwié seen previously, and the other covering
one of the two remaining food wells. The corresdponse was to select the object covering the
novel food well. Dogs were given 50 days of tegtivith 12 trials/day with the location of the
reward appearing 4 times each in the 3 food welsring the 50 days of testing, if an animal
reached criterion at the 5-second delay, the deks/increased by 10 second increments. This
was continued over the 50 days of testing with ga#lgl increasing delay intervals. Following
incremental delay interval increases over a 504o@yod, dogs were given a variable delay
procedure for 20 days. As with the 2-choice spatiamory task, dogs would be exposed to
either a 20, 70, or 110 second delay in a singleaddesting. Accuracy scores for each delay
interval were calculated as a measure of spatiakimp memory. Animals were tested at two
time points, the first was after 11.9 months oatneent and 14 immunizations and the second

after 18.1 months of treatment and 21 immunizations

Blood and Cerebrospinal Fluid Samples. Blood was collected from individual animals at
baseline, 2 weeks, 1, 2, 3, 4, 5, 6, 12, 18 anch@8ths after the first vaccination immediately
prior to injections of the vaccine. Blood was coledl by jugular venipuncture for both serum
(10mL) and plasma (10mL in EDTA). Cerebrospinalidl (CSF) samples were taken at
baseline, after 12 months of treatment, and 19.@thsoof treatment immediately prior to

necropsy. For CSF sampling, dogs were anesthetidthd isoflurane and placed in lateral

recumbency. The dorsal head and neck area wasdligpd aseptically prepared, and a spinal

needle was advanced into the cerebellomedullatgroiso collect approximately 1.5mL of CSF.

14
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Necropsy and Brain Tissue Preparation. At the end of the study, following blood collectio
anesthesia was induced and CSF collected. Subggqueentobarbital-based euthanasia
solution was infused intravenously. Once heart dewould no longer be auscultated, the brain
was rapidly removed. The left hemisphere was placedo paraformaldehyde at 4°C for 72—-80
h before transfer to PBS, pH 7.4, with 0.02% sodiarde and stored at 4°C. The right
hemisphere was sectioned coronally and flash fraae80°C. The following subregions were
dissected for each outcome measure: prefrontagxdRFCTX), parietal cortex (PCTX), and

occipital cortex (OCTX).

Serum Titers. Ap 1-42 antibody response was measured over ninepomds of the study by

enzyme-linked immunosorbent assay (ELISA) (Head).e2008).

CSF and Brain AGELISA. Beta amyloid (1-40, 1-42, and total) was measunedS$F and tissue
by sandwich ELISA. A was extracted from frozen tissue measured as quslyi described
(Head, et al., 2010;Murphy, et al., 2010). Brieffsozen PFCTX, PCTX) and OCTX were
extracted first in PBS, then sodium dodecyl sulf&BS) and last, formic acid (FA). Antibodies
Ab42.5 (human sequencel®16) for A3 1-40 capture, and 2.1.3 (end specific fgi &42)
were used. Biotinylated 13.1.1 (end specific fg#1A10) or 4G8 (human sequenc@ A7-24,
Covance, Dedham, MA) were used to measure toteldesf A3 1-40 and & 1-42 in CSF and

in each brain fraction (PBS, SDS, and FA).

AL Plague Load. Tissue was stained forpAplaques using previously published methods (Head,

et al.,, 2008) and antifA42 (Invitrogen, Carlsbad, CA; 1:500, raised agami36-42), 6E10

15



Davis et al

(AB1-16, Covance, Dedham, MA; 1:1000), and PyroGlu®dwé¢ Biological, Littleton, CO;

1:500) antibodies. Tissue was pre-treated in 90%itoacid for 4 min (Kitamoto, 1987).

RNA Sudies. PCTX and OCTX were available for RNA studies of teeels of brain derived
neurotrophic factor. The methods have been pudddispreviously (Wilcock, et al., 2015).
Briefly, frozen brain tissue was pulverized usingnartar and pestle on dry ice with liquid
nitrogen, and the frozen pulverized tissue wasestaat -86C. RNA was extracted from
approximately 80mg frozen pulverized tissue usimg Trizol Plus RNA Purification System
(Life Technologies, Grand Island NY) according @ tmanufacturer’s instructions. RNA was
guantified using the Biospec Nano spectrophotomgéimadzu, Columbia MD) and cDNA
was reverse transcribed using the cDNA High Capddatt (Applied Biosystems, Foster City
CA) according to the manufacturer’s instructioneaRtime PCR was performed using Tagman
gene expression probe AB105074.1 (PMID NM_00100297®\pplied Biosystems, Foster City
CA). Gene expression data were normalized to 1IBNAr expression. Fold-change was

determined using thd®"@ 9" Smethod (Livak and Schmittgen, 2001).

Prussian Blue Staining. Prussian blue staining was used to identify miembarrhages in PFCTX
and OCTX tissue for all study cases using meth@dd on previous studies (Wilcock, et al.,

2004).

Image Analysis for Plague Load and Prussian Blue Counts. To quantify the extent of f\plaque
labeling, images were captured using ImagePro &3 an Olympus Q-Color 5 camera on an

Olympus BX51 microscope at 20x objective unifornflye of the superficial layers and five of

16
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the deep layer for a total of 10 fields/section.eCsection from each of the brain regions
indicated for each dog was quantified in this w@uantification was done by image analysis
using ImageJ to yield load values, the percent aceapied by positive labeling similar to our
previous report (Head, et al., 2008). Quantifmatof Prussian blue staining was by counting
microhemorrhages in each tissue section using a 8Bbpective and counting within 10
fields/section. Prussian blue labeling within # deameters of a blood vessel was considered a
microhemorrhage. Counts were totaled for each animeach of the brain regions (Wilcock, et

al., 2004).

