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Abstract
Animal models that simulate various aspects of human brain aging are an essential step in the development of interventions to manage
cognitive dysfunction in the elderly. Over the past several years we have been studying cognition and neuropathology in the aged-canine
(dog). Like humans, canines naturally accumulate deposits of ␤-amyloid (A␤) in the brain with age. Further, canines and humans share
the same A␤ sequence and also first show deposits of the longer A␤1–42 species followed by the deposition of A␤1–40. Aged canines
like humans also show increased oxidative damage. As a function of age, canines show impaired learning and memory on tasks similar to
those used in aged primates and humans. The extent of A␤ deposition correlates with the severity of cognitive dysfunction in canines. To
test the hypothesis that a cascade of mechanisms centered on oxidative damage and A␤ results in cognitive dysfunction we have evaluated
the cognitive effects of an antioxidant diet in aged canines. The diet resulted in a significant improvement in the ability of aged but not
young animals to acquire progressively more difficult learning tasks (e.g. oddity discrimination learning). The canine represent a higher
animal model to study the earliest declines in the cognitive continuum that includes age associated memory impairments (AAMI) and mild
cognitive impairment (MCI) observed in human aging. Thus, studies in the canine model suggest that oxidative damage impairs cognitive
function and that antioxidant treatment can result in significant improvements, supporting the need for further human studies.
© 2002 Published by Elsevier Science Inc.
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1. Introduction
The brain progressively accumulates oxidative damage
and other types of neuropathology that ultimately result in
neuronal dysfunction and cognitive decline. A key challenge
is to identify mechanisms underlying pathological aging and
to develop therapeutics to prevent or slow disease progression. Animal models, including rodents and nonhuman primates, are critical to the success of this research. Over the
past several years we have been investigating a novel animal model of human cognitive aging, the aged canine. The
advantages of using canines to study brain aging includes
the following: (1) canines share many of the same environmental conditions with humans; (2) canines can perform a
sophisticated repertoire of complex cognitive behaviors; (3)
the brain in aged canines shows many pathological changes
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common to humans; and (4) neuropathology is significantly
associated with cognitive decline.
Our strategy has been to identify brain and behavioral
changes that appear with age and to determine if interventions that target proposed underlying cellular pathological
mechanisms can improve cognitive function. The proof
of principle to determine whether a specific type of neuropathology contributes to cognitive dysfunction is to show
that an intervention targeting the proposed mechanism
improves function. Of necessity, studies in humans are
primarily correlative but help to establish key pathological
mechanisms amenable to manipulation. Over time these
studies may lead to clinical trials but even if successful it
is difficult to determine if the intervention has an effect on
brain pathology. In the canine model it is feasible to test interventions and determine the effect they have on the brain.
In this review we present an overview of the progress in
characterizing the canine model and the effects of antioxidants on cognitive function. The review has three parts:
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(1) an overview of neuropathology in the aged canine
brain; (2) the nature of cognitive dysfunction in the aged
canine; and (3) recent results demonstrating the effectiveness of an antioxidant intervention in improving cognitive
performance on select tasks that decline with age.

2. Neuropathological features of the aged canine brain
A critical issue is to identify neuropathology that has the
greatest functional impact on cognitive decline. The canine
brain exhibits several key features observed in the aged human brain. Many of these consistent features are associated
with early pathology seen in normal human brain aging, in
the brains of individuals with mild cognitive impairment
(MCI) and in Alzheimer’s disease (AD) patients. In the
canine, these features do not develop into the full-blown
pathology associated with moderate or severe AD. Thus,
the canine serves as a model for early stage pathology [37].
One of the first reports of age-associated neuropathology in canines was in 1914 describing abnormal pyramidal
neuron sprouting [45]. In the 1950’s, other types of neuropathology were reported including “Alzheimer-like” senile plaques [9,21–23,59,79]. Aged canine brains display
a number of morphological signatures similar to those observed in aged human brains including cortical atrophy [70],
myelin degeneration in the white matter [24], the accumulation of degraded proteins [7], DNA damage [3,42] and a
reduction in endogenous antioxidants [43].
Canines naturally accumulate A␤ in the brain with increasing age [16,19,34,66] (Fig. 1) and form a diffuse type
of plaque. The amino acid sequence of canine A␤ is identical to that of human A␤ [39]. In addition, there is clear
evidence that A␤ accumulation can also be seen in association with neurons at both the light and electron microscopic
level [16,72]. Specifically, A␤ appears to be concentrated
within microdomains on the plasma membrane identified by
immunogold labeling (Fig. 1). These same microdomains
also contain presenilin, which is thought to play a role in
cleaving the amyloid precursor protein (APP) leading to
A␤ production [37]. This membrane localization may cause
early functional changes in neurons that may be detectable
at the behavioral level of analysis.
Not all brain regions are equally vulnerable to A␤ pathology; pathology develops in the prefrontal cortex at an earlier
age and more consistently than other cortical areas studied,
such as the entorhinal or parietal cortex [34]. The occipital
cortex accumulates A␤ at a much later age than these other
brain regions. This pattern of A␤ accumulation with age in
canines parallels that seen in humans [8]. Within the prefrontal cortex, A␤ first appears in deep cortical layers and
at later ages, the superficial layers are increasingly affected
[67]. In studies of over 150 dog brains, A␤ deposition has
not been observed in layer I of cortex, which contrasts with
clear evidence of A␤ distribution in this layer of the human
brain. On the other hand, a diffuse band of A␤ is observed in
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the outer molecular layer of the canine hippocampus where
plaques are also found in the AD brain.
Another common characteristic between canine and human A␤ is that the predominant species of A␤ is the longer,
toxic fragment A␤ 1–42 [18,57,80]. At later ages the shorter,
more soluble, fragment A␤1–40 accumulates in plaques and
in blood vessel walls. As with human brain aging, A␤ accumulates within the blood vessel walls of the aged canine
brain suggesting that the canine may be a useful model to
study A␤ angiopathy [64,74,76,78].
Tangles identical to those seen in the human brain are rare
in other species and dogs do not develop mature tangles characterized by paired helical filaments [4,20,29,68,79]. However, it is likely that early tangles are present in aged canine
brain, since canine tau also becomes hyperphosphorylated
as in aged human brain, but they do not mature into the full
phenotype [36,44]. Tau phosphorylation, as detected by the
AT8 antibody, increases in the aged brain and thus possibly
some of the early features of tangles are present in the aged
canine brain [60,77]. The canine provides an opportunity to
study the role of A␤ pathology on cognition in the absence
of overt tangle formation.
Thus, the rationale for using the canine model to understand the role of A␤ in human brain aging include but are
not limited to the following: (1) A␤ is normally deposited
with increasing age; (2) the distribution of A␤ as a function of age parallels that of humans; and (3) the sequence in
which specific fragments of A␤ are deposited is similar and
the protein itself is identical to the human. Further, since
A␤ deposits remain diffuse in aged dog brain, the model
is well-suited for studying early stage pathology of brain
aging/Alzheimer’s disease prior to the appearance of other
complex variables such as tangle formation.

