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Aged canines (dogs) accumulate human-type �-amyloid (A�) in diffuse plaques in the brain with parallel declines in cognitive function.
We hypothesized that reducing A� in a therapeutic treatment study of aged dogs with preexisting A� pathology and cognitive deficits
would lead to cognitive improvements. To test this hypothesis, we immunized aged beagles (8.4 –12.4 years) with fibrillar A�1– 42

formulated with aluminum salt (Alum) for 2.4 years (25 vaccinations). Cognitive testing during this time revealed no improvement in
measures of learning, spatial attention, or spatial memory. After extended treatment (22 vaccinations), we observed maintenance of
prefrontal-dependent reversal learning ability. In the brain, levels of soluble and insoluble A�1– 40 and A�1– 42 and the extent of diffuse
plaque accumulation was significantly decreased in several cortical regions, with preferential reductions in the prefrontal cortex, which
is associated with a maintenance of cognition. However, the amount of soluble oligomers remained unchanged. The extent of prefrontal
�� was correlated with frontal function and serum anti-A� antibody titers. Thus, reducing total A� may be of limited therapeutic benefit
to recovery of cognitive decline in a higher mammalian model of human brain aging and disease. Immunizing animals before extensive
A� deposition and cognitive decline to prevent oligomeric or fibrillar A� formation may have a greater impact on cognition and also
more directly evaluate the role of A� on cognition in canines. Alternatively, clearing preexisting A� from the brain in a treatment study
may be more efficacious for cognition if combined with a second intervention that restores neuron health.
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Introduction
Alzheimer’s disease (AD) is associated with progressive cognitive
decline and the accumulation of senile plaques and neurofibril-
lary tangles (Mirra et al., 1991). Senile plaques contain �-amyloid
(A�), which is a peptide thought to play a causative role in the
disease (Hardy and Higgins, 1992; Selkoe, 1996). Thus, a number
of therapeutics are currently being developed that may reduce the
production and deposition or enhance clearance of A� in the
brains of patients with AD (Selkoe and Schenk, 2003). In trans-
genic mouse models of AD, deposition of A� may be prevented
or significantly reduced after immunization with fibrillar A�1– 42

(Schenk et al., 1999; Janus et al., 2000; Morgan et al., 2000; Das et
al., 2003). Furthermore, learning and memory is improved by
either active (Janus et al., 2000; Morgan et al., 2000; Sigurdsson et
al., 2004) or passive (Dodart et al., 2002; Kotilinek et al., 2002;

Morley et al., 2002; Wilcock et al., 2004b) immunization. These
results strongly suggest a link between A� and behavioral dys-
function in transgenic mice.

We extended the anti-A� immunotherapeutic approach to a
canine (beagle) model of human brain aging and
�-amyloidogenesis that naturally produces human-type A�
(Selkoe et al., 1987; Johnstone et al., 1991). Aged canines show a
decline in memory and learning (Milgram et al., 1994, 2002b;
Tapp et al., 2003a,b) and a corresponding increase in A� pathol-
ogy (Cummings et al., 1996a,b; Head et al., 1998, 2000). Further-
more, the extent of diffuse A� plaques in canine brain is corre-
lated with the severity of cognitive decline (Cummings et al.,
1996b; Head et al., 1998). The recent publication of the canine
genome suggests that the sequence of the �-amyloid precursor
protein is �98% similar to human (http://www.ensembl.org/
Canis_familiaris/), suggesting similar processing events leading
to A� production. We hypothesized that A� immunization
would reduce A� in the brains of aged canines and would be
associated with a corresponding improvement in cognitive
function.

Using previously established immunization procedures for
canines (Head et al., 2006), we began a longitudinal study in 20
aged beagles (8.4 –12.4 years) using a series of sophisticated cog-
nitive tasks that can be administered for extended periods of time
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to examine effects on maintenance of cognitive function. To
avoid possible adverse immune T helper 1 (Th1) responses, we
used fibrillar A�1– 42 formulated with aluminum salt (Alum),
which is a Th2 type adjuvant that is approved for use in humans
(Cribbs et al., 2003; Lindblad, 2004). We selected cognitive tasks
that have been established previously to be sensitive to age, extent
of A�, and treatment in dogs (Head et al., 1995, 1998; Cotman et
al., 2002; Milgram et al., 2002b, 2005). Animals were immunized
for over 2 years, and cognition was monitored until the end of the
study when brain A� was measured.

Materials and Methods
Animals
As shown in Table 1, the longitudinal study included 20 beagles with 17
animals from Harlan (Riglan Farms, Mount Horeb, WI) and three from
the Lovelace Respiratory Research Institute (LRRI) (Albuquerque, NM).
We found from experience with several sources of dogs that the contri-
bution of two different sources of animals to treatment outcomes is
minimal (Milgram et al., 2005). All of the Harlan beagle dogs and the
single female LRRI dog were reproductively intact. At the start of baseline
cognitive testing, the ages of the animals ranged from 8.4 to 12.4 years
(mean � SD, 9.35 � 0.96 years). Because of availability, there was a range
in age of animals at the start of the study. However, all beagles should
have had significant prefrontal A� pathology (Head et al., 2000), and,
based on our previous work, we predicted that animals would have sig-
nificant pathology at the end of the study. Furthermore, age at the start of
the study was counterbalanced between treatment groups. Dogs were
housed singly in kennel buildings with indoor/outdoor runs measuring
91 � 600 cm and were fed Wayne Mini Lab Dog Diet 8759 dog food once
daily (Teklad Pioneer Lab Diets, Madison, WI). Water was available at all
times. All animals were thoroughly examined before inclusion in the
study and were determined to be in good health. Examinations included
physical examination, neurological examination, and analysis of blood
biochemistry values. All procedures were conducted in accordance with
LRRI-approved animal protocols and the National Institutes of Health
Policy on Humane Care and Use of Laboratory Animals.

For each cognitive task and A� outcome measure, we estimated that,
overall, a minimum sample size of eight to nine animals per group would
provide 80% power to detect a 25% improvement in cognition or de-

crease in pathology. To arrive at these sample sizes, we estimated effect
sizes based on reports in transgenic mice (Janus et al., 2000; Morgan et al.,
2000). In many of the treatment studies (i.e., immunotherapy in aged
animals), behavioral improvements ranged from 23 to 80%, and sample
sizes ranged from 6 to 12 animals per group. Second, we used our own
previous work in canines to estimate individual variability in each of our
cognitive tasks, and we also estimated sample size based on treatment
effects established in aged canines treated with either or both an antiox-
idant enriched diet or behavioral enrichment (Cotman et al., 2002; Mil-
gram et al., 2002b, 2005). In the canine studies, we detected significant
improvements in cognition based on sample sizes ranging from 6 to 12
animals. As one example, the oddity discrimination learning task used in
the current study, which was sensitive to an antioxidant diet in aged dogs
(Cotman et al., 2002), has an 80% power to detect a 20% reduction in
error scores with a sample size of six animals per group.

