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Abstract
The following review was constructed as a concept paper based on a recent workshop on
neurodegenerative disease sponsored by the National Institute on Aging (NIA), the American
Geriatric Society (AGS), and the John A. Hartford Foundation. The meeting was entitled “Thinking,
moving and feeling: Common underlying mechanisms? 4th Annual Bedside-to-Bench Conference”
and had the purpose to connect current basic and clinical findings on common brain-related alterations
occurring with aging such as depression, movement disorders, and cognitive decline. Many
prominent researchers expressed their opinion on aging and it was revealed that age-related brain
dysfunction of any kind seems to share several risk factors and/or pathways. But can something be
done to actively achieve “successful aging”? In this review, based largely on the workshop and current
literature, we have summarized some of the current theories for depression, movement and cognitive
impairment with aging, as well as potential preventive measures. We have also summarized the
emerging need for relevant animal models and how these could be developed and utilized.
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“Thinking, Moving, Feeling”: What Do They Have in Common?
Aging has been associated with an increased risk of developing depression (Late Life
Depression, LLD) and neurodegenerative diseases such as Alzheimer's disease (AD) and
Parkinson's disease (PD) [1]. Both AD (classically defined as a cognitive disorder) and PD
(typically described as a movement disorder) are associated with increased risk for depression
and other commonalities such as similar risk factors and age distribution. Furthermore, as AD
and PD progress, it becomes evident that their symptoms are not limited to one neurotransmitter
system. Because of these findings, investigators have started to investigate the possibility of a
biological and/or clinical connection between the triad of symptoms (emotion, cognition and
movement). This analysis was the core of a recent workshop on neurodegenerative disease
sponsored by the National Institute on Aging (NIA), the American Geriatric Society (AGS),
and the John A. Hartford Foundation. The meeting was entitled “Thinking, moving and feeling:
Common underlying mechanisms? 4th Annual Bedside-to-Bench Conference” and had the
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purpose to connect current basic and clinical findings on common brain-related alterations
occurring with aging such as depression, movement disorders, and cognitive decline.

Although it is understood that more people develop depression with normal aging, the
biochemical or morphological basis for this is not known. It could potentially be as simple as
reduced neurotransmitter function with age; both serotonin (5-HT) and norepinephrine (NE)
are intimately involved in mood and are known to decline with aging, as well as in AD and PD
patients. In the workshop, David Bennett (Rush University Medical Center) presented data
from the Religious Order Study demonstrating a significant co-morbidity of AD and PD, as
well as a relationship between gait and pathological findings in AD brains such as tangles in
the substantia nigra (SN), regardless of PD diagnosis/pathology [2,3]. It is also interesting to
note that brain-stem NE neurons have been said to degenerate prior to the cholinergic (ACh)
neurons in AD and prior to SN dopamine (DA) neurons in PD [4]. Thus, clinical and basic
science studies both unequivocally suggest that AD and PD are complex disorders with
common pathology and symptomatology. But it is not clear how these processes converge, or
why certain individuals develop one or the other, or why both AD and PD seem to be connected
to mood alterations in general.

One possible explanation may be that mood in general, and on a deeper level personality, drives
the other functions (cognition and movement) negatively or positively. Studies of centenarians
have clearly shown that unifying factors of these “successful agers” are optimism and strong
social interactions [5,6]; thus, a strong social network and a positive outlook on life might be
the key to help avoid age-related impairment in cognition and/or movement. It is difficult to
perform “mood” studies in animal models, but it is possible to link clinical studies to findings
regarding environmental enrichment and its powerful effects on animals. Our group and others
have shown that environmental enrichment can reduce age-related memory loss, increase
cholinergic markers, hippocampal neurogenesis, and growth factors, and also reduce microglial
activation in the aged brain [7-9]. This may be as close to “happiness” and social interaction
as we can get in animal models and also clearly shows the importance of quality of life even
among animals. If possible, factors such as motivation should be examined in animal models
to determine its role on movement and cognitive performance.