3. Cognitive dysfunction in aged canines
The advanced learning ability of canines is well known,
as evidenced by their use as guides for the blind and as military working dogs. Our research has focused on a single
breed, beagles, because longevity varies widely with respect
to breed as does the age of onset and extent of A␤ [6]. The
average life span of a beagle is 13.6 years but animals that
live up to 18 years have been observed [67]. Beagles over the
age of 8 years are considered old based upon evidence for
reduced cerebrovascular function after this age [50]. However, breed differences in lifespan are substantial and larger
breeds typically have shorter lifespans [46].
Learning and memory can be tested systematically in
dogs using tasks developed for use in nonhuman primates.
In parallel with the human and primate literature, tasks are
selected that are sensitive to the function of specific cortical circuits and/or brain regions. All testing is conducted
using food rewards, which sufficiently motivate dogs to
learn each task. The use of deprivation protocols, which
are particularly stressful for aged animals, is unnecessary.
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Two main conclusions have evolved from these studies:
(1) detecting cognitive dysfunction depends on the cognitive processes engaged, the task used and the relative level
of difficulty, and (2) variability in the cognitive abilities of
dogs increases with age. Aged dogs are able to learn simple skills, on average, to the same extent as younger dogs
[54]. However, individual aged dogs can show pronounced
impairments. Simple associative learning, such as visual discrimination (learning that one of two objects covers a food
reward), typically remains intact with age [27,32,52,54,75].
Significant impairment is seen, however, on more complex
discrimination learning problems, such as size and oddity
discrimination learning [32,55]. Similar age differences in
visual discrimination learning have been reported in primates [73]. On the other hand, prefrontal-dependent tasks
are consistently impaired in aged dogs [54]. One of these
age-sensitive visual discrimination tasks is a reversal learning problem. Subsequent to successful attainment of a preset criterion level of response on a visual discrimination
task the reward contingencies are reversed and animals must
shift from responding to one object to the other. Reversal learning involves response inhibition and the ability to
shift strategies, functions that are mediated by the prefrontal
cortex [27,75].
In addition to learning ability, memory is also compromised in aged canines. Forms of memory that appear to be
age-sensitive include spatial memory (the ability to remember the location of a food reward) and object recognition
memory (the ability to recognize an object seen 10–120 s
previously) [1,12,35]. The variability in performance of
these tasks, however, is extensive. Aged dogs can fall into
one of three categories: (1) unimpaired or successful agers;
(2) age-impaired; (3) severely impaired. These clusters of
aged dogs may be analogous to normal aging, MCI and
dementia in humans.
The decline in learning and memory in laboratory studies
is also consistent with clinical features observed by veterinarians who have identified a canine cognitive dysfunction
syndrome (CDS), based on informant-based questionnaires
or checklists [13,65]. CDS is characterized by dogs showing
signs in one or more categories that include disorientation,
disruptions in activity and sleep, changes in housetraining
and alterations in interactions with family members. In a
survey of 26 owners of aged dogs, common complaints were
destructive behaviors, inappropriate urination or defecation
and excessive vocalization in older animals. Data from a
study at UC Davis Veterinary College involved interviews
with owners of 180 dogs aged 11–16 years whose pets had
no illnesses that would account for behavioral signs such as
altered social interaction with owners, sleep–wake cycles,
and activity levels, housesoiling and disorientation. In this
study, 28% of dogs between the ages of 11 and 12 and 68%
of 15–16-year-olds were positive for at least one category.
Ten percent of owners of 11–12-year-old dogs and 36% of
owners of 15–16-year-old dogs had signs in two or more
categories [58].