Studies in Archived Brain Tissues from Dogs for Plaque Load and Prussian Blue. We were
interested in estimating the burden d§ pathology and microhemorrhages in our dogs paor t
the start of treatment to characterize changes athgbogy over time and with
immunotherapy/behavioral enrichment. These dogsedegred to as the pre-treatment animals.
We selected 10 dogs that ranged in age from 101816 years to compare changes in plaque
loads and number of microhemorrhages before tredttoel9 months of treatment in a cross-
sectional approach. These pretreatment dogs hagrevaous treatment or cognitive testing.
Tissue for the pretreatment dogs was collectedstoiced (in PBS with sodium azide &G}
using the same methods as the experimental dogsiumohistochemistry was used to measure
total AB, Ap 42, and PyroGlu3 plaque loads in the PFCTX andXCPrussian Blue staining
was used to count the number of microhemorrhageeeriPFCTX and OCTX regions of the
brain. All sections from the pretreatment dogs @edcurrent study samples were run in parallel

to reduce variability as a consequence of muliipl@unohistochemistry experiments.
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Data Analysis. Group comparisons for each outcome measure useeraseapproaches
depending on the groups being compared and if there repeated measures involved. ANOVA
was used to compare all 4 treatment groups (C/C, E€/V, E/V) groups on baseline cognitive
test scores to ensure they were balanced with cespeerror scores. T-tests were used to
evaluate differences due to vaccine treatment igsdassigned to behavioral enrichment
(landmark test, oddity test) comparing the E/C &fd groups. A repeated measures general
linear models approach including all 4 groups wseaduto compare the main effects of vaccine
alone, the behavioral enrichment alone, and totbesinteraction (combination treatment group)
for changes in A antibody serum titers. A generalized linear mixaddel (GLMM) for a
repeated measures design was used to compare e@praatsures on CSHAand cognitive
error scores among the four treatment groups quurebng to the visual discrimination and
reversal tasks: object, size, and black/white. alinthe analyses, cognitive error scores (both
discrimination errors and reversal errors) wereliaesl to follow a Poisson distribution.

An ANOVA was used to compare all 4 treatment gro(fp<C, E/C, C/V, E/V) groups on brain
Ap measures. For microhemorrhage counts, we usedsmcare test to compare groups as this

was a nonparametrically distributed outcome measure

While on study, 11 animals required euthanasiaiff¢rdnt time points for medical issues
unrelated to the treatments that could not be methagthout discomfort. Given the age of the
animals at the start of the study (~11-12 yeard)thrir age at the end of the study (>13 years),
this is not unexpected as the median age at dédtbagles in this colony is 13.2 years (i.e. 50%
of the animals are typically lost) (Lowseth, et 4990). Cognitive test scores were included in

the analysis if they had completed the task podeath. Only dogs that completed the study
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(including animals that could not be cognitivelyste®l but maintained on treatment) were
included in the neurobiological outcome measuredyars. Missing scores due to death were
assumed to occur at random, while missing scorestalunot learning the black-white reversal
task were assigned the maximum value of given ahénels of performance (value 190 for all
tasks). Statistical significance for omnibus tests determined at the 0.05 level. Post hoc

comparisons used the Bonferroni or LSD correction.

Results

At baseline, there were no significant differendestween groups for scores on object
discrimination learning (F(3,33=0.56 p=0.64) oreuttjreversal learning (F(3,33)=0.03 p=0.99)
indicating that animals were well-matched on thsidba@f associative learning and executive
function. Spatial learning scores were equivalarbss the 4 groups (F(3,33)=0.48 p=0.70).
Spatial memory (20s, 70s, 110s) was also evenlychedt across groups at baseline with all
showing a significantly reduced accuracy with iasiag delays (F(2,56)=5.94 p=0.005) but no
main effects of behavioral enrichment (ENR - (F&:®.19 p=0.83), the vaccine (VAC -

(F(2,56)=1.40 p=0.26), nor a group by delay inteoac(F(2,56)=1.03 p=0.37).

Fibrillar Ap Antibody Titers

To determine if the anti-fibrillar A given to VAC treated animals induced an immuneaase,
we measured fibrillar B1-42 antibody titers (Figure 1A). Fibrillar A antibody titers

significantly increased over time in VAC animalqXfA9)=13.6 p=0.002). No main effect of
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ENR was seen on antibody titers (F(1,19)=2.0 p30.1Further, there was no interaction

between the two treatments (F(1,19)=1.82 p=0.19).

Landmark Discrimination Learning

All dogs receiving ENR were given the landmark dismation task. A significantly higher
error score was observed at the 1 month test indthgs provided with the vaccine and
behavioral enrichment (E/V) relative to the dogsereing behavioral enrichment (E/C) alone
(t(16)=2.7 p=0.016)(data not shown). However, dase our previous research, rather than the
vaccinated dogs doing more poorly, this effect was to significantly lower error scores in all
dogs, particularly in the E/C group compared tovjnes studies of similarly aged dogs
(Milgram, et al., 2002). No other group differeacgere noted in landmark 1, 2 or 4 at either
time point. The variable distance landmark tess w@nducted for a period of 20 days with 1, 2
or 4 cm distances appearing each day. The totabeuof errors made and accuracy during the

20 days of testing was not different between thédtfid E/C groups (data not shown).

Oddity Discrimination Learning

After 4.3 months of VAC treatment, a comparison wexle between the E/V and E/C dogs on

the oddity task. In a repeated measures anal|ysisldity tasks) using only dogs (n=15) that

were able to reach criterion levels of respondingalh tasks there was a significant main effect

of the task (F(3,39)=4.75 p=0.006) suggesting msiregy difficulty as was intended, but no
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treatment group by oddity task interaction (F(3&039 p=0.76). Overall there were no

treatment group differences (F(1,13)=3.41 p=0.@88)a not shown).