Clinical studies have shown that there is also a connection between cognitive and movement
testing in aged individuals. In a presentation by Jeffrey Hausdorff (Harvard University, MA),
it was demonstrated that when older adults were presented with a dual task (walking and
cognition) and were offered help with one of the tasks, they tended to first choose a walking
aid rather than a memory aid. Further, patients with AD were more likely to have stride
alterations when asked to perform dual tasks and patients with early PD demonstrated freezing
in pedaling or walking exercises when presented with a simple cognitive task [10]. Pamela
Duncan from Duke University presented data demonstrating that stroke victims undergo a
significant reorganization of cortical function on parallel cognitive tasks leading to effects on
movement. Based on these findings it was suggested that the “brain reserve”, when depleted
in one functional modality such as movement, can “leak” and have effects on other functional
modalities. Other studies have shown that plaque formation can be altered by exercise in mouse
models of AD, suggesting that activity can certainly reorganize the brain even in terms of
pathological alterations [11]. Thus, the aged brain is trying, albeit sometimes unsuccessfully,
to repair itself and neuronal networks still have some plasticity even after a major ischemic
event or degenerative process.

What are some of the physiological processes leading to these age-related brain dysfunctions?
It is well known from animal and human studies that movement disorders and memory loss
associated with aging have some of the same pathological hallmarks, but starting in different
brain regions and involving different neuronal circuits. Among the best described are: protein
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aggregation, oxidative stress, microglial activation and specific neurotransmitter loss (see
below and Fig. 1). There are also primary factors that can affect the aging brain and have severe
implications for normal everyday function, such as sleep disturbances, sedentary lifestyle, high
blood pressure, metabolic syndrome, obesity, and diabetes. Studies have shown that all of the
above can be considered risk factors for both AD and PD [12-15]. All of these are unfortunate
side effects of modern society, undoubtedly leading to a surge in these diseases in future aged
generations.

To summarize, it is clear that mood, cognition, and movement functions are all affected by the
normal aging process, and are at least partially the result of convergent pathways. Future studies
need to take into consideration these co-morbidities, and relevant animal models have to be
developed. There is an imminent need for more standardized animal models, both in regards
to movement and cognitive testing. For example, when investigating an animal model for PD,
it is important to examine not only movement behavior but also the effects of depletions and/
or treatment paradigms on cognitive and, if possible, mood parameters such as motivation.
Most often, studies on animal models of PD do not include analysis of memory performance
or attention/motivation even though dopamine (DA) has strong effects on working memory,
and many patients with PD undergo significant decline in cognitive function.

Pathological Markers for Age-Related Neurodegenerative Complex
It is well known that basal forebrain cholinergic (ACh) neurons and mesencephalic DA neurons
deteriorate with normal aging, and a specific loss of these neurons is seen in AD and PD,
respectively. Both of these neuronal populations are spontaneously active
electrophysiologically with high-energy demands and rapid metabolism. In addition,
monoamines are highly reactive molecules and it is thought that excessive adaptation in DA
neurons to age-related or disease-related cell loss can actually exacerbate the DA degeneration
seen in Parkinson's disease due to increased intracellular dopamine levels [16]. Studies from
animal models as well as humans with degenerative disease have shown a progressive increase
in oxidative stress and mitochondrial damage in these two neuronal populations with aging
[17-19]. Some investigators, like workshop participant Eric Schon (Columbia University),
proposed that mitochondrial dysfunction is the key pathological process giving rise to both AD
and PD. Yet, is oxidative stress a cause or a result of the mitochondrial dysfunction? This is
also one of the key questions in research of AD and PD today. Adding to that pathological
picture, the basal forebrain and mesecephalon have an unusually high density of microglial
cells, which are increasingly activated with both normal aging and degenerative diseases
[20]. Neuroinflammation is a key factor of aging, and studies suggest that pro-inflammatory
cytokines can accumulate progressively throughout life. An interesting example of this life-
long event is that a one-time prenatal exposure to an endotoxin such as lipopolysaccharide
(LPS) during a sensitive embryonic developmental stage gives rise to a loss of DA neurons
coupled with increased “inflammatory state” in the brain throughout life [21]. Based on these
studies and others, an intriguing question is whether the infections we contract during our
lifetime, both before and after birth, in combination with a slow escalation/accumulation of
cytokines or other inflammatory triggers finally results in movement or cognitive impairments
with aging (see Fig. 2 below). It is possible that inflammatory processes during fetal
development could be the cause of AD and PD many decades later. This could be caused by
for example bacterial vaginosis during a specific stage of fetal development, as discussed
above. Both AD and PD exhibit elevated microglial activation, increased cytokine levels, and
common inflammation-related risk factors. Infarction and other cerebrovascular diseases are
high risk factors for AD. It is likely that ischemic events give rise to a break in the blood-brain
barrier, in turn leading to increased levels of cytokines in brain parenchyma. Nonhuman
primate studies have shown microglial activation in the SN persisting many years after a single
exposure to the DAergic neurotoxin 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine (MPTP; see
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[22]) that induces a long-term parkinsonian syndrome [23] suggesting that neurotoxins can
also trigger a persistent inflammatory state. As described above, there are parallel events in
basal forebrain and SN with aging, as well as in specific neurodegenerative diseases. Another
interesting parallel between AD and PD is the conspicuous and early loss of locus coeruleus
(LC) noradrenergic (NE) neurons [4] compared to the steady, slow decline of NE during normal
aging. Animal studies have demonstrated that systemic LC denervation leads to elevated
microglial activation in areas innervated by NE neurites, including the basal forebrain and SN,
suggesting that NE innervation is a regulator of microglial activity in certain regions of the
brain. Apart from a common loss of both serotonergic and LC-NE neurons, both PD and AD
also include loss of basal forebrain cholinergic neurons, again showing converging pathways
in development of these two neurological diseases [24,25].