Cognitive testing methods
Procedure
All dogs were given a series of baseline tests and ranked on the basis of
error scores. Subsequently, two groups were formed matching for total
error scores such that each group contained both good and poor per-
formers. After this time, the immunization protocol was started, and
cognitive testing was conducted for a 2 year period of time while treat-
ment was ongoing. Table 2 shows the study design for the cognitive
testing phases of the study.

Testing apparatus
As described previously (Milgram et al., 1994), the test apparatus was a
0.609 � 1.15 � 1.08 m wooden box constructed from press board coated
with melamine. The box was equipped with a sliding black Plexiglas tray
containing three food wells. Vertical stainless steel bars, which could be
adjusted to provide openings appropriate for individual dog sizes, served
as the front of the box. The experimenter sat behind a barrier and ob-
served the dog through a one-way mirror. The bottom of the barrier was
hinged to allow a sliding tray to be pushed either toward or out-of-view of
the dog. A 60 W light was placed above the presentation tray to light the
objects. Data acquisition was controlled using a customized program
developed in the ASYST (ASYST Software Technologies, Rochester, NY)
programming language. This program controlled all randomization pro-
cedures and timing, indicated the location of the reward, and stored all of

Table 1. Animals used in the study

Dog number Animal Sex
Age at start of
study (years) Group Dose (mg)

Age at end of the
study (years)

Total time on
treatment (years)

Number of
injections

Antibody titer
at death

1609Aa 1 Male 8.4 Control 0 11.6 2.4 25 1:100
D296 2 Female 8.5 Control 0 11.8 2.4 25 1:100
D317 3 Female 8.7 Control 0 12 2.4 25 1:100
1603Ba 4 Male 8.8 Control 0 11.2 1.5 25 1:100
D299 5 Female 8.8 Control 0 12.1 2.4 16 1:100
D292 6 Female 8.9 Control 0 12.2 2.4 25 1:100
D290 7 Female 8.9 Control 0 12.1 2.4 25 1:100
D308 8 Female 9.8 Control 0 13.1 2.4 25 1:100
D305 9 Female 10.1 Control 0 13.4 2.4 25 1:100
D311 10 Female 10.2 Control 0 11.5 0.3 4 1:100
D315 11 Female 10.7 Control 0 14 2.4 25 1:100
Means 9.3 12.3 2.1

1606Ta 12 Female 8.7 Fibrillar 0.5 11.8 2.4 25 1:100,000
D293 13 Female 8.7 Fibrillar 0.5 12 2.4 25 1:25,000
D316 14 Female 8.7 Fibrillar 0.5 12 2.4 25 1:6400
D310 15 Female 8.8 Fibrillar 0.5 12 2.4 25 1:400,000
D313 16 Female 9.2 Fibrillar 0.5 12.5 2.4 25 1:6400
D301 17 Female 9.3 Fibrillar 0.5 12.6 2.4 25 1:25,000
D302 18 Female 9.7 Fibrillar 0.5 13 2.3 25 1:25,000
D295 19 Female 9.8 Fibrillar 0.5 13 2.4 25 1:6400
D291 20 Female 12.4 Fibrillar 0.5 15.7 2.4 25 1:100,000
Means 9.5 12.7 2.4
aAnimals from Lovelace Respiratory Research Institute; all others are from are Harlan (Riglan Farms).
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the data in data files. Each trial was started when the experimenter
pressed a key and simultaneously presented the tray to the dog. The dogs’
responses were recorded by pressing either the left or right mouse button,
which also indicated the end of the trial and began the intertrial interval.
One teaspoon (�4 ml) of wet dog food was formed into a ball and served
as the food reward. Each dog was given either 10 or 12 trials a day (de-
pending on the task), with trials separated by a 30 s intertrial interval.
Dogs were tested 5 d a week.

Baseline cognitive testing
All animals in the study were given a battery of cognitive tests to establish
baseline level of cognitive function. Dogs were given a reward and object
approach learning task and then a simple object discrimination and re-
versal learning task. After discrimination learning, dogs were given a
spatial non-matching-to-position memory task.

Reward and object approach learning. All dogs received a standard four-
phase pretraining protocol (Milgram et al., 1994). This procedure in-
cluded a phase to expose the dogs to the testing apparatus, a phase to
teach dogs that a reward was always present in one of the food wells
(reward approach learning), a phase that manually shaped dogs to ma-
nipulate the objects, and a phase to teach dogs to visually locate the object
and approach it (object approach learning). Dogs completed all of these
four phases of pretraining before testing for object discrimination
learning.

Object discrimination learning. The first test session was used to estab-
lish object preferences. On each trial, the hinged door of the barrier
separating the tester and the dog was raised and the presentation tray was
pushed forward. The left and right food wells were covered by the two
objects. The food reward was placed inside both the left and right food
wells beneath each stimulus. Dogs were required to displace an object to
obtain the hidden reward. Ten trials were given with two objects pre-
sented simultaneously (yellow plastic coffee jar lid and blue plastic Lego
block) and with both objects baited. The objects appeared randomly five
times each on the left or right side. The preferred object was whichever
object was chosen more frequently (i.e., six or more times). Subse-
quently, the preferred object was used as the positive stimulus. After
establishing preferences, each subject was given 10 daily trials with the
food reward located beneath the designated positive object. To prevent
the dogs from using olfactory cues, the food odors was smeared over both
wells, and a piece of food was pressed inside the negative stimulus such
that the dog could smell it but not see it or eat it. A correct response was
recorded when dogs approached and displaced the positive stimulus. An
error was committed if dogs chose the negative object. One correction
per test session was allowed, and subsequent errors resulted in an imme-
diate withdrawal of the tray leaving the dog unrewarded. Dogs were
trained until one of two criterion levels was met: 9 of 10 correct on 1 d or
8 of 10 correct on 2 consecutive days. An additional 3 d of testing was
provided to ensure that animals maintained an average of 70% or better

correct. A maximum of 400 trials were given if a
dog could not reach criterion.

Reversal learning. After dogs had reached cri-
terion in the object discrimination problem, the
reward contingencies of the positive and nega-
tive stimuli were reversed. Testing was contin-
ued on this task until the same criterion as for
the object discrimination test was met. All other
testing procedures were identical to those used
with object discrimination learning.

Spatial two-choice non-matching to position.
To assess spatial acquisition and memory, we
used a two choice non-matching-to-position
task. Animals were first shown a single red Lego
block covering either the left or right food wells.
Animals displaced the object on one side (e.g.,
L) to obtain the reward. A 5 s delay interval
followed, after which, animals were shown two
identical red Lego blocks with the reward hid-
den under the object on the side not rewarded
previously (e.g., R). Dogs were given 10 trials
per day with a 30 s intertrial interval and were

tested for 40 d. During this 40 d period, when criterion was met at a 5 s
delay, the delay was progressively increased to 10, 20, 30, 50, 70, and then
90 s. Two scores were derived from this learning phase of the task: max-
imal memory and total number of errors to reach criterion at the 5 s
delay. Subsequently, animals were given 20 d of a variable delay problem.
In this task, used to assess working memory, animals were exposed to
delays of 20, 70, or 110 s on each day of testing. The order of the delay
interval presentation was random, but each delay appeared four times
per day, and 12 trials were given each day. Accuracy scores for each delay
interval were calculated as a measure of spatial working memory and
used for repeated measures comparisons after treatment was started.