Repeated Visual Discrimination and Reversal Leanin

To detect any treatment effects over time, a ptessitaintenance of function, and a synergistic
effect of the ENR on VAC, we compared baseline dbgscrimination to size discrimination
(7.6 months of treatment) and to black/white dreanation (16.1 months of treatment) only in
animals able to reach criterion for all 3 taskgy(if¢ 1B). Discrimination learning errors over
time showed a highly significant treatment grouptimge interaction (P < 0.0001). Post hoc
comparison of the treatment effects shows thatfmh treatment group the three tasks differ
from one another. For object and size discrimimattbere was no significant difference among
the 4 groups. For the black/white discriminatioskiathe effect of time for the combination
group (E/V) is significantly smaller than the efiedor C/C and C/V groups (P =0.03 for each
comparison) but only marginally smaller than théeef for E/C (P = 0.054). The results of
treatment on discrimination learning over time cade that the combination treatment group

shows a synergistic maintenance of cognition avee.t

Errors on the repeated reversal tasks revealedglayhsignificant treatment group by time
interaction with means at baseline being 11.12rgro size reversal with 33.2 errors and then
black/white discrimination with 32.3 errors (P ©001)(Figure 1C). For the black/white reversal
task the E/C group differs from the other threeugowhile the C/V group also differs from E/V

and C/C, which do not differ from one another. Thessults suggest that there was impairment
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in reversal learning in the dogs receiving the wae@lone, which was ameliorated with the
addition of behavioral enrichment. Further, the Zlogceiving the behavioral enrichment alone

had the lowest average error scores.

Spatial Acquisition and Memory

Once dogs had been treated for 11.9 months or8dr thonths (Table 2), they were tested on
the 3-choice spatial memory task where the del&y&0p70 or 110 seconds could occur on a
single day. Only dogs that were able to complelte¢hal testing across the 2 time points were
included in the analysis. Neither treatment alona/een combined resulted in improved spatial
memory. To detect any changes in spatial memogyfasction of treatment over the 18 months
of the study, a repeated measures analysis wasfosedch delay interval separately (20, 70,
110s). At the 20 second delay (F(2,36)=16.12 @3@b) the 70 second delay (F(2,36)=5.51
p=0.008) and the 110 second delay (F(2,36)=17.320805) there was an overall decrease in
accuracy over time suggesting an aging effect. &eas no apparent maintenance of spatial
memory over time as a function of treatment or #iece of the combined treatment (data not

shown).

CSF M

For CSF A outcome measures, only animals that completed b8enonths of the treatment
protocol and where CSF samples were acquired ay ¢mee point were included (n=21; C/C-7,

E/C-4, C/V-5, E/V-5). None of the effects in thadar mixed model (LMM) for CSF 0,
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namely, the main effect due to VAC or ENR, the ratéion between VAC and ENR, the main
effect due to time, and the interactions betwéme and VAC, time and ENR, or time, VAC

and ENR are significant (P >0.11 for each effect).

However, for CSF 42 (Figure 2A) there is a significant main effeaedo the VAC (P = 0.01)
in that the adjusted mean CSB4R level in the presence of VAC is 134.4 pmol + Wwhich is
higher than CSF P42 measures in the absence of the VAC (104.7 = Réhe of the other
effects in the LMM are significant (P > 0.12) altlgl there is a hint of an interaction between
VAC and ENR. The increased CSB42 VAC effect appears to be associated with thegmee

of ENR (ENR with no VAC at 92.9 + 12.5 and with VAGE 139.8 + 9.8). This is in contrast to
CSF AB42 in groups with no VAC at 116.5 *+ 8.7 versus sthavith the VAC at 129.0 £10.3 in
the absence of ENR, indicating a much smaller \&&&ct (P = 0.12 for the interaction between

ENR and VAC).

Brain AB

We hypothesized that the levels d81A40 and A 1-42 in the brain would be reduced due to the
vaccine as we reported previously (Head, et alo82@&nd possibly further reduced with the
presence of behavioral enrichment. As a first téghis hypothesis we measured the extent of
plagues containing 42, total A3 (using 6E10 A1-16), and pyroglutamatepAn the PFCTX,
PCTX and OCTX by immunohistochemistry. For thesalyses we used an ANOVA with a 2 x

2 factorial design with factors VAC (yes/no) andEEKyes/no) to compare mean responses.
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AB42 plaque load was significantly decreased aswdtresVAC (both C/V and E/V groups) in
the PFCTX (p<0.01), OCTX (p=0.01), and PCTX (p=0.QBigure 2B). No additive effects
were seen between the VAC and ENR in reducirggt2Aplaque load in any brain region
sampled. Representative examples of immunolabéditige prefrontal cortex for each treatment
group are shown in Figures 2E-HTotal A3 (6E10) plaque load was reduced by the VAC in all
brain regions (PFCTX, p<0.01; OCTX, p=0.03; PCTX0M®4) (Figure 2C). No additive
effects were detected in the combination treatrgemtip in decreasing totalpAplaque loads in
any of the brain regions sampled. Previous immusraiby studies have not evaluated effects of
an anti-fibrillar AB1-42 vaccine on post-translationally modifief}. ASince post-translationally
modified AB, more specifically BpE3, is considered to be a more toxic and chronogically
older form of A3, we tested our vaccine on its ability to reduces ttorm of A3. We
hypothesized that VAC would significantly reducfpk3 plaque loads in all regions examined.
ABpE3 plaque loads were decreased only in PFCTX QdF(ut not PCTX or OCTX (Figure

2D). No main effects of the ENR or an ENR by VA@eraction were observed.