4. Relationship between age, pathology and
behavior in aged canines
Is cognitive dysfunction associated with A␤ neuropathology? Several studies demonstrate a strong and significant
association between the extent of A␤ deposition and the
extent of cognitive dysfunction in dogs [16,17,32] similar
to that reported in the human brain [15] (Fig. 2). This association can be further refined on a brain region basis:
for example, A␤ in the prefrontal cortex is correlated with
frontal-dependent learning and memory deficits [32]. A recent paper by Colle et al. showed a significant association between behavioral dysfunction in aged dogs and the extent of
A␤ deposition [13]. This recent publication, along with previous reports, supports an association between clinical measures of cognitive dysfunction and pathophysiology in aged
canine brain.
While the accumulation of A␤ is part of a series of
neuropathological events, it is unlikely to be the only contributing factor to cognitive decline. In our view, the basic
molecular events in the aging brain form a cascade involving a sequence of feed-forward and feed-back mechanisms
that culminate in neuronal dysfunction and A␤ deposition.
Oxidative damage probably plays a central and pivotal role
in the evolution of this cascade (Fig. 3).
5. Oxidative damage and brain aging
The brain has among the highest respiratory rate of any
tissue and generates oxidative damage that progressively increases over time [2]. Neurons, are particularly vulnerable
to cumulative oxidative damage because they are nondividing cells and survive for decades. The generation of oxidants
leads to damage to proteins, lipids and nucleotides, which
may contribute significantly to neuron dysfunction and degeneration associated with aging and neurodegenerative diseases [25,48]. Oxidative damage may serve as a common
mechanism initiating and linking several pathological features of the aging brain. For example, the APP is vulnerable to oxidative damage and metabolic stress favors the
production of amyloidogenic fragments [28,56]. Transgenic
mice overexpressing mutant human APP (Tg2576) showed
increased oxidative damage to lipids prior to overt A␤ deposition, which provides further evidence of oxidative damage being an early event [63]. A␤ is also able to directly
generate oxidative damage to lipids and proteins [5,10,11].
According, to this model, antioxidants may have beneficial
effects on brain aging at multiple stages.
Oxidative damage to lipids and proteins increase with
age in the canine brain [33]. A significant increase in lipid
peroxidation, measured by malondialdehyde (MDA) and
damage to proteins, measured by carbonyl formation, was
observed with age. A significant decline in glutamine synthetase activity, an enzyme vulnerable to oxidative damage
and in the level of reduced glutathione (GSH) was observed
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Fig. 3. Oxidation causes damage to lipids, proteins and DNA/RNA. Oxidative stress also induces the expression of APP and can contribute to
misprocessing of APP leading to generation of amyloidogenic fragments.
The production of A␤ fragments may lead to a loss of compensatory
ability (decreased bcl-2, increased bax). All of these factors in turn contribute to more A␤ deposition, possibly synapse loss and DNA damage.
Ultimately, the pathways converge and result in neuron dysfunction and/or
in some neurons death.

Fig. 2. (A) A␤ immunostaining in the prefrontal cortex of an unimpaired
13-year-old beagle dog takes the form of diffuse senile plaques in layers
III–VI. (B) A section from the frontal cortex of a 90-year-old female
nondemented control case illustrating a similar pattern of senile plaque
deposition as in the aged dog. Note that in both cases, A␤ is distributed
in deeper cortical layers. (C) A␤ immunostaining in the prefrontal cortex
of a severely impaired 12-year-old beagle dog is extensive and affects
layers II–VI. The molecular layer is free of A␤ deposition (indicated by
the vertical line). (D) For comparison, a sample of the frontal cortex from
an 86-year-old male with Alzheimer’s disease shows a parallel extent of
A␤ deposition as the dog. Note that diffuse senile plaques are similar in
size between the dog and the human. On the other hand, dogs do not
develop compact plaques (indicated by arrow in D). Bar = 200 m.

with age. MDA level in serum was a significant predictor of
MDA accumulation in the prefrontal cortex (Fig. 4). Thus,
the canine brain accumulates oxidative damage and in our
model is an early event in the cascade.
Establishing a link between oxidative damage, A␤ and
cognitive function in the rodent brain is hindered by the lack
of natural age-associated A␤ deposition. In human brain,
studies are further complicated by the presence of neurofibrillary tangles. Unlike humans, aged canines develop extensive A␤ in the absence of neurofibrillary tangle formation
[18]. The canine brain, therefore, is a simpler model for examining the association between age, oxidative damage, A␤
and cognitive function. Thus, studies in the canine model
can complement studies in other animal model systems and
provide further insights into human brain aging and neurodegenerative diseases.