Treatment cognitive testing
At predetermined time points during the study, animals were given tests
to measure spatial attention (landmark discrimination learning), spatial
memory (two-choice and three-choice), oddity learning, discrimination
learning, and reversal learning (oddity learning) (Table 2).

Landmark discrimination learning. Spatial attention was measured us-
ing a landmark discrimination task (Milgram et al., 1999, 2002b). Land-
mark discrimination learning was initiated after animals had been im-
munized twice (initial, 2 weeks) and 30 d into the treatment phase of the
study. The first phase, landmark 0, involves showing animals two iden-
tical objects (wooden blocks) with a third object, the landmark, placed on
top of the object that is associated with a food reward. The correct re-
sponse is to select the object associated with the landmark. Animals are
trained until criterion is met, by either obtaining a score of 9 of 10 on 1 d
or 8 of 10 on 2 consecutive days of testing. A maximum of 40 d or 400
trials is allowed on landmark 0. In the next phase of testing, the landmark
was moved at successively greater distances (1, 4, or 10 cm) away from the
reward object with animals required to meet criterion before progressing
to testing with a larger landmark distance. Animals that could not solve
the problem at any of the longer distances within 400 trials stopped
testing on this stepwise protocol. Once all animals had been tested out to
a 10 cm distance on the landmark discrimination task or had reached the
maximum number of trials for a single distance, all animals were given a
variable landmark distance test. In this test, animals were given 12 trials
per day with the landmark being placed 1, 4, or 10 cm away from the
correct object. These three distances appeared for four trials per day with
12 trials per d in total, and dogs were given a total of 20 d of testing (i.e.,
240 trials).

Two-choice spatial memory retesting. Two-choice spatial memory re-
testing occurred at two times points: (1) after 5.5 months and on treat-
ment and having received six immunizations, and (2) after 15.4 months
of treatment and 14 immunizations. Dogs were retested for spatial mem-
ory ability using a short 5 s delay interval. As during the baseline testing
procedure, a maximal memory score was derived from a total of 500

Table 2. Cognitive tasks used during the study

Cognitive task
Time on
treatment (months)

Number of
injections

Baseline 0.0 0
Landmark discrimination, acquisition 0.9 2
Landmark discrimination, variable distance 4.3 5
Spatial two-choice task, maximal memory 5.5 6
Spatial two-choice task, working memory 8.3 8
Spatial three-choice task, maximal memory 9.6 9
Spatial three-choice task, working memory 12.2 11
Oddity discrimination 13.3 12
Spatial two-choice task, maximal memory 15.4 14
Spatial two-choice task, working memory 17.9 17
Spatial three-choice task, maximal memory 19.4 18
Spatial three-choice task, working memory 21.9 20
Size discrimination and reversal 23.4 22
Landmark retention 26.4 24
Death 28.3 25
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trials. Last, animals were tested on the variable delay spatial memory task
to measure working memory, as described previously.

Three-choice spatial learning. At two time points during the study, a
more challenging three-choice spatial memory task was introduced. The
three-choice delayed non-matching-to-position task has been described
previously (Chan et al., 2002). Dogs are first shown a single red Lego
block covering the left, right, or center food wells. Once the object is
displaced and the reward obtained, a 5 s delay interval followed. After the
delay, animals were shown two identical red Lego blocks, one covering
the well seen previously and the other covering one of the two remaining
food wells. The correct response was to select the object covering the
novel food well. Dogs were given 50 d of testing with 12 trials per day with
the location of the reward appearing four times each in the three food
wells. During the 50 d of testing, if an animal reached criterion at the 5 s
delay, the delay was increased to 10 s. This was continued over the 50 d of
testing with gradually increasing delay intervals. Two scores were calcu-
lated from this test: total number of errors made to reach criterion (or
after 50 d of testing if criterion was not met) at the 5 s delay, and maximal
memory score, which represented the maximum delay interval animals
could reach criterion at the 50 d of testing. After incremental delay inter-
val increases over a 50 d period, dogs were given a variable delay proce-
dure for 20 d. As with the two-choice spatial memory task, dogs would be
exposed to a 20, 70, or 110 s delay in a single day of testing. Accuracy
scores for each delay interval were calculated as a measure of spatial
working memory. Animals were tested at two time points: the first was
after 9.6 months of treatment and nine immunizations and the second
after 19.4 months of treatment and 18 immunizations.

Oddity discrimination. After 13.3 months of treatment and 12 immu-
nizations, dogs were tested for oddity discrimination learning (Milgram
et al., 2002a). This task involves four sets of three objects. Two objects of
each set are identical and one is novel. Animals are shown the first set and
all three objects simultaneously, with a food reward hidden under the
novel object. Dogs are given 12 trials per day with the location of the food
reward appearing once in each of the three food wells each day. Once
dogs learn the first problem, the next set of objects is used. The dogs must
reach criterion levels of responding from each object set before moving to
the more difficult object sets. Animals that fail to learn one of the oddity
problems within 40 d of testing are stopped. The similarity between the
odd object and the two identical object increases with each problem set
such that the last problem, oddity 4, is the most difficult to discriminate.
Not all animals were able to learn all four phases of the oddity problem.
The total number of errors made to reach criterion or in the 40 d of
testing for each oddity problem were used to test for treatment effects.

Size discrimination and reversal learning. After animals were treated for
a period of 23.4 months and had received 22 immunizations, they were
given a size discrimination and reversal problem. The procedures are
identical to those used during baseline testing except the objects only
differ on the basis of size (Milgram et al., 2005). Dogs were given a total of
40 d to learn the size discrimination problem. If criterion was met during
this time, they were immediately placed into size reversal learning, which
was identical to the discrimination task but the reward contingencies
were reversed. Animals were given an additional 40 d to learn reversal.
The total number of errors made to reach criterion or within 40 d of
testing were used as dependent measures for both tasks. An error analysis
was used for reversal learning as follows: errors were classified as stage 1
(perseverative responding: scores of 4 of 12 or less each day), stage II
(chance levels of responding: 5 to 7 of 12 each day), or stage III (relearn-
ing: 8 of 12 or higher each day) (Jones and Mishkin, 1972).

Landmark discrimination retention. The last task before the end of the
study was initiated after 26.4 months of treatment and 24 immuniza-
tions. Animals were retested for landmark discrimination learning de-
scribed previously. Dogs were given a total of 20 d to relearn this task. The
total number of errors made to reach criterion, or the total number of
errors committed during the 20 d of testing, were used as dependent
measures.

Treatment groups
The total errors made for reward and object approach learning, for dis-
crimination and reversal learning, and for acquisition of the two-choice

spatial memory task at baseline were summed, and dogs were ranked
according to these total error scores. Animals were placed into one of
three treatment groups balancing for cognitive test scores, source, and
age. These groups included (1) immunization with fibrillar A�1– 42 and
Alum (n � 9), (2) immunization with Alum only (n � 6), or (3) saline
only (n � 5). The two control immunization groups did not differ sig-
nificantly on measures of cognitive function throughout the study and
were combined in a single control group for data analyses.