As a second test of this hypothesis and to confeductions in & plaque loads, we measured
PBS, SDS, and FA extracted3A-40 and B 1-42 by sandwich ELISA (Figure 3). For these
analyses we used an ANOVA with a 2 x 2 factoriadige with factors VAC (yes/no) and ENR
(yes/no) to compare mean responses. There wasificgigt amount of individual variability in
the amounts of B measured and no treatment effects were observeitfier A340 (Figure 3A)
or AB42 (Figure 3D) extracted from the PBS soluble foactin SDS extracted 42 (Figure
3B), there was a significant main effect of the VA@h reduced levels in the PFCTX and

OCTX (p<.05) but not in p40 (Figure 3E). FA extractedpad2 (Figure 3C) was decreased in
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the PFCTX, PCTX and OCTX consistent with plaquedlaautcomes; FA extracted fAO
(p=0.01) in the PFCTX and 42 (p=0.01) extracted from PFCTX, PCTX and OCTX was
decreased in VAC dogs but not ENR dogs and therg mea interaction between the two
treatments. The OCTX also showed evidence of ret&@eextracted 42 in the ENR group
(p=0.01), the VAC group (p=0.02) as well as anratéon with in the combination group
(p=0.03). This interaction effect appears to resuless of an f42 reduction for combination

treatment group animals relative to dogs providéd the VAC alone.

Comparison of As Plaque Loads of Sudy Dogs to Pretreatment Brains: The PFCTX had lower
ApB42 plaque loads due to ENR that trended towardsfgignce. In addition, although no ENR
effect was seen statistically in lowering totdl plaque loads in the PFCTX and PCTX, the E/C
treatment group did have significantly lower loaban the C/C group. It is unclear if these
lower plaque loads were due to a clearance of yistheg AB or maintenance of \pathology at
the same level that was present at the start afrrent by the ENR. To investigate this further,
we used PFCTX and PCTX tissue of archive casesanbiat age-matched to study cases at their
baseline age and immunostained them fp42(10/10 animals were positive based on a cut off
of 1% load) total AB (10/10 positive) and BpE3 (1/10 positive). The results provided
measurements that represented thHe pdaque loads of the study cases at baseline before
treatment began. TheBAoads obtained from this archival group are atsmns in Figure 2B, C

and D.

In the PFCTX, significant group effects were saethie reduction of 42 (p<0.001), total A

(p<0.001), and BpE3 (p=0.009) plaque loads between the pre-tredtmgeaup to the study
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treatment groups. The pre-treatment group hadfsigntly lower A342 (p=0.050) and total ;A
(p=0.014) plaque loads than the C/C group indigaéin increase in plaque loads with age. The
plague loads of the pre-treatment group did ndissizally differ from the E/C group, suggesting
a maintenance effect due to the ENR (p<.05). I&mnesults were observed in the PCTX. A
significant group difference was noted when compuaAp42 (p=0.003), total A (p=0.021), and
ABpE3 (p=0.020) plaque loads between the pre-tredtgrenp to the study treatment groups in
the PCTX (Figures 2B,C,D). As seen in the PFCIh¥,pre-treatment grouppA2 plaque load
did not differ significantly from the E/C group the PCTX, again suggesting that ENR was

likely maintaining A342 plaque loads at levels that were in the braiads prior.

Treatment Effects on Microhemorrhages

Based on previous studies in transgenic mice @Hedt al., 2002;Racke, et al., 2005;Wilcock
and Colton, 2009;Wilcock, et al., 2007;Wilcock, at, 2004) and human clinical trials (Uro-
Coste, et al., 2010), we hypothesized that the tWAC groups may have more
microhemorrhages than those animals receiving n€ VPhe total number of bleeds across all
brain regions sampled ranged between 0 and 23 andsed a Kruskal-Wallis test to compare
the groups. The most bleeds were seen in the PR@UKg a range from 1 to 10 bleeds, with
the exception of one dog having 17 bleeds (reptatea examples are provided in Figure 4B,
C, D). This canine in particular was a femalerteththe study at the age of 11.6 years, and was
in the E/C treatment group. The OCTX had bleedntowanging from 0 to 7. Neither ENR
(H(1)=0.025 p=0.876) nor VAC (H(1)=0.350 p=0.55®)rsficantly increased microhemorrhage

frequency in the PFCTX (Figure 4A). In the OCTKette was a statistically significant overall
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increase in microhemorrhages due to the VAC (H(B&6 p=0.011) (C/V and E/V groups -
Figure 4A,D). Interestingly, fewer microhemorrhageere detected in the E/C animals in the
OCTX compared to C/V animals (Figure 4A). It is pibée that this decrease in
microhemorrhages of the E/C group (non VAC animaisiild have led to the statistically
apparently higher frequency of micronemorrhagestdube VAC.

With the observation that E/C group had fewer nhieraorrhages in the OCTX compared to the
other treatment groups and C/C group, we wantetetermine whether ENR was reducing the
number of microhemorrhages or having a maintenaffeet as observed with plague loads. To
do this we used the same 10 archive cases usethfpre load analysis that were age-matched to
study dogs at the start of the study (10.5-13.6syegpre-treatment). The total number of
microhemorrhages in the PFCTX from this pre-treatimgroup of dogs ranged from one to
eight, similar to numbers in the treatment groupd eontrol group. Statistically, there was no
group difference in microhemorrhage counts in tR€PX between the pre-treatment group and
the four study groups(?((4)=1.103 p=0.894) (Figure 4A). In the OCTX, preatment dogs only
showed 0 to 3 microhemorrhages compared to theDrémge seen in the study dogs. There
were significantly different microhemorrhage courtietween the groupsy*(4)=15.400
p=0.004). The pre-treatment group showed appraeiyathe same number of
microhemorrhages as the E/C treatment group (Figde While the C/C, C/V, and E/NV
treatment groups were not different in number afrotiemorrhages, they generally were higher
than the pre-treatment and E/C groups. This weulghest that the E/C treatment was having a
maintenance or protective effect against microhenages in the OCTX while all other

treatment groups experienced more microhemorrhagbsge independently of the VAC.
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Brain derived neurotrophic factor as a functiorreatment