These many commonalities in pathological cascades between PD and AD may simply be
different manifestations of the same disease or accelerated processes occurring with normal
aging. But it is uncertain why certain individuals get one or the other, or a combination of both
[2,3,18]. A possible explanation could be, for example, polymorphisms in growth factor
expression. Studies have shown that individuals with AD have altered brain-derived
neurotrophic factor (BDNF) and nerve growth factor (NGF) levels and may also express BDNF
polymorphisms [26], studies of PD patients have primarily reported alterations in BDNF and
glial cell line-derived neurotrophic factor (GDNF) levels [27], showing an interesting overlap
but partial selectivity in growth factor alterations. BDNF is a growth factor for serotonergic,
NE, DA, and ACh basal forebrain neurons [28-31] and is therefore a strong candidate for
degeneration occurring in both of these diseases. We have recently demonstrated that mice
with a partial deletion of the GDNF gene exhibit progressive motor dysfunction and DA cell
loss with aging [32], and possibly also a parallel loss in spatial memory, presenting an
interesting model to pursue for examination of convergent brain dysfunction with age. Recent
work has suggested that BDNF and NGF may have cleavage alterations from their larger pro-
neurotrophins with aging or neurodegenerative disease [33,34]. In vitro studies have suggested
that pro-NGF and pro-BDNF can in fact be damaging rather than protective for neurons, via
signaling through the sortilin/p75 receptor complex [35], suggesting that age-related
degenerative disease may be aggravated by a large-scale problem with protein cleavage,
trafficking, aggregation, and/or degradation. The many similarities in growth factor regulation,
as well as inflammatory and oxidative stress indicators that are found in animal models suggest
that we should look for commonalities in behavioral assessments, treatments and biological
mechanisms of disease. It would be interesting to focus future studies on why this happens in
certain individuals, what underlies an inclination towards cholinergic vs. DAergic degeneration
in certain individuals, and if there are early markers that can be utilized to design treatment or
prevention paradigms that would address the entire triad of symptoms described above.

Genetic Factors for Aging and Longevity
Genetics have been said to account for at least 30% of longevity in animal models and in
humans. It is thought that a general stability of gene expression, as well as the expression of
more specific longevity genes, is associated with longevity both in animal models and in
humans [36,37]. Interestingly, caloric restriction leads to more stable gene expression than
normally fed aged animals, and involves elevated expression of longevity-related genes as well
[38-40]. Caloric restriction increases the life span, as well as health span (ie. length of life
without major pathological processes, see Fig. 2 below) of many organisms, from yeast to
mammals. In yeast, one life span gene affected by caloric restriction is Sir2 (silent information
regulator 2), and in mammals, the ortholog of Sir2 is Sirt1. Caloric restriction activates Sirt1
to inhibit peroxysome proliferator-activator receptor gamma (PPARgamma) receptor, which
is a nuclear receptor promoting adipogenesis, leading to lipolysis and loss of fat. Thus, lowering
of adiposity appears to be one mechanism whereby caloric restriction affects life span [40]. It
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should be noted that PPARgamma agonists have anti-inflammatory properties, suggesting that
decreased PPARgamma activity may also affect caloric restriction positive effects [41]. It is
possible that neuroprotective and anti-inflammatory effects of the LC-NE neurons noted above
may be mediated via the PPAR receptors as well, according to recent data from Feinstein and
collaborators [42], thus providing a possible substrate for NE effects on neuro-inflammation.