Immunization procedure
Fibrillar A� (provided by C. Glabe, University of California, Irvine, Ir-
vine, CA) was prepared by adding 500 �l of PBS, pH 7.5, to 0.5 mg of
peptide, and the sample was vortexed and incubated overnight at 37°C in
a water bath before formulation with the adjuvant. To prepare A� for
immunization, 0.5 mg of fibrillar A� (500 �l) was added to 50 �l of 2%
aluminum hydroxide suspension (Accurate Chemical, Westbury, NY)
and 450 �l of PBS and vortexed. Control animals either received Alum
only (n � 6) or saline only (n � 5). Animals were immunized subcuta-
neously in the back of the neck and monitored for adverse reactions.
After 2 weeks, animals were boosted with an additional injection. After
the first two injections, animals received a single injection each month.

Tissue collection
At the end of the study, animals were anesthetized with sodium pento-
barbital (Nembutal). Blood was taken in 10 cc red top tubes and centri-
fuged, and the supernatant (serum) used to assay anti-A� antibodies.
When animals were in deep surgical stage, the brains were rapidly re-
moved. Procedures were preformed in accordance with LRRI Institu-
tional Animal Care and Use Committee protocols. The left hemisphere
was placed in 4% paraformaldehyde at 4°C for 72– 80 h before transfer to
PBS, pH 7.4, with 0.02% sodium azide and stored at 4°C. The right
hemisphere was coronally sectioned and flash frozen to �70°C.

A� immunohistochemistry and quantification
For histology experiments, the left hemisphere was embedded in a gelatin
matrix, and serial coronal sections were cut at 40 �m and placed in
antigen preserve solution (PBS, ethylene glycol, and polyvinylpyrroli-
done) for long-term storage at �20°C (Neuroscience Associates, Knox-
ville, TN). We selected free-floating sections containing the dorsolateral
prefrontal, entorhinal, posterior parietal, and occipital cortices, which
have been described previously as establishing the pattern of A� deposi-
tion with age in canines (Head et al., 2000). These four regions of interest
are also components of cortical circuits responsible for intact or impaired
function on cognitive tasks used in the study. A� was detected with
anti-A�1–17 (mouse monoclonal 6E10 antibody, 1:5000; Signet Labora-
tories, Dedham, MA). Briefly, the protocol consisted of pretreatment
with 90% formic acid (Kitamoto et al., 1987) before overnight incubation
with primary antibody, followed by anti-mouse secondary antibodies,
detection with an ABC peroxidase kit, and visualization with a DAB
substrate kit (both from Vector Laboratories, Burlingame, CA). Control
experiments in which primary or secondary antibody was omitted re-
sulted in negative staining. The procedure for quantifying A� loads has
been reported previously (Head et al., 2000). Briefly, 10 images (525 �
410 �m each) were captured at a 20� objective using a high-resolution
video camera and NIH Image 1.59b5 in each brain region for each ani-
mal. Sampling consisted of five images from the superficial and five from
the deep cortical layers (totaling 40 images per animal). The cross-
sectional area occupied by A� in each individual image was quantified
using grayscale thresholding, which separated positive staining from
background and calculated the percentage of area occupied by A� im-
munoreactivity or “A� load.” This entire experiment was replicated with
a second set of coronal sections (at least 200 �m away from the first set)
to confirm the results.

A� ELISA
A� from frozen samples of the prefrontal, entorhinal, parietal, and oc-
cipital cortex from the right hemisphere was sequentially extracted first
in radioimmunoprecipitation assay (RIPA) buffer [pH 8, 50 mM Tris-
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HCl, 150 mM NaCl, 0.5% deoxycholate, 0.1% SDS, 1% Triton X-100, and
protease inhibitor cocktail (MP Biomedicals, Costa Mesa, CA) at 1 ml
buffer/150 mg wet weight tissue]. After centrifugation (1 h at 100,000 �
g at 4°C), the RIPA supernatant was used to measure soluble A�. All
pellets were resuspended in 500 �l of 70% formic acid (FA) at half the
original RIPA volume and centrifuged to obtain an FA supernatant to
measure insoluble A�. Before assay, FA fractions were thawed and then
neutralized with 1.0 M Tris-base and 0.5 M NaH2P04. Brain samples were
run in triplicate on ELISA plates coated with a monoclonal anti-A�1–16
antibody (20.1; kindly provided by Dr. William Van Nostrand, Stony
Brook University, Stony Brook, NY) and detected with monoclonal
HRP-conjugated anti-A�X-40 (MM32-13.1.1) and anti-A�X-42 (MM40-
21.3.1) antibodies (kindly provided by Dr. Christopher Eckman, Mayo
Clinic Jacksonville, Jacksonville, CA) (Das et al., 2003; Kukar et al., 2005;
McGowan et al., 2005). For standards, A�1– 40 and A�1– 42 (Bachem Cal-
ifornia, Torrance, CA) were used after a pretreatment with hexaflu-
oroisopropanol to prevent fibril formation. The FA fraction ELISAs from
the frontal and parietal cortex were repeated with fresh tissue samples to
confirm results.

Dot blot assay
Prefrontal and parietal frozen cortical tissue adjacent to samples taken
for ELISA measures were cut and pulverized on dry ice using a tissue
pulverizer (Research Products International, Mt. Prospect, IL). Samples
were homogenized on ice at 16 �l/mg pulverized tissue weight in PBS
packet (Sigma, St. Louis, MO), pH 7.4, 0.2% NaN3 with Complete Mini
protease inhibitor (Roche Diagnostics, Indianapolis, IN) using 15 brief
pulses with a hand-held sonicator at medium power (Fisher Scientific,
Tustin, CA). After centrifugation at 100,000 � g for 1 h at 4°C, the PBS
soluble fraction was recovered, and protein concentration was assayed by
BCA (Pierce, Rockford, IL). All samples were brought to 1 �g/�l with
PBS buffer, and 1 �l dots were blotted in triplicate onto 0.2 �m pore
nitrocellulose Protran membranes (Whatman Schleicher and Schuell,
Florham, NJ). Membranes were allowed to air dry for 20 min and sub-
merged in 10 mM Tris-buffered saline with 0.1% Tween 20 (TTBS) for all
washes and 5% milk/TTBS for 1 h blocking steps and overnight primary
antibody incubations. A11 (rabbit polyclonal 1.8 mg/ml stock used at
1:5000) was used to detect oligomers (Kayed et al., 2003). Our secondary
antibody was an HRP-conjugated IgG goat anti-rabbit used at 1:10,000
(Bio-Rad, Hercules, CA) and visualized with Supersignal Chemilumines-
cent Substrate (Pierce) on Hyperfilm ECL (GE Healthcare, Little Chal-
font, UK). Immunoblots were quantified using NIH ImageJ software to
obtain optical density (OD) measures.