We next tested the hypothesis that brain derivegatephic factor (BDNF) RNA levels would
be increased in dogs provided with ENR and posdibityer increased when combined witR A
clearance with the vaccine. Figure 5 shows tHative to the C/C group, the parietal cortex of
the C/V group had increased BDNF mRNA (~1.4 foldatt were not significant but the
combination treatment (E/V) was associated withgaiicant increase in BDNF mRNA level
(1.6 fold). The E/C group was not different fronet&@C group (~0.7 fold). No systematic

differences in the occipital cortex were observeBDNF mRNA level (data not shown).

Discussion

The current study hypothesized that aged dogs pvitkexisting A pathology vaccinated with
fibrillar AB1-42 would show reduced pAneuropathology as observed previously, but also
improved cognition if the vaccine was combined witthavioral enrichment. Consistent with
previous studies in aged dogs, the actiyevAccine alone did not improve cognition (Head, et
al., 2008). As hypothesized, dogs in the combimati@atment group showed a slowing in
cognitive decline on a measure of visual discrimigralearning. The addition of ENR on the
vaccine was particularly striking on a measure xd#cetive function (reversal learning). We
observed impaired function in dogs provided witle tiAC alone that was significantly
improved with the addition of ENR. BrainfAwvas reduced with the VAC in the current study
similar to our previous report (Head, et al., 200BDNF mRNA levels were increased

significantly in dogs provided with the combinatitreatment, providing a possible mechanism
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underlying cognitive improvements and similar tpravious study of the combination effects of
behavioral enrichment with an antioxidant diet (festock, et al., 2010). Interestingly, there
were several unexpected findings in the currerdystuFirst, ENR resulted in less braify An a
subset of the brain regions sampled, consistetit 8atne but not all AD mouse model studies
(Lazarov, et al., 2005) but novel with respect anines (Pop, et al., 2010). Second, ENR may
slow cerebrovascular pathology in aging dogs, winay have significant clinical implications
for trials testing immunotherapy in patients witD A A summary of the outcome measures are

provided in Table 3.

Effects of the VAC on aging dogs

Cognition. We had previously published the results of ghvAccine in aging dogs showing no
improvements in learning and memory, but evidentea anaintenance of function on an
executive function task (reversal learning) (Heatdal., 2008). We observed some similar and
yet interesting differences in the current studigef® was no evidence of an improvement in
learning or memory in VAC dogs, similar to our poaws report (Head, et al.,, 2008). This
contrasts with another study of pet dogs (6-18sadiffering breeds) with cognitive dysfunction
syndrome that showed rapid improvements in cognitioresponse to activefAmmunotherapy
(Bosch, et al., 2013). It is interesting that ie Bosch et al., study that the authors usgdQfor
APx-40 peptides as the immunogen in contrast to tmeent study using fibrillar p1-42.
Despite these differing approaches, the mechanrsterlying rapid cognitive improvements in

one study and slower decline in the current stualyetyet to be determined.

We also found that dogs receiving the VAC alonewstd impaired executive function that

evolved after 16 months of treatment. Interestingtys was ameliorated with the presence of
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ENR as will be discussed shortly. This was unetgmegiven our previous work showing that
the same vaccine slowed reversal learning defioitsr time (Head, et al., 2008). When
comparing the two studies, dogs in our previousystwere between 9.3 and 9.5 years of age
when treatment was initiated, whereas in the cuistrdy, dogs were 11.5 to 11.9 years of age.
Thus, an earlier intervention resulted in bendbtexecutive function that could not be elicited

in the older animals unless combined with behaviemsachment.

A Neuropathology: Active AB vaccination and passive immunotherapy studies shasitive
results in reducing B plague pathology in both animal models and patianth AD (DeMattos,

et al.,, 2001;Head, et al., 2008;Release, 2012\allp et al.,, 2014;Salloway, et al.,
2009;Schenk, et al., 1999;Silverman, 2012;Teichl220VAC in dogs reduces brainpA2
measured by plaque load and bot¥8 and A42 measured biochemically in the insoluble FA
fraction as reported previously (Head, et al., 200®ese results are also similar to another
report of immunotherapy with Ain dogs showing reducedpAplague pathology (Neus Bosch,
et al., 2015). Novel outcomes of the current stdycate first, that PBS solubleAn the brain
was not reduced, suggesting the VAC did not chak@g@roductionper se. SDS soluble f42
was reduced in response to the VAC but npd4@ Post-translationally modifiedpAincluding
ABpES3, is toxic and involved in the initial stagestbé disease thereby making it a crucial
therapeutic target for clearance in a clinicalisgti{Alexandru, et al., 2011;He and Barrow,
1999;Russo, et al., 2002;Schilling, et al., 2006|8uzig, et al., 2009;Wirths, et al., 2009). In the
current study, BpE3 was cleared in VAC dogs, particularly in thefppntal cortex. This
outcome is promising for human clinical trials givehat a significant amount offAis post
translationally modified and thought to be highygeegated and less amenable to clearance in

dog (Azizeh, et al., 2000;Chambers, et al., 20Ikfret al., 2013;Schmidt, et al., 2015) and
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human brain (Azizeh, et al., 2000;Fonseca, etl8P9;Frost, et al., 2013). Last, CSB4R was
increased in dogs receiving the VAC suggestingraleze from the brain parenchyma that could
be detected peripherally. An inverse correlatiotween CSF and brainpAhas been reported in
humans (Blennow, et al., 2015;Strozyk, et al., 2@0% dogs (Head, et al., 2010) suggesting that
as brain A deposits it is depleted from the CSF (DeMattosalgt2002). Thus, CSF levels of
AB42 may serve as a useful noninvasive outcome medasumdetect beneficial effects of