6. An antioxidant diet improves learning
in the aged canine
Accordingly, we have initiated a series of studies to test
the hypothesis that an antioxidant diet can result in improvements in learning and memory and reduce the extent of
pathology that accumulates in the aged brain [55]. We have
collected extensive data in an ongoing study on learning and
memory with treatment but results of the neuropathology
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Fig. 4. Individual oxidative damage markers are plotted as a function of age in 19 beagle dogs. Progressive and significant increases in (A) brain
malondialdehyde (MDA), and (B) protein carbonyl formation were observed. (C) Decreases in glutamine synthetase (GS) activity were found. (D)
Individual MDA levels in the serum are plotted as a function of MDA levels in the prefrontal cortex. Higher serum levels of MDA are significantly
correlated with higher prefrontal cortex levels of MDA.

studies are not available at present. The study is being conducted as a random placebo controlled clinical trial. The
study involves the selection of animals by rigorous inclusion/exclusion criteria. Throughout the study, data is monitored by an external clinical trials coordinator.
Approximately, 1 year prior to the initiation of this study,
old and young dogs were given a series of baseline cognitive tests, which were used to assign animals to cognitively equivalent groups. One of the aged groups and one
of the young groups was subsequently changed to a food
identical to the control but enriched with a broad spectrum of antioxidants and mitochondrial enzymatic cofactors; the other groups were maintained on the control food.
The animals were maintained on the dietary intervention
for approximately 6 months prior to scheduled cognitive
assessment. The food was supplemented with Vitamins E
and C, a mixture of fruits and vegetables, alpha-lipoic acid
and l-carnitine (mitochondrial cofactors) to reduce oxidative damage to cells. These agents were selected on the basis
of their mechanism of action and preliminary data examin-

ing these ingredients singly and in combination on measures
of serum and urinary oxidative damage in dogs.
One of the tasks used was an oddity discrimination task,
in which the animals were trained on a series of four increasingly more difficult learning problems. Each task involves
repeatedly presenting three objects, two of which were identical, and one odd. Using progressively more similar objects
for each new problem increases, the difficulty of the task.
The animal receives a reward if it selected the odd object.
This test protocol provides a series of learning problems of
sufficient difficulty to show age sensitivity. The performance
of monkeys trained on a similar task also varies as a function of the extent of similarity of the objects used [38,71].
In this task young animals are able to learn the series
of tasks without showing a significant increase in error
scores whereas the old animals generate additional errors
as the task becomes more difficult. For the old animals,
performance on the first task did not differ from performance on the second. All other task comparisons were
statistically significant; Fig. 5 illustrates that these results
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Fig. 5. Effect of age and diet on number of errors made in learning four progressively more difficult oddity discrimination tasks. Aged dogs learned each
oddity task with significantly more errors than young dogs as can be seen by comparing young and old animals on the control diet. A diet enriched
in antioxidants significantly improved learning in the two most difficult problems, oddity-3 and oddity-4 in aged dogs. Similar improvements were not
found in the young dogs provided with the diet.

are due to the animals making more errors on each successively more difficult task than they had on the previous task
(P < 0.025). The young animals, by contrast, did not show
significant differences in performance between any two
tasks.
The results of the dietary manipulation are also shown in
Fig. 5. The significant overall effect of diet was due exclusively to superior learning shown by the old animals on the
antioxidant diet, when compared to the old animals on the
control diet. The effect of dietary treatment also varied as a
function of task. Diet did not significantly affect performance
on oddity 1, the first and simpler task. On the second task, the
interaction between age by diet was marginally significant,
F (1, 35) = 3.904, P = 0.056. On task 3, the diet effect was
highly significant (F (1, 34) = 12.32, P = 0.0013) as was
the diet by age interaction, F (1, 34) = 9.715, P = 0.004.
Task 4 also had a significant diet effect (F (1, 34) = 4.78,

P = 0.035) and diet by age interaction, F (1, 34) = 5.118,
P = 0.030. Thus, the antioxidant diet produced an improvement in the ability of old dogs to learn a complex task.
The oddity discrimination task provides a sensitive measure of age-dependent cognitive deterioration in dogs, and
this age-dependent effect can be at least partially reduced
by maintenance on a food fortified with a complex mix of
antioxidants and mitochondrial enzymatic cofactors. The
use of a series of problems of graded difficulty is an essential design feature of the study and is not commonly
used in assessing cognitive interventions in animal models.
The protocol revealed that both age and diet effects are
amplified by increasing the difficulty of the task. A single
level of task difficulty may not have revealed clear effects
because of the task being either too easy, or too difficult.
Thus, we did not find a significant effect of diet on the first
and easiest of the oddity discrimination problems. Similar
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results were obtained on landmark discrimination learning,
which tests spatial attention [53].
The most important result of this study was the superior
performance of the aged animals on the enriched diet compared to controls. A number of factors probably account for
the strong dietary effects, including use of aged subjects, 6
months or greater maintenance on the diet, use of a test protocol with progressively more complex problems, and the
particular components of the diet. The possibility that the
intervention leads to a general, age-independent, improvement in brain function can be excluded since the diet had
minimal effects on the young dogs. Thus, oxidative damage
is unlikely to induce substantial neuronal dysfunction until
relatively late in life.
With respect to dietary constituents, to our knowledge, this
is the first study to use combined substances that target enhancement of mitochondrial function with antioxidants that
suppress the action of free radicals in a higher animal model.
Our results build upon and extend the findings that antioxidants or mitochondrial cofactors alone decrease age related
cognitive decline in other species [30,31,40,41,49,69,81].
Our results may be attributable to two different synergistic strategies; first, a complex mixture of antioxidants that
supports a network of antioxidants requiring several components to act together for effective function, and; second,
improved mitochondrial metabolic function that decreased
free-radical production while improving mitochondrial energetics and efficiency.
Alternatively, a reduction in oxidative stress may retard
various downstream mechanisms resulting in neuronal dysfunction. Many of the antioxidants utilized in this study also
have anti-inflammatory properties [26,47,51]. There has
been an association of non-steroidal anti-inflammatory intake and decreased incidence of dementia in humans, which
suggests that inflammation is a contributor to neurocognitive
decline [30]. As such, the antioxidants included in this dietary fortification may have acted via an anti-inflammatory
path, or synergistically, with antioxidant mechanisms to
elicit the profound cognitive effects observed.