Serum titers
The titers of anti-A� antibodies were measured as described previously
with minor modifications (Cribbs et al., 2003). Briefly, wells of 96-well
plates (Immulon 2HB; Thermo Fisher Scientific, Waltham, MA) were
coated with 2.5 �M fibrillar A�42 in PBS, pH 7.2 (Sigma), and incubated
overnight at 4°C. The wells were washed and then blocked with 3%
nonfat dry milk for 1 h at 37°C with shaking. After washing, serial dilu-
tions of serum from experimental and control dogs were added to the
wells, and the plate was incubated for 1 h at 37°C with shaking. After
washing, HRP-conjugated rabbit anti-dog IgG antibodies (Jackson Im-
munoResearch, West Grove, PA) were added at 1:4000 dilution. After
incubation for 1 h at 37°C with shaking, wells were washed, Ultra-TMB
ELISA substrate (Pierce) was added to develop the reaction for 15 min,
then 2N H2SO4 was added to the wells to stop the reaction, and the plates
were analyzed on a Synergy HT Spectrophotometer (Bio-Tek Instru-
ments, Winooski, VT) at 450 nm. Anti-A� antibody concentrations were
calculated using the monoclonal antibody 6E10 as a standard bound to
the corresponding A� species on the same ELISA plates and are expressed
in micrograms. In addition, the sera end-point titer was defined as the
maximal sera dilution in which OD for the antibodies was three times
higher than the OD values of the blank wells (Table 1).

Data analysis
Our preliminary analysis of cognitive test scores (baseline and during
treatment) and A� neuropathology established that the two control

groups (Alum only and saline injected) could be combined into one
control group for comparison with the fibrillar A� immunized animals.
Subsequently, either t tests or repeated-measures ANOVA were used to
compare treatment conditions on both cognitive and neurobiological
outcome measures. Post hoc comparisons used the Bonferroni’s correc-
tion. All analyses used SPSS for Windows (SPSS, Chicago, IL).

Results
Animals underwent an extensive baseline cognitive function as-
sessment were subsequently matched into three treatment
groups (n � 9 immunized, n � 6 Alum only, or n � 5 saline
controls) and were immunized on a monthly basis throughout
the duration of the study after an initial 2 week boost (total of 25
injections). Cognition was evaluated at multiple time points
throughout the study, and, for each cognitive task and for the
brain outcome measures, the two control groups (Alum only or
saline injected) were not statistically significantly different and
thus combined for all subsequent analyses. The final two groups
(immunized vs control) were balanced with respect to baseline
cognition (Fig. 1A). In the first year of the study, one saline-
injected dog (11.5 years of age, 1.2 months of treatment) was
killed because of an oronasal fistula. A second animal developed
blindness (14.6 years of age, fibrillar A�-immunized group) and
was maintained on the study but could not complete the cogni-
tive testing protocol. A third animal in the Alum control group
was killed in the second year of the treatment because of a mam-
mary carcinoma that had spread to the lymphatic system (11.2
years of age, 1.48 years of treatment). In the last year of the study,
a fourth animal in the fibrillar A�-immunized group was killed
after poor recovery from a CSF tap (12.5 years of age, 1.78 years of
treatment). However, overall, the treatment was well tolerated by
all animals, and no adverse events were noted.

After two injections, animals were tested for spatial attention
ability using a landmark discrimination problem, which is sensi-
tive to both age and treatment (Milgram et al., 2002b). There
were no significant reductions in error scores in immunized dogs
(t(16) � 1.34; p � 0.20) (Fig. 1B). Immediately before the end of
the study, after 24 immunizations and 26.4 months of treatment,
the remaining animals (six controls, seven fibrillar A�) were re-
tested on the landmark problem. No treatment effects were ob-
served (t(11) � 0.77; p � 0.46) (Fig. 1B), nor were treatment
effects detectable compared with baseline measures. Using a vari-
able distance landmark test at each time point, we further con-
firmed a lack of treatment effect (Fig. 1C). We next hypothesized
that immunized animals may show improvements in a more dif-
ficult learning task, oddity discrimination, which was demon-
strated previously to be sensitive to more subtle treatment effects
(Cotman et al., 2002). As shown in Figure 1D, there were no
significant changes in complex learning ability in treated animals
after 12 immunizations (t(14) � 0.08; p � 0.94).

Spatial attention and oddity discrimination are measures of
learning, and so we next assessed spatial memory because previ-
ous reports in immunized transgenic mice suggest improvements
in this cognitive domain. At baseline, after six injections (5.5
months on treatment) and after 14 immunizations (15.4 months
on treatment), animals were retested for two-choice spatial ac-
quisition, maximal memory, and working memory using a de-
layed non-match-to-position procedure. Seven controls and
eight fibrillar A�-immunized animals completed all three test
sessions. Overall, animals in both groups progressively improved
(i.e., showed a reduction in error scores) with repeated testing
(F(2,26) � 16.95; p � 0.0005) (Fig. 1E). However, there was no
significant main effect of treatment (F(1,13) � 0.27; p � 0.61) nor
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a time � treatment group interaction (F(2,26) � 0.018; p � 0.98).
Next, we analyzed maximal memory ability (Fig. 1F), which was
the maximum delay interval at which dogs could meet criterion
levels of responding within 50 d of testing (i.e., higher delay is
indicative of better memory). One animal from each group did
not complete all phases of testing. Figure 1F shows that, across
time, maximal memory improves (F(2,22) � 16.37; p � 0.0001),
but no significant main effects of treatment (F(1,11) � 2.99; p �
0.11) nor a treatment � time interaction was observed (F(2,22) �
1.75 p � 0.20). Last, to detect improvements in spatial working
memory, we used accuracy scores from a variable delay proce-
dure. The spatial memory task was administered twice in the
study while animals were being immunized. Figure 1G shows
that, after 8.3 months of treatment (n � 8 control and n � 9
fibrillar A�-immunized animals) as the delay interval increases,

there is a corresponding decrease in response accuracy (F(2,30) �
48.14; p � 0.0001). However, no treatment � delay interval in-
teraction effects (F(2,30) � 1.24; p � 0.30) nor a main effect of
treatment (F(1,15) � 0.13; p � 0.72) was observed, and immu-
nized dogs showed similar spatial memory ability to control an-
imals. After 17.9 months of treatment, similar effects were ob-
served, and no treatment associated improvements in accuracy
were seen (F(1,11) � 0.54; p � 0.48) (Fig. 1H).

Because of concerns about practice effects, we also used a
more difficult three-choice spatial acquisition and memory task
at two time points in the study: (1) after 9.6 months or 9 immu-
nizations, and (2) 19.4 months of treatment and 18 immuniza-
tions (Fig. 2). The addition of a third possible location for the
food reward reduces the ability of animals to use a body position
strategy for solving the problem (Chan et al., 2002). Acquisition
was tested using a short, 5 s delay for six control animals and eight
fibrillar A�-immunized dogs. There were no significant im-
provements in acquisition of the task across time (F(1,12) � 0.023;
p � 0.88) nor a time � treatment interaction (F(1,12) � 1.18; p �
0.30). Furthermore, there was no significant main effect of treat-
ment on acquisition of the three-choice spatial memory task
(F(1,12) � 0.55; p � 0.47) (Fig. 2A). Maximal memory was also
compared across the two time points with similar negative out-
comes. There was no practice effect observed over time (F(1,12) �
1.15; p � 0.31), no time � treatment interaction (F(1,12) � 0.56;
p � 0.47), and no effect of treatment overall (F(1,12) � 0.04; p �
0.85) (Fig. 2B). Nonparametric analyses of maximal memory
scores confirmed the lack of treatment effect. Spatial working
memory using the three-choice procedure using delay intervals
of 20, 70, and 110 s was also tested, and similar analyses as de-
scribed for the two-choice memory test was used. After nine im-
munizations, seven control and nine fibrillar A�-immunized an-
imals showed a decrease in accuracy with increasing delay
interval (F(2,28) � 34.14; p � 0.0001), but no main treatment
effects (F(1,14) � 0.57; p � 0.46) nor a group � delay interval
interaction (F(2,28) � 0.83; p � 0.45) was observed (Fig. 2C). At
the second time point after 18 immunizations, similar effects
were observed. Six control and seven fibrillar A�-immunized