Obesity and sedentary life-styles are known risk factors for most age-related diseases, as
discussed above. With our current “epidemic” of obesity in the United States, we are sure to
see a surge of cardiovascular and metabolic diseases, such as diabetes and, accordingly, a
shortening of life span in the next generations. Based on the risk factors discussed above, we
most certainly will see a surge in neurodegenerative diseases as well. Specific genetic factors
have been discovered in a subset of AD and PD patients; at least 5-10% of patients have
mutations proven to play a role in incidence as well as age of onset. Martin et al. [43] found
that the offspring of centenarians were less likely to have age-related diseases. By comparing
the genetic profile of the offspring with age-matched controls, three candidate genes for
longevity were identified; all of which are involved in regulation of large membrane
lipoproteins.

In summary, there are genetic factors for age-related diseases and for longevity itself, but there
are also risk factors that can alter the outcome considerably. Clinical and animal studies have
shown that factors which affect oxidative stress, inflammation, adiposity, and cholesterol
levels, trafficking, and metabolism can have significant effects on outcome and progression of
neurodegenerative diseases. It appears overall that prevention rather than treatment is more
effective when it comes to reducing the risk and progression of age-related degenerative
complexes (see Fig. 2 below).

Prevention of Age-Related Motor Dysfunction and Cognitive Impairment: Is
it Possible?

The baby-boomers, who have started to turn 60, grew up during the post-WWII era. Growing
up, the majority of these individuals were not exposed to the super-sized meals and sedentary
life-style which has become characteristic of the current western societies in the last two
decades. As a result of this, studies show that they age relatively successfully. This is shown
by epidemiological data; rate of older adults residing in nursing homes as well as those with
disabilities have decreased. This may not be the case of future elderly: We do not yet know the
long-term population effects of trans-fat diets, excessive television viewing, or video games.
Today, thirty percent of school children eat fast food at least once every day in the United
States, and it is not known whether this will have effects on incidence of depression, AD, and
PD, as well as other age-related disorders, as they age. We live in a reactive society, not a
preventive society - when we see the damage we will try to repair damages rather than prevent
them, but it may be too late. There is a wealth of information suggesting that preventive
strategies for neurodegenerative disorders may be more successful than treatments that exist
today, primarily because of the fact that behavioral problems do not manifest until a majority
of neurons are already dysfunctional or have undergone cell death, and general disease
processes in the brain are already rampant (see Fig. 2 below). If we are focusing on health span
instead of life span, it is clear that a number of preventive therapies will enhance quality of life
for several, if not many, decades in the patient and these are discussed below.

Antioxidant foods, such as spirulina, blueberries, spinach, and strawberries, have been shown
to have remarkable effects on cardiovascular disease, cancer, stroke, AD, and PD in both
humans and animal models [44-46,17]. Nutritional derivatives such as the active ingredients
in green tea, resveratrol in grapes and red wine, and polyphenols in blueberries have also been
shown to modulate oxidative stress factors and sometimes also microglial activation in vitro
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and in vivo [47,48]. We have recently performed studies of Vitamin E effects on pathology
and behavior in a mouse model of Down's syndrome, the Ts65Dn mouse [49]. This model can
give some answers regarding AD as well, since individuals with Down's syndrome develop
pathological hallmarks of AD with age. We found that Vitamin E treatment from 4-8 months
of age gave rise to effective prevention of cholinergic cell loss, oxidative stress, and cognitive
impairment occurring with age in the Ts65Dn mouse. We have previously reported similar
results in the same mouse, using the tetracycline derivative minocycline [50]. Thus, it is
possible to prevent significant cognitive impairment at least in animal models, with antioxidant
or anti-inflammatory treatment at the right time in the disease process. These data clearly show
the powerful effects of preventive treatment and the “spillover” effect of antioxidants or anti-
inflammatory supplements on the process not directly targeted. It is possible that finding earlier
biomarkers for AD or PD could therefore be utilized to design a prevention strategy for human
conditions as well. Further, it would be interesting to utilize animal models to examine effects
of these preventive factors on depression or motivation possibly preceding motor dysfunction
and/or cognitive impairment.

Another well-studied prevention factor is exercise, and studies by Cotman and collaborators
[51] have shown that moderate exercise gives rise to elevated brain BDNF levels, which in
turn can overcome age-related cognitive impairment. Michael Zigmond and collaborators have
performed seminal studies showing that exercise can affect both memory and motor function
in animal models [52]. Several groups have recently demonstrated significant benefits of
aerobic exercise for slowing the progression of AD, at least in terms of activities of daily living
(ADL) and some cognitive measures [53,54], suggesting that exercise may also have significant
preventive measures in humans with neurodegenerative diseases. Since physicians have been
prescribing exercise programs as a documented