7. Conclusions
Aged canines, like humans develop age-related neuropathologies, particularly the accumulation of A␤, develop
impaired cognitive function. We hypothesize that cognitive
function in canines declines along a “cognitive continuum”
that reflects a similar phenomenon in humans [61]. In
humans, the continuum is postulated to begin with the development of age associated memory impairment (AAMI)
defined as a loss in memory on one or more tests that is 1
S.D. below that of the young population normative values
[14]. Probably, because the presence of AAMI is so prevalent in the population of elderly individuals (estimated to
be over 50%), the risk for conversion to more advanced
stages is relatively low. AAMI is followed by MCI defined

by a decline in one or memory functions that is greater
than 1.5 S.D. below age-matched norms but is associated
with normal activities of daily living [62]. MCI increases
the risk for conversion into dementia, particularly AD. Dementia reflects deficits in multiple cognitive domains and
the loss of normal activities of daily living. In the aged
canine population, the cognitive continuum is primarily
associated with the earliest stages, AAMI or MCI though
some canines will develop the equivalent of dementia. In
the veterinary literature, this latter phase is generally classified as CDS defined as memory impairments and losses
in activities of daily living (e.g. social interactions, grooming, disruption of sleep–wake cycles). These features are
consistent with the milder expression of neuropathology in
canines emphasizing oxidative damage, A␤ accumulation in
the form of diffuse plaques and the early stages associated
with tangle formation. Thus, the canine represents a higher
animal model to study the earliest declines in the cognitive
continuum observed in human aging.
We suggest that the combination of antioxidants with
mitochondrial enzymatic cofactors may work together
synergistically leading to an improvement in learning and
memory associated with the progressive decline along
the cognitive continuum. Taken together our data supports the hypothesis that oxidative damage and mitochondrial function is a fundamental mechanism contributing to
age-associated cognitive dysfunction and underscores the
need to conduct similar trials in humans.

Acknowledgments
This project was sponsored by funds provided by the
National Institute of Aging (Grant AG12694), the US
Department of the Army, Contract No. DAMD17-98-1-8622,
and by Hill’s Pet Nutrition, Inc. Topeka, KS. The content
of the information does not necessarily reflect the position
or the policy of the government, and no official endorsement should be inferred. The investigators adhered to the
“Guide for the Care and Use of Laboratory Animals” prepared by the Committee on Care and Use of Laboratory
Animals of the Laboratory Animal Resources, National Research Council (NIH Publication No. 86-23, Revised 1985).
Research was conducted in facilities fully accredited by the
AAALACI. Additional funding was provided by Science
& Technology Center, Hill’s Pet Nutrition, Inc., P.O. Box
1658, Topeka, KS. We thank Heather Murphey and Candace
Ikeda-Douglas for their assistance in obtaining cognitive
data from the longitudinal studies.

References
[1] Adams B, Chan A, Callahan H, Siwak C, Tapp D, Ikeda-Douglas
C, et al. Spatial learning and memory in the dog as a model of
cognitive aging. Behav Brain Res 2000;108(1):47–56.