Figure 1. A, Aged beagles were cognitively assessed before treatment and matched into
two groups with similar learning error scores. B, Spatial attention measured using a landmark
discrimination task was not improved after two immunizations (Landmark 1) nor after 25
immunizations (Landmark Retest). C, Spatial attention measured using a variable distance
procedure also did not reveal improvements in immunized dogs. D, On a measure of more
complex learning ability, dogs receiving 12 immunizations showed no improvement on three
phases of an oddity discrimination problem. E, Spatial learning of a two-choice delayed non-
match-to-position task was equivalent in the two groups after up to 14 vaccinations, with all
animals showing progressive improvements with repeated testing. F, The maximal memory
score representing how long animals can remember spatial information also did not vary as a
function of treatment. G, H, Spatial working memory assessed after eight immunizations (G) or
17 immunizations (H ) also did not show significant treatment effects. Bars represent means,
and error bars represent SEM.

Figure 2. A, Spatial learning of a three-choice delayed non-match-to-position task was
equivalent in the two treatment groups after up to 20 vaccinations with animals showing
relatively stable spatial acquisition with repeated testing. B, The maximal memory score rep-
resenting how long animals can remember spatial information also did not vary as a function of
treatment. C, D, Spatial working memory assessed after 11 immunizations (C) or 20 immuniza-
tions (D) also did not show significant treatment effects. Bars represent means, and error bars
represent SEM.
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animals showed a decrease in accuracy with increasing memory
demands (F(2,22) � 7.66; p � 0.003), but no main effect of treat-
ment (F(1,11) � 0.24; p � 0.63) nor treatment � delay interaction
was observed (F(2,22) � 0.95; p � 0.40) (Fig. 2D).

Within 5 months of the end of the study, we reassessed visual
discrimination and reversal learning function (after 22 immuni-
zations and 23.4 months of treatment) and compared scores with
baseline measures. No treatment effects were observed in dis-
crimination learning (t(11) � 0.102; p � 0.92) (Fig. 3A). After 40 d
of testing, two control animals failed to learn the new problem
and one immunized animal. In addition, one immunized animal
stopped responding in the test apparatus and could not be con-
tinued. Subsequently for reversal learning, four control and five
fibrillar A�-immunized dogs were compared. There was a signif-
icant reduction in reversal learning error scores in immunized
dogs (t(7) � 2.37; p � 0.049) (Fig. 3B). Furthermore, reversal
learning showed an overall increase in error scores over time
(F(1,7) � 22.91; p � 0.002) in untreated animals, suggesting pro-
gressive decline, and a significant time � treatment effect (F(1,7)

� 7.90; p � 0.026) indicated that fibrillar A�-immunized ani-
mals showed a maintenance of reversal learning ability (Fig. 3B).
We further confirmed that frontal function, specifically, was af-
fected by treatment by analyzing the types of errors individual

animals made using previously published methods (Milgram et
al., 1994). A repeated-measures univariate ANOVA suggested a
learning stage � group interaction (F(2,14) � 4.00; p � 0.042),
primarily driven by fibrillar A�-immunized dogs showing signif-
icantly fewer perseverative responses (t(7) � 2.53; p � 0.039)
(Fig. 3C).

Because of the relatively small effects of the immunization
treatment on cognition, we were concerned that, because of the
significant A� deposition typically observed in animals of this
age, neuropathology may have been unaffected by immuniza-
tion. Animals were between 11.6 and 15.7 years (mean age con-
trol animals, 12.3 years; immunized animals, 12.7 years) at the
end of the study after 28.3 months of treatment. The 4%
paraformaldehyde-fixed brains of study animals were immuno-
stained to detect diffuse A� plaques and to measure A� loads
(Head et al., 1998) (representative sections shown in Fig. 4A,B).
We observed dramatically reduced diffuse A� plaque load (de-
tected using 6E10 antibody) in the prefrontal (�87%), entorhi-
nal (�84%), and occipital (�75%) cortical regions but not in the
parietal cortex (F(3,54) � 3.61; p � 0.019) (Fig. 4C). Based on our
previous work (Head et al., 2000), we estimated that, between the
ages of 8 and 12 years of age (average A� load, 7.0%) to between
12 and 15 years of age (average A� load, 11.9%), an �1.7-fold
increase in prefrontal cortex A� plaque load would occur. In
immunized animals, the final A� plaque load in the prefrontal
cortex was �2%, which is lower than what would have been
predicted in animals at the start of the study. This suggests that
not only did immunization prevent new plaque deposition but
also cleared existing A� plaque pathology. However, as shown in
Figure 4C, there can be significant individual variability in plaque
loads in untreated aged dogs, particularly in the prefrontal, pari-
etal, and occipital cortices. In most cases, immunized animals
showed low individual variability (Fig. 4C). To determine
whether untreated aged dogs with low plaque pathology were
contributing to a lack of cognitive improvements in many of the
outcome measures, we reanalyzed cognitive data and focused on
prefrontal cortex and eliminated untreated dogs with a plaque
load of �10%. This left five animals in the untreated group for
comparison with nine animals in the immunized group. As de-
scribed previously, we did not find any significant differences
when comparing the two groups on the landmark test, oddity
discrimination, and size discrimination learning and on the two
spatial learning and memory tasks. However, the treatment effect
for size reversal learning remained significant, with immunized
dogs showing less decline.

We also evaluated the extent of A� angiopathy in treated an-
imals but observed no differences from untreated dogs (supple-
mental Fig. S1, available at www.jneurosci.org as supplemental
material). To detect inflammation in the brains of treated ani-
mals and possible microglial activation in association with re-
maining plaques in treated dogs, we immunostained the prefron-
tal cortex for human leukocyte antigen–D region-related
receptors. As shown in the supplemental Methods and Results
(available at www.jneurosci.org as supplemental material), we
did not observe significant differences in white matter microglial
activation, but remaining plaques in immunized dogs were sur-
rounded by activated microglial cells (supplemental Fig. S2,
available at www.jneurosci.org as supplemental material).