immunotherapy on brain (A

Microhemorrhages: Because previous human clinical trials using actaecination with fibrillar
ApB142Was associated with several cases of meningoenitepli@ilman, et al., 2005;Hock, et
al., 2003), passive immunization is currently beimgestigated in mild to moderate AD. This
passive immunotherapy approach also redudepathology and leads to modest reductions in
rates of cognitive decline (Doody, et al., 2014;Bwo et al.,, 2014;Salloway, et al.,
2014;Salloway, et al., 2014). Passive immunothesggiowever, lead to microhnemorrhages in
mouse models (Wilcock, et al., 2004) and in humlarical trials (Sperling, et al., 2012). The
presence of microhemorrhages could increase riglirtifer cognitive impairment (Blitstein and
Tung, 2007;Viswanathan and Chabriat, 2006). Thug, also measured the extent of
microhemorrhages in VAC animals and noted an irseréa microhemorrhages in the occipital
cortex, but not prefrontal cortex suggesting camicen provide a useful model to detect adverse

outcomes in response to immunotherapy.

Effects of ENR on aging dogs

Cognition. Dogs provided with ENR in our previous studies sedw improved

cognition(Milgram, et al., 2002), maintenance ofweiion and improved memory (Cotman, et
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al., 2002;Milgram, et al., 2005). However, ENR sloge described previously did not show
reduced brain B suggesting that the mechanism of action was intgre of A deposition
(Pop, et al., 2010). Interestingly, we did notertve similar outcomes in the current study: ENR
dogs did not show improved cognition, nor maint@eamf cognition. This outcome was
unexpected as our previous research suggestedEtiBt was a robust means to improve
cognitive function in dogs (Costa, et al.,, 2006y@an and Head, 2008;Lazarov, et al., 2005).
The reasons for this may be two-fold. First, dogshe previous study were younger when
treatment was started and as such, may have beenregponsive to the enrichment protocol
whereas the older animals in the current studyndidshow the same benefits. Second, standard
housing-enrichment programs have matured fromezastudies such that an ENR threshold may
have been met between all treatment groups anuefupenefits did not occur with the additional
environmental enrichment and cognitive trainingt twas provided in this study. It is possible
the lack of consistent pair housing as comparesingle housing used previously may have led
to larger cognitive benefits than observed hereldfdim, et al., 2005). Alternatively, our
previous study may have revealed that singly hodsgd were impoverished relative to the pair

housed animals. A more intensive program may beimed for future treatment studies.

AB Neuropathology. Novel findings in the current study relate to tiféees of ENR on &
deposition. In our previous ENR study in canines &d not observe a reduction inBA
pathology after over 2 years of treatment (Poml.et2010). However, in the current study, we
observed ENR led to reduced tota plague loads, similar to previous reports in tramsg
mouse models of AD (Costa, et al.,, 2006;Lazarovalet 2005). Reduced plaque loads in
response to ENR in the current study may indicgbeegention benefit. Lower plaque loads in

ENR animals may be due to a slowing ¢f &ccumulation. Tissue samples from dogs that were
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the same age as animals at the start of the stlmlyeal us to estimate the extent off At
baseline. The pre-treatment dogs exhibited sigmtily lower plague loads than control dogs for
all types of A8 examined illustrating the increase of plaque ldadte canine with age over the

~ 2 year period of time. Further, the pre-treatmgog A3 plaque pathology most closely
resembled that of the E/C treatment group sugggeshtiat ENR led to maintenance of plague
load in treated dogs rather than a clearance/rientuot existing A plaques. The results of the
studies with BpE3 confirm and extend this interpretationppk3 plaque loads were not
reduced in dogs that received ENR suggesting thetexisting plaque pathology was not
cleared, in contrast to the VAC dogs. The mechatigmvhich A3 is reduced in dogs provided
with ENR has yet to be explored but previous sti@digue against changes in alpha-secretase

activity and total APP (Pop, et al., 2010).

Microhemorrhages. As described previously, micronemorrhage frequemayg increased in the
occipital cortex due to the VAC. However, the EN&gs had a significantly lower number of
microhemorrhages. By comparing ENR (E/C) animalprestreatment brain samples, we found
that dogs that were 2 years younger showed a similaber of microhemorrhages in the OCTX
as the E/C treatment group. This observation sugdgeat ENR may protect from age-associated
increases in microhemorrhages. Similar cerebroVaschenefits have been reported in

transgenic mouse models of AD (Herring, et al.,8)00

Synerqist Effects of Combining ENR with VAC

The overarching goal of the study was to test tyothesis that the combination of ENR and

VAC would lead to cognitive benefits and reducedimrpathology. To some extent, our
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hypothesis was supported and yet in other aspesftted. As expected, dogs receiving the

VAC developed anti-B1-42 titers over time.

In terms of cognitive outcomes, the results werelest We observed that dogs receiving the
combination treatment showed a significant maimeraof learning on a series of visual
discrimination tasks that was larger than eithelREdt VAC alone. The ENR also appears to
ameliorate executive dysfunction in VAC only trehtdogs although it cannot improve dogs to
levels observed in the ENR condition alone. Howgev®mne of the treatments improved
memory. The combination treatment group showedfsigntly reduced prefrontal, and parietal
and in some cases occipitap An terms of plaque loads, posttranslationally rfiedi A, and
insoluble A although not lower than the VAC alone. Given tihat VAC essentially clearedpA
plaques, it is not surprising we could not detacthier reductions. However, the benefits of ENR
on reducing microhemorrhages could not be obsenmittdthe combination treatment suggesting
that the VAC drives this pathology to a greatereakthan ENR counteracting the effect. The
implications of our observation of increased nurabafr microhemorrhages in the VAC group
are that the response of aging dogs to the vadsiaenilar (and possibly predictive) of human

clinical trials outcomes and also suggests a compatimological mechanism.