C.W. Cotman et al. / Neurobiology of Aging 23 (2002) 809–818
[2] Ames BN, Shigenaga MK, Hagen TM. Oxidants, antioxidants,
and the degenerative diseases of aging. Proc Natl Acad Sci USA
1993;90:7915–22.
[3] Anderson AJ, Ruehl WW, Fleischmann LK, Stenstrom K, Entriken
TL, Cummings BJ. DNA damage and apoptosis in the aged canine
brain: relationship to A␤ deposition in the absence of neuritic
pathology. Prog Neuropsychopharmacol Biol Psychiatr 2000;24:
787–99.
[4] Ball MJ, MacGregor J, Fyfe IM, Rapoport SI, London E. Paucity
of morphological changes in the brains of ageing beagle dogs:
further evidence that Alzheimer lesions are unique for primate central
nervous system. Neurobiol Aging 1983;4:127–31.
[5] Behl C. Alzheimer’s disease and oxidative stress: implications for
novel therapeutic approaches. Prog Neurobiol 1999;57:301–23.
[6] Bobik M, Thompson T, Russell MJ. Amyloid deposition in various
breeds of dogs. Soc Neurosci Abstr 1994;20:172.
[7] Borras D, Ferrer I, Pumarola M, Rivera R. Age-related changes in
the brain of the dog. Vet Pathol 1999;36:202–11.
[8] Braak H, Braak E. Neuropathological staging of Alzheimer-related
changes. Acta Neuropathol 1991;82:239–59.
[9] Braunmühl A. Kongophile angiopathie und senile plaques bei greisen
hunden. Arch Psychiatr Nervenkr 1956;194:395–414.
[10] Butterfield DA, Categna A, Lauderback CM, Drake J, Review:
evidence that amyloid beta-peptide-induced lipid peroxidation and its
sequelae in Alzheimer’s disease brain contributes to neuronal death.
Neurbiol Aging 2002, in press.
[11] Butterfield DA, Drake J, Pocernich C, Castegna A. Evidence of
oxidative damage in Alzheimer’s disease brain: central role for
amyloid beta-peptide. Trends Mol Med 2001;7(12):548–54.
[12] Callahan H, Ikeda-Douglas C, Head E, Cotman CW, Milgram NW.
Development of a protocol for studying object recognition memory
in the dog. Prog Neuropsychopharmacol Biol Psychiatr 2000;24:
693–707.
[13] Colle M-A, Hauw J-J, Crespeau F, Uchiara T, Akiyama H, Checler
F, et al. Vascular and parenchymal A␤ deposition in the aging dog:
correlation with behavior. Neurobiol Aging 2000;21:695–704.
[14] Crook TH, Larrabee GJ, Youngjohn JR. Diagnosis and assessment
of age-associated memory impairment. Clin Neuropharmacol
1990;13(Suppl):S81–91.
[15] Cummings BJ, Cotman CW. Beta-amyloid “load” correlates with
severity of Alzheimer’s dementia: quantification via image analysis.
Lancet 1995;346(8989):1524–8.
[16] Cummings BJ, Head E, Afagh AJ, Milgram NW, Cotman CW.
Beta-amyloid accumulation correlates with cognitive dysfunction in
the aged canine. Neurobiol Learn Mem 1996;66(1):11–23.
[17] Cummings BJ, Head E, Ruehl W, Milgram NW, Cotman CW. The
canine as an animal model of human aging and dementia. Neurobiol
Aging 1996;17(2):159–268.
[18] Cummings BJ, Satou T, Head E, Milgram NW, Cole GM, Savage MJ,
et al. Diffuse plaques contain C-terminal A beta 42 and not A beta
40: evidence from cats and dogs. Neurobiol Aging 1996;17(4):653–9.
[19] Cummings BJ, Su JH, Cotman CW, White R, Russell MJ. BA4
accumulation in aged canine brain: an animal model of early plaque
formation in Alzheimer’s disease. Soc Neurosci Abstr 1992;18:560.
[20] Cummings BJ, Su JH, Cotman CW, White R, Russell MJ.
Beta-amyloid accumulation in aged canine brain: a model of
early plaque formation in Alzheimer’s disease. Neurobiol Aging
1993;14(6):547–60.
[21] Dahme E. Aging changes in the brain of the animal. Bulletin
der Schweizerischen Akademie der Medizinischen Wissenschaften
1968;24:133–43.
[22] Dahme E. Pathologische befunde an den Hirngefäßen bei tieren: die
veränderungen der Hirngefäßen beim alten hund. Acta Neuropathol
1962;1(Suppl):54–60.
[23] Dahme E, Deutschlander N. On the problem of the primary amyloid
in meninx and cerebral cortex vessels in dogs. Deutsche Tierarztliche
Wochenschrift 1967;74:134–8.

817

[24] Ferrer I, Pumarola MR, Zujar MJ, Cruz-Sanchez F, Vidal A. Primary
central white matter degeneration in old dogs. Acta Neuropathol
1993;86:172–5.
[25] Floyd R, et al. Oxidatvie biochemical markers; clues to understanding
aging in long-lived species. Exp Gerontol 2001;36:619–40.
[26] Fryer M. Vitamin E status and neurodegnerative disease. Nutr
Neurosci 1998;1:327–51.
[27] Fuster JM. The prefrontal cortex, anatomy, physiology, and neuropsychology of the frontal lobe, 2nd ed. New York: Raven Press,
1989.
[28] Gabuzda D, Busciglio J, Matsudaira P, Yankner BA. Inhibition of
energy metabolism alters the processing of amyloid precursor protein
and induces a potentially amyloidogenic derivative. J Biol Chem
1994;269:13623–8.
[29] Giaccone G, Verga L, Finazzi M, Pollo B, Tagliavini F, Frangione
B, et al. Cerebral preamyloid deposits and congophilic angiopathy
in aged dogs. Neurosci Lett 1990;114:178–83.
[30] Hagen TM, Ingersoll RT, Wehr CM, Lykkesfeldt J, Vinarsky V,
Bartholomew JC, et al. Acetyl-l-carnitine fed to old rats partially
restores mitochondrial function and ambulatory activity. Proc Natl
Acad Sci USA 1998;95:9562–6.
[31] Hager K, Marahrens A, Kenklies M, Riederer R, Munch G.
Alpha-lipoic acid as a new treatment option for Alzheimer type
dementia. Arch Gerontol Geriatr 2001;32:275–82.
[32] Head E, Callahan H, Muggenburg BA, Milgram NW, Cotman CW.
Discrimination learning ability and beta amyloid accumulation in the
dog. Neurobiol Aging 1998;19(5):415–25.
[33] Head E, Liu J, Hagen TM, Muggenberg BA, Milgram NW, Ames
AB, et al. Oxidatvie damage increases with age in a canine model
of human brain aging. J Neurochem 2002;82:378–81.
[34] Head E, McCleary R, Hahn FF, Milgram NW, Cotman CW.
Region-specific age at onset of ␤-amyloid in dogs. Neurobiol Aging
2000;21(1):89–96.
[35] Head E, Mehta R, Hartley J, Lameka M, Cummings BJ, Cotman
CW, et al. Spatial learning and memory as a function of age in a
dog. Behav Neurosci 1995;109(5):851–8.
[36] Head E, Milgram NW, Cotman CW. Neurobiological models of aging
in the dog and other vertebrate species. In: Hof P, Mobbs EC, editors.
Functional neurobiology of aging. San Diego, CA: Academic Press,
2001. p. 457–68.
[37] Head E, Torp R. Insights into A[beta] and presenilin from a canine
model of human brain aging. Neurobiol Dis 2002;9(1):1–10.
[38] Iversen SD, Humphrey NK. Ventral temporal lobe lesions and visual
oddity performance. Brain Res 1997;30(2):253–63.
[39] Johnstone E, Chaney M, Norris F, Pascual R, Little S. Conservation
of the sequence of the Alzheimer’s disease amyloid peptide in dog,
polar bear and five other mammals by cross-species polymerase chain
reaction analysis. Brain Res Mol Brain Res 1991;10:299–305.
[40] Joseph JA, et al. Oxidative stress protection and vulnerability in
aging: putative nutritional implications for intervention. Mech Aging
Dev 2000;116(2/3):141–53.
[41] Joseph JA, Shukitt-Hale B, Denisova NA, Bielinski D, Martin A,
McEwen JJ, et al. Reversals of age-related declines in neuronal
signal transduction, cognitive, and motor behavioral deficits with
blueberry, spinach, or strawberry dietary supplementation. J Neurosci
1999;19(18):8114–21.
[42] Kiatipattanasakul W, Nakamura S, Hossain MM, Nakayama H,
Uchino T, Shumiya S, et al. Apoptosis in the aged dog brain. Acta
Neuropathol 1996;92:242–8.
[43] Kiatipattanasakul W, Nakamura S, Kuroki K, Nakayama H, Doi K.
Immunohistochemical detection of anti-oxidative stress enzymes in
the dog brain. Neuropathology 1997;17:307–12.
[44] Kuroki K, Uchida K, Kiatipattanasakul W, Nakamura S, Yamaguchi
R, Nakayama H, et al. Immunohistochemical detection of tau proteins
in various non-human animal brains. Neuropathology 1997;17:
174–80.