To confirm and extend our findings of reduced A� by plaque
load, we used snap-frozen contralateral hemispheres of treat-
ment animals. Both soluble (RIPA extracted) and insoluble (for-
mic acid extracted) A�1– 40 and A�1– 42 were measured by ELISA
in four cortical regions (prefrontal, parietal, occipital, and ento-

Figure 3. A, Visual discrimination learning did not improve with treatment over time in
vaccinated animals. B, Reversal learning in immunized dogs was improved after 22 immuniza-
tions compared with both control animals and over time. C, Immunized aged beagles showed
fewer perseverative responses relative to control animals, suggesting an improvement in pre-
frontal cortex function. Bars represent means, and error bars represent SEM. *p � 0.05.
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rhinal cortex) (Table 1) (supplemental Re-
sults, available at www.jneurosci.org as
supplemental material). There was a sig-
nificant 63.7% reduction of formic acid-
extracted A�1– 42 overall in treated animals
(F(1,14) � 5.43; p � 0.035) and a significant
region � treatment group interaction
(F(3,42) � 4.6; p � 0.007) (Fig. 4D), sug-
gesting differential reductions in A�
within specific cortical areas. Formic acid-
extracted A�1– 40 showed a similar
treatment-associated reduction (78.0%;
F(1,14) � 4.65; p � 0.049) that varied as a
function of cortical region sampled (F(3,42)

� 3.23; p � 0.032) (Fig. 4E). RIPA-
extracted A�1– 42 was significantly reduced
by 50.1% overall in response to immuni-
zation (F(1,14) � 8.28; p � 0.012), but
larger reductions were observed in the pre-
frontal (63.7%) and parietal (57.8%) cor-
tices than in entorhinal (34.2%) or occip-
ital (28.3%) cortices (F(3,42) � 4.61; p �
0.007). Figure 4F shows that the largest
treatment effects occurred in the prefron-
tal cortex, with the smallest effects occur-
ring in the entorhinal cortex. In contrast,
despite trends toward decreased RIPA-
extracted A�1– 40 (67.9%), particularly in
the prefrontal (76.2%) and parietal
(90.7%) cortices, statistically, A�40 was
not significantly reduced in treated ani-
mals (F(1,14) � 2.29; p � 0.15) nor differ-
entially affected depending on the brain
region sampled (F(3,42) � 1.35; p � 0.27)
(Fig. 4G). This may have been attributable
to large individual variability, particularly
in the control group.

Less significant reductions in soluble
A� levels compared with insoluble species
suggest that the amount of soluble A� oli-
gomers may have remained unchanged.
Oligomers are thought to be one type of
assembly state of A� that might be partic-
ularly toxic to neurons and synapses and
linked to cognitive dysfunction (Walsh et
al., 2002; Lesne et al., 2006; Haass and
Selkoe, 2007). Thus, we used a new sample
from the prefrontal and parietal cortex homogenized in PBS to
detect soluble oligomers according to a previously published pro-
tocol (Kayed et al., 2003). Optical densities from individual ani-
mals using dot blots and the A11 antibody (Kayed et al., 2003)
that detects all oligomers (not specifically A�42 oligomers) did
not reveal a significant reduction in immunized dogs in the pre-
frontal cortex (t(15) � 1; p � 0.93) or parietal cortex (t(15) � 1; p �
0.51) (Fig. 5A–C).

To determine whether remaining A� in the brain was associ-
ated with cognitive scores on the size discrimination and reversal
learning tasks, we computed correlations. Table 3 shows that
higher error scores on the size discrimination learning task (i.e.,
poorer performance) was correlated with higher levels of RIPA-
extracted A�1– 40 in the entorhinal cortex (r � 0.71; p � 0.007). In
contrast, higher formic acid-extracted prefrontal A�1– 40 was cor-
related with higher errors scores on the reversal learning prob-

lem. No other correlations were significant. These results suggest
that reduced A� in a specific brain region (prefrontal cortex) is
significantly associated with cognitive improvement (frontal
function) mediated by these regions.

We next tested the hypothesis that serum anti-fibrillar A� titers
would predict the extent of A� remaining in the brain and specifi-
cally that higher antibody titers against A� would be associated with
lower A� in the brain. Antibody titers were log transformed, and a
Spearman’s rank correlation was used to measure the association.
Table 4 shows that higher antibody titers against A� were associated
with lower brain A� level. Interestingly, this effect primarily oc-
curred for prefrontal and parietal cortices, and serum titers were less
predictive of A� in the entorhinal or occipital cortex.

Discussion
We present data from a long-term therapeutic anti-fibrillar A�
active immunization study, using aged canines, that naturally

Figure 4. A, B, Diffuse prefrontal A� plaques were extensive in a control animal (A) and significantly reduced in an immunized
animal (B). C, Animals chosen for this illustration had A� plaque loads similar to the group means of the control and immunized
animals. Consistent with immunolabeling for A�, diffuse plaque load was reduced in the prefrontal cortex, the entorhinal cortex,
and the occipital cortex but not in the parietal cortex. Each symbol represents an individual animal. D, E, Formic acid-extracted
A�1– 42 (D) and A�1– 40 (E) were both significantly reduced in immunized dogs in multiple cortical regions. F, G, Similarly,
RIPA-extracted A�1– 42 (F ) and A�1– 40 (G) were reduced in treated dogs. Bars represent means, and error bars represent SEM.
*p � 0.05.
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accumulate human-type A� in the CNS and cognitive deficits. A
maintenance of executive function was observed, similar to the
AN1792 study (Hock et al., 2003), but there were no improve-
ments in complex learning, spatial memory, or attention. It is
unlikely that floor or ceiling effects account for the limited treat-
ment effect; the same series of cognitive tasks are sensitive to age
(Milgram et al., 1994, 1999; Head et al., 1995, 1998; Chan et al.,
2002; Tapp et al., 2003a; Studzinski et al., 2006) and to interven-
tions (e.g., antioxidant diet and behavioral enrichment) (Cotman
et al., 2002; Milgram et al., 2002b, 2004, 2005; Siwak et al., 2005).
The relatively limited effects of A� immunization on cognition
contrasts with the significant reduction in A� plaque load and
extractable A�1– 40/A�1– 42. Immunotherapy reduced �� pathol-
ogy to a greater extent in the prefrontal cortex relative to other
cortical regions. The extent of remaining prefrontal A� was cor-
related with frontal-dependent cognition (size reversal learning)
and serum antibody titers best predicted treatment-associated
�� reduction in this same brain region. We did not observe any
changes in A� angiopathy in treated animals, which suggests that
increased angiopathy in human clinical trials (Masliah et al.,
2005) may reflect a transient active phase of plaque removal
(Nicoll, 2007). One of the simplest interpretations of these data
are that reducing preexisting brain A� is insufficient to restore
neuronal and cognitive function. However, immunotherapy may
help to maintain cognition. We also found that the total amount
of oligomers in canine brain was unaffected by treatment. Given
the possible link between toxic assembly states of A�, such as
oligomers, and cognition, this may be one reason for the lack of
improvements in several cognitive domains (Lue et al., 1999;
Walsh et al., 2002; Walsh and Selkoe, 2004).