Another novel outcome to the current study involtleel measures of BDNF mRNA. BDNF is a
critical growth factor supporting neuron and syreabealth (Ando, 2002;Lu, et al., 2008), and is
reduced in AD transgenic mice and in human AD b(&lnlsinger, et al., 2000;Intlekofer and
Cotman, 2013;Michalski and Fahnestock, 2003;Podnale 2011). BDNF levels can be
increased in by physical activity (Cotman, et @aDQ7;Intlekofer and Cotman, 2013) and by
environmental enrichment (Wolf, et al., 2006;Zajatal., 2010). In dogs, aging is associated

with significantly reduced BDNF mRNA in temporalrtex that can be improved when animals
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are provided with a combination of behavioral emment and an antioxidant diet (Fahnestock,
et al., 2010). To determine if downstream pathasgissociated withpAmay be modified with
behavioral enrichment or in vaccinated dogs, wesmes RNA levels of BDNF. In the current
study we found that BDNF mRNA was increased in wrated dogs and significantly increased
in the combination group. Thus, reducinf Way be linked to increased BDNF and may in part,

be associated with the cognitive maintenance obsgérvthe current study.

Conclusions

Behavioral enrichment slowspfaccumulation and reduces the rate of micronemgesavhile

an AB vaccine clears pre-existingBApathology including post-translationally modifiéd.The
combination treatment maintained visual discrimoraiearning over ~19 months suggesting a
slowing of cognitive decline. Several clinicalals are underway that are assessing lifestyle
modifications including exercise and cognitive niag in nondemented elderly (for a review see
(Solomon, et al., 2014)). Aged canines may repitemerarly AD phenotype (Cotman and Head,
2008) that is associated with selective hippocanmeairon losses (Siwak-Tapp, et al., 2008).
The combination treatment approach described & ¢Rperiment may be more efficacious if
implemented prior to significant cognitive declimad A3 deposition that occurs in dogs
beginning around 6-8 years (Cotman and Head, 20B88)ever, it is exciting to note that even
in animals with extensive [Adeposition and cognitive dysfunction that benefdsld be elicited,
which is promising for patients with mild-moderaB. In the future, prevention studies using a
combination therapy approach in middle aged dogy bea feasible, may result in memory
maintenance and including imaging techniques thstiav cerebrovascular benefits will be

helpful.
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Figure Legends:

Figure 1. Effects of the antif1-42 vaccine on antibody titers and cognition otwere. Anti-
fibrillar AB1-42 1gG responses increased and were maintainedtiove in groups receiving the
vaccine (A)(*p<.05 between VAC (n=12) and non VAG={1)). To detect treatment effects
from all 4 groups over time, a discrimination tgB§ was used. Discrimination learning error
scores increased over time suggesting both inadetssk difficult and an underlying aging
process (B). The combination treatment group (EA¥7 completers)) performed the best
overall (*p<.05) and showed slower decline thamezittreatment alone. (C) Reversal learning
was associated with the E/C (n=4 completers) gtoanygng the lowest errors scores over time
overall suggesting a maintenance of cognition (®p%. Interestingly, the C/V (n=3 completers)
group had the highest error scores overall but was ameliorated by the presence of ENR
(**p<.05) such that the E/V (n=7 completers) groups similar to the C/C (n=7 completers)

group. Error bars represent standard errors ofnidnen.

Figure 2. CSF and brainpAchanges with treatment. (A) CSBB42 was significantly higher

in the dogs receiving the VAC at 12 months of weait (n=17) and at the end of the study
(n=14)(*p<.05). (B) A42 plague loads were variably affected dependinghenbrain region
sampled. In the PFCTX cortex, the C/C (n=8) groag Bignificantly higher p42 than the
pretreatment group (n=10), and the pretreatmenipgmas significantly higher, in turn, than
both groups that received the VAC (C/V (n=8) an® Eh=8) (#p<.05 when comparing the
pretreatment group to other groups). The pretre@itrAp42 loads were similar to the ENR only
condition (E/C) suggesting a halting op42 deposition. In both the PFCTX and the PCTX, the

C/C group had significantly higherp42 loads than the C/V and E/V groups (*p<.05). Hosve
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in the PFCTX, there was an additional reductioAfpd2 plaque load in the E/C group relative to
C/C (*p<.05 when comparing C/C to other groups) fmitin the parietal or occipital cortex. A
similar trend was observed in the OCTX but thesHeminces did not reach statistical
significance (note — there were no data from thetrpatment group for this brain region). (C)
6E10 plague loads were also variably affected diipgnon the brain region sampled. In the
PFCTX cortex, the C/C group had significantly higb&10 loads than the pretreatment group
(#p<.05 when comparing the pretreatment group herogroups). The pretreatment 6E10 loads
were similar to all other treatment groups. InB#CTX, the C/C group had significantly higher
6E10 loads than the C/V and E/V groups (*p<.05 whemparing C/C to other groups). A
similar trend was observed in the PCTX and the O@KX these differences did not reach
statistical significance (note — there were no dedan the pretreatment group for the OCTX
region). (D) ApE3 plaque loads were variably affected dependmthe brain region sampled.
In the prefrontal cortex, the C/C and the E/C grdwyl significantly higher BpE3 than the
pretreatment group ( #p<.05 when comparing thergmehent group to other groups). In the
PFCTX, the C/C group had significantly higheppi3 loads than the C/V and E/V groups
(*p<.05 when comparing C/C to other groups). Aiknpattern was observed in the PCTX and
the OCTX but these differences did not reach stedissignificance (note — there were no data
from the pretreatment group for OCTX region). Reentative A immunostained sections
(representing the average % load for each growmy the PFCTX showing reduced pathology

relative to the C/C group (E) in the E/C (F), C&)(and E/V (H).