818

C.W. Cotman et al. / Neurobiology of Aging 23 (2002) 809–818

[45] Lafora G. Neoformaciones dendriticas an las neuronas y alteraciones
de la neuroglia en el perro senil. Trab del Lab de Investig Biol
t.12:FaSc.1.
[46] Li L, Hamilton Jr RF, Kirichenko A, Holian A. 4-Hydroxynonenalinduced cell death in murine alveolar macrophages. Toxicol Appl
Pharmacol 1996;139(1):135–43.
[47] Li Y, Liu L, Barger SW, Mrak RE, Griffin WS. Vitamin E
suppression of microglial activation is neuroprotective. J Neurosci
Res 2001;66:163–70.
[48] Liu J, et al. Stress, aging and brain oxidative damage. Neurochem
Res 1999;24:1479–97.
[49] Liu J, Head E, Gharib AM, Yuan W, Ingersoll RT, Hagen TM, et
al. Memory loss in old rats is associated with brain mitochondrial
decay and RNA/DNA oxidation: partial reversal by feeding acetyll-carnitine and/or R-alpha-lipoic acid. Proc Natl Acad Sci USA
2002;99(4):2356–61.
[50] London ED, Ohata M, Takei H, French AWM, Rapoport I. Regional
cerebral metabolic rate for glucose in beagle dogs of different ages.
Neurobiol Aging 1983;4:121–6.
[51] McGahon BM, Martin DS, Horrobin DF, Lynch MA. Agerelated changes in LTP and antioxidant defenses are reversed by
an alpha-lipoic acid-enriched diet. Neurobiol Aging 1999;20(6):
655–64.
[52] Milgram NW, Adams B, Callahan H, Head E, Mackay W, Thirlwell
C, et al. Landmark discrimination learning in the dog. Learn Mem
1999;6(1):54–61.
[53] Milgram NW, Head E, Muggenburg BA, Holowachuk D, Murphey
H, Estrada J, et al. Landmark discrimination learning in the dog:
effects of age, an antioxidant fortified diet, and cognitive strategy.
Neurosci Biobehav Rev 2002, in press.
[54] Milgram NW, Head E, Wiener E, Thomas E. Cognitive functions
and aging in the dog: acquisition of non-spatial visual tasks. Behav
Neurosci 1994;108(1):57–68.
[55] Milgram NW, Zicker SC, Head E, Muggenberg BA, Murphey H,
Ikeda-Douglas C, et al. Dietary enrichment counteracts age-associated
cognitive dysfunction in canines. Neurobiol Aging, in press.
[56] Multhaup G. Amyloid precursor protein, copper and Alzheimer’s
disease. Biomed Pharmacother 1997;51:105–11.
[57] Nakamura S, Tamaoka A, Sawamura N, Kiatipattanasakul W,
Nakayama H, Shoji S, et al. Deposition of amyloid-␤ protein (A␤)
subtypes [A␤40 and A␤42(43)] in canine senile plaques and cerebral
amyloid angiopathy. Acta Neuropathol 1997;94:323–8.
[58] Neilson JC, Hart BL, Cliff KD, Ruehl WW. Prevalence of behavioral
changes associated with age-related cognitive impairment in dogs. J
Am Vet Med Assoc 2001;218(11):1787–91.
[59] Osetowska E. Morphologic changes in the brains of old dogs.
Neuropatol Polska 1966;4:97–110.
[60] Papaioannou N, Tooten PCJ, van Ederen AM, Bohl JRE, Rofina
J, Tsangaris T, et al. Immunohistochemical investigation of the
brain of aged dogs. I. Detection of neurofibrillary tangles and of
4-hydroxynonenal protein, an oxidative damage product, in senile
plaques. J Protein Fold Disord 2001;8:11–21.
[61] Petersen RC. Aging, mild cognitive impairment, and Alzheimer’s
disease. Neurol Clin 2000;18(4):789–806.
[62] Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos EG, Kokmen
E. Mild cognitive impairment: clinical characterization and outcome.
Arch Neurol 1999;56(3):303–8.
[63] Praticò D, Uryu K, Leight S, Trojanoswki JQ, Lee VM. Increased
lipid peroxidation precedes amyloid plaque formation in an animal
model of Alzheimer amyloidosis. J Neurosci 2001;21(12):4183–7.