Cognitive outcomes in response to immunization in canines
contrast with reports in transgenic mice. Aged transgenic mice,
with preexisting pathology, show improved learning and mem-
ory in response to immunization (Dodart et al., 2002; Kotilinek et
al., 2002; Wilcock et al., 2004a; Hartman et al., 2005; Oddo et al.,
2006). However, A� reduction may be absent or not as extensive
as that reported in younger mice (Das et al., 2001; Zhou et al.,
2005). In contrast, a recent study using a large sample size showed
that, overall, active immunization of PDAPP mice (mice overex-
pressing mutant human amyloid precursor protein) did not lead
to improved spatial learning (Chen et al., 2007). If animals show-
ing very low levels of brain A� after immunization were com-

pared with nontransgenic controls, the two groups performed
similarly, suggesting improved spatial learning. Significant dif-
ferences in the responses of aged transgenic mice and canines to
A� clearance may be attributable to several factors: (1) lack of an
overexpression system, (2) lack of mutant human amyloid pre-
cursor protein, (3) lack of effect on oligomer levels (Klyubin et al.,
2005), and (4) differences in the length of time canine neurons
are exposed to A� during the aging process (Head et al., 2000).

The results of the study in aged dogs are consistent with stud-
ies in Alzheimer’s disease patients. The first clinical trial in AD
patients used the AN1792 vaccine, which initially consisted of
fibrillar A�42 as the antigen and QS-21 as the adjuvant. Subse-
quently, the vaccine was reformulated to include Polysorbate 80.
In the Swiss cohort of the AN1792 patients, there was a mainte-
nance of function on a global test of cognition and on a
hippocampal-dependent task in individuals who developed anti-
bodies capable of binding to plaques (Hock et al., 2003). In a
second, larger study, no differences between antibody responders
and placebo groups were observed on several cognitive and dis-
ability scales (Gilman et al., 2005). However, a composite score of
a neuropsychological test battery indicated “less worsening” of
decline in antibody responders after 12 months and an improve-
ment in the memory domain (Gilman et al., 2005). A small num-
ber of patients enrolled in the AN1792 study have come to au-
topsy and show A� plaque reduction without any effect on the
extent of neurofibrillary tangles or cerebral amyloid angiopathy
(Nicoll et al., 2003; Ferrer et al., 2004; Masliah et al., 2005). Inter-
estingly, in the case report by Masliah et al. (2005), the frontal
cortex showed the largest response to immunotherapy, which is
similar to the canine.

There are several differences between the canine study and the
human clinical trial. First, we observed no adverse autoimmune
responses in canines, which suggest that a Th2 adjuvant (e.g.,
Alum) may be a safe alternative. Second, the majority of AD
patients in the initial clinical trial received between two and three
immunizations, and long-term effects of chronic immunization
have not been evaluated. Our canine study suggests that, even
with longer treatment periods, there is no additional benefit to
cognitive outcome measures. Third, the antibody titers reported
in clinical trial participants (Hock et al., 2002) were relatively low
compared with those seen in the canine (Head et al., 2006), and
all immunized canines responded to treatment. Higher antibody
titers in treated aged canines may be attributable to a larger dose
of A� peptide than that used in humans (Nicoll et al., 2003;
Orgogozo et al., 2003).

Learning and memory deficits observed in aged canines may
be attributable to chronic exposure of the brain to A� and possi-
ble downstream molecular cascades that can lead to neuronal
dysfunction and death. Similar to the human brain, canine A�
accumulates over a period of many years. This is sufficient time to
allow for spontaneous posttranslational modifications to extra-
cellular A� such as isomerization, racemization, and oxidation,
similar to human brain aging and AD (Fonseca et al., 1999;
Azizeh et al., 2000; Head et al., 2001; Kalback et al., 2002). One of
the interesting outcomes of the current experiment is that A�
immunization is potent enough to clear modified forms of A�
thought to be more difficult to degrade typically observed in
human and canine brain but not in transgenic mouse brain (Kal-
back et al., 2002). The limited functional benefit suggests that
prevention of A� accumulation by initiating treatment in
middle-aged animals may be more efficacious as has been sug-
gested in transgenic mouse models (Janus et al., 2000; Morgan et

Figure 5. Dot blot assays for oligomers (A11) in the prefrontal cortex with individual animals
shown in triplicate illustrates individual variability in the amount of oligomers detected in
animals despite an equal amount of protein loaded. In the prefrontal cortex, control animals
(mean � SD OD, 1501 � 224.75) had similar levels of A11 compared with immunized animals
(mean � SD OD, 1400.6 � 385.43). In addition, similar measures of A11 by dot blot in the
parietal cortex also revealed no difference between controls (mean�SD OD, 1250.5�386.95)
and immunized dogs (mean � SD OD, 1284.8 � 265.08). PBS indicates control samples.
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al., 2000; Das et al., 2001; Sigurdsson et al., 2004; Asuni et al.,
2006).

There is another possible interpretation of the current study.
In humans, A� accumulation in diffuse plaques and in the cere-
bral vasculature may begin 10 –20 years before the development
of clinical signs of impairment (Price and Morris, 1999; Price,
2003). It is only when there is extensive A� pathology, neuritic
plaques, neurofibrillary tangles, and neuron loss that cognitive
decline is observed (Morris et al., 2001; Price et al., 2001). Thus,
A� alone may be insufficient to cause cognitive decline in human
brain and may explain why there were limited improvements in
cognition if A� accumulation in the canine brain is also “clini-
cally silent.” However, the extent of A� is correlated with cogni-
tive decline in aged dogs (Cummings et al., 1996b; Head et al.,
1998), and animals with more extensive A� pathology have more
severe cognitive deficits. In the current study, reducing prefrontal
A� impacted frontal function, suggesting that reducing A� may
result in cognitive benefits. In addition, aged canines exhibit sev-
eral signs of pathology such as neuron loss in the hippocampus
(Siwak-Tapp et al., 2008) and cortical atrophy in association with
A� and cognition in vulnerable brain regions (Tapp et al., 2004).
The lack of neurofibrillary tangle pathology in canines may also
not entirely explain the limited cognitive benefits of A� reduc-
tion. In several autopsy studies of immunized patients with AD,
there was a lack of impact on neurofibrillary tangle pathology,
suggesting that this was not a mechanism underlying cognitive
maintenance observed in the human clinical trial (Nicoll et al.,
2003; Ferrer et al., 2004; Masliah et al., 2005). In addition, all of
the previous animal immunotherapy studies were primarily in
transgenic mice that do not develop tauopathy and led to signif-
icant behavioral improvements (Schenk et al., 1999; Janus et al.,
2000; Morgan et al., 2000; Das et al., 2003).

If immunotherapy as a treatment is pursued, then our work in
canines suggests another possible approach. We previously pub-
lished the results of a longitudinal study in which aged beagles
were fed an antioxidant-enriched diet, provided with behavioral
enrichment, or given a combination of both treatments. Treated

animals showed significant cognitive improvements, with the
combination being the most efficacious (Cotman et al., 2002;
Milgram et al., 2002b, 2005). Antioxidant-fed but not behavior-
ally enriched animals showed decreased brain A� (Pop et al.,
2003). Thus, additional and/or combinatorial interventions that
may both reduce A� (immunization) or reduce A� oligomers
(Lee et al., 2006; Chauhan, 2007) and in parallel restore neuron
health (e.g., antioxidant-enriched diet or behavioral enrichment)
(Milgram et al., 2005) after chronic A� exposure may be a prom-
ising approach for future treatment studies.
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