Figure 3. PBS, SDS and FA extractef1A0 and B1-42 as a function of treatment and brain

region. PBS (A), SDS (B) and FA (C) extractefllM2 was significantly decreased in dogs
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receiving the vaccine (n=18) relative to thosevaatcinated (n=16) primarily in the PFCTX and
OCTX. The PCTX did not show significant changésPBS (D), SDS (E) and FA (F) extracted
APB1-40 measures, fewer differences were noted exbeptaccine led to significant decreases in
PFCTX and OCTX A&1-40 in the FA fraction. Bars indicate group ages error bars are
standard errors of the mean. Lines with * indicsignificant group differences in the VAC

group from the non vaccine group at the p<.05 level

Figure 4. An A vaccine increases the frequency of micronemorhabee average frequency
of microhemorrhages was unchanged in the PFCTX. édew in the OCTX there were
increased mean numbers of microhemorrhages in gaothps of vaccinated dogs (n=18)
(*p<.05) as compared with the C/C dogs (A). Urnedaaged dogs (n=8) had more
microhemorrhages than dogs 2 years younger (n=185.05). Dogs provided with behavioral
enrichment only (E/C (n=18) had an equivalent numdfemicrohemorrhages compared with
dogs 2 years younger. Error bars represent staretands of the mean. Examples of Prussian
blue staining in the B. PFCTX of a dog in the E/xogp at lower magnification showing
microhemorrhages (arrows) and C. higher magnificatarrows). D shows a blood vessel with a

microhemorrhage in the OCTX of a dog receivingutaecine alone (arrows).

Figure 5. Parietal BDNF mRNA levels as a functditireatment. Dogs provided with either the
Ap vaccine alone (n=8) or in combination with behaai@nrichment (n=10) show significantly
increased levels of parietal BDNF mRNA than unegdainimals (*p<.05). Dogs provided with

only behavioral enrichment (n=8) are not signifitadifferent from controls (n=8).
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Table 1. Dog characteristics

Number
Singly
Group | N Age at Start | Age at DeatfHoused Sex (F/M)
c/C 8 139.9 (2.4) 165.8 (2.4) 5 5/3
E/C 8 142.7 (2.6) 162.6 (3.1) 5 5/3
CIV 8 138.8 (3.8) 163.8 (4.1) 5 5/3
E/V 10 138.2 (3.5) 162.5 (3.2) 7 5/5

Data are presented as means (SE)
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Table 2. Study timeline

Time on| Number
Treatment | of
Cognitive Task (months) Injections
Baseline Discrimination Learning 0 0
Baseline Discrimination Reversal 0 0
Spatial Maximal Memory 0 0
Spatial Memory 0 0
Landmark Discrimination* 1 2
Oddity Discrimination* 4.3 5
Size Discrimination and Reversal 7.6 10
T1 Spatial Maximal Memory 9.4 11
T1 Spatial Memory 11.9 14
T2 Landmark Discrimination* 15.2 18
Black/White  Discrimination an
Reversal 16.1 19
T2 Spatial Memory 18.1 21
Brain Tissue Harvested 19.6 23

*tasks given to the behavioral enrichment grouprats only.
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Table 3. Summary of outcome measures*

Outcome Measure E/C CIV E/V
AP antibody titers N/C Increased Increased
c Landmark Discrimination N/C N/A N/C
.2 | Oddity Discrimination N/C N/A N/C
< | Repeated Visual Discrimination N/C N/C Improved
8 Repeated Reversal Learning Improved Impaired N/C
Spatial Memory N/C N/C N/C
5 | CSF A31-40 N/C N/C N/C
O | CSF M31-42 Decreased Increased Increased
AB1-42 Plaques
Prefrontal| Decreased Decreased Decreased
Parietal| N/C Decreased Decreased
m Occipital | N/C Decreased Decreased
@ | Ap total (6E10)
c_%’ Prefrontal| N/C Decreased Decreased
; Parietal| N/C Decreased Decreased
< Occipital | N/C Decreased Decreased
ABpE3 Plaques
Prefrontal| N/C Decreased Decreased
Parietal| N/C N/C N/C
Occipital | N/C N/C N/C
PBS soluble A1-42 N/C N/C N/C
PBS soluble A 1-40 N/C N/C N/C
SDS soluble 81-42
Prefrontal| N/C Decreased Decreased
Parietal| N/C N/C N/C
Occipital | N/C N/C N/C
E) SDS soluble 81-40 N/C N/C N/C
I | FA soluble A31-42
<@ Prefrontal| N/C Decreased Decreased
Parietal| N/C Decreased Decreased
Occipital | Decreased Decreased Decreased
FA soluble A31-40
Prefrontal| N/C Decreased Decreased
Parietal| N/C N/C N/C
Occipital | N/C N/C N/C
Microhemorrhages
Prefrontal| N/C N/C N/C
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Occipital

N/C

Increased

Increased

Growth Factor (BDNF)

N/C

Increased

Increass

*Increases/decreases were statistically signiflgatitferent from the C/C group.

N/C — no change from C/C group

N/A — not applicable
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Highlights for Review:

¢ AP immunotherapy in aged canines leads to reduced brain A}

e AP immunotherapy increased microhemorrhages and impaired executive function

e Behavioral enrichment improved executive function over time

e A combination of AP vaccination with behavioral enrichment leads to cognitive
maintenance

e A combination reduced brain AP, increased BDNF and increased microhemorrhages.