[64] Prior R, D’Urso D, Frank R, Prikulis I, Wihl G, Pavlakovic G.
Canine leptomeningeal organ culture: a new experimental model
for cerebrovascular beta-amyloidosis. J Neurosci Meth 1996;68:
143–8.
[65] Ruehl WW, Bruyette DS, DePaoli A, Cotman CW, Head E, Milgram
NW, et al. Canine cognitive dysfunction as a model for human agerelated cognitive decline, dementia and Alzheimer’s disease: clinical
presentation, cognitive testing, pathology and response to 1-deprenyl
therapy. Prog Brain Res 1995;106:217–25.
[66] Russell MJ, Bobik M, White RG, Hou Y, Benjamin SA, Geddes
JW. Age-specific onset of beta-amyloid in beagle brains. Neurobiol
Aging 1996;17:269–73.
[67] Satou T, Cummings BJ, Head E, Nielson KA, Hahn FF, Milgram
NW, et al. The progression of beta-amyloid deposition in the frontal
cortex of the aged canine. Brain Res 1997;774:35–43.
[68] Selkoe DJ, Bell DS, Podlisny MB, Price DL, Cork LC. Conservation
of brain amyloid proteins in aged mammals and humans with
Alzheimer’s disease. Science 1987;235:873–7.
[69] Socci DJ, Crandall BM, Arendash GW. Chronic antioxidant treatment
improves the cognitive performance of aged rats. Brain Res
1995;693(1/2):88–94.
[70] Su M-Y, Head E, Brooks WM, Wang Z, Muggenberg BA, Adam
GE, et al. MR imaging of anatomic and vascular characteristics
in a canine model of human aging. Neurobiol Aging 1998;19(5):
479–85.
[71] Thomas RK, Frost T. Oddity and dimension-abstracted oddity (DAO)
in squirrel monkeys. Am J Psychol 1983;96:51–64.
[72] Torp R, Head E, Milgram NW, Hahn F, Ottersen OP, Cotman
CW. Ultrastructural evidence of fibrillar ␤-amyloid associated with
neuronal membranes in behaviorally characterized aged dog brains.
Neuroscience 2000;93(3):495–506.
[73] Voytko M. Impairments in acquisition and reversals of twochoice discriminations by aged rhesus monkeys. Neurobiol Aging
1999;14(6):635–6.
[74] Walker LC. Animal models of cerebral beta-amyloid angiopathy.
Brain Res Rev 1997;25:70–84.
[75] Warren JM. The behavior of carnivores and primates with lesions in
the prefrontal cortex. In: Warren KJMAA, editor. The frontal granular
cortex and behavior. New York: McGraw-Hill, 1964. p. 168–91.
[76] Wegiel J, Wisniewski HM, Dziewiatkowski J, Tarnawski M,
Nowakowski J, Dziewiatkowska A, et al. The origin of amyloid in
cerebral vessels of aged dogs. Brain Res 1995;705:225–34.
[77] Wegiel J, Wisniewski HM, Soltysiak Z. Region- and cell-type-specific
pattern of tau phosphorylation in dog brain. Brain Res 1998;802:259–
66.
[78] Wisniewski H, Johnson AB, Raine CS, Kay WJ, Terry RD. Senile
plaques and cerebral amyloidosis in aged dogs: a histochemical and
ultrastructural study. Lab Invest 1970;23:287–96.
[79] Wisniewski HM, Wegiel J, Morys J, Bancher C, Soltysiak Z, Kim KS.
Aged dogs: an animal model to study beta-protein amyloidogenesis.
In: Maurer AHBPRK, editor. Alzheimer’s disease. Epidemiology,
neuropathology, neurochemistry and clinics. New York: Springer,
1990. p. 151–67.
[80] Wisniewski T, Lalowski M, Bobik M, Russell M, Strosznajder J,
Frangione B. Amyloid beta 1–42 deposits do not lead to Alzheimer’s
neuritic plaques in aged dogs. Biochem J 1996;313:575–80.
[81] Youdim KA. Short-term dietary supplementation of blueberry
polyphenolics: beneficial effects on aging brain performance and
peripheral tissue function. Nutr Neurosci 2000;3:383–97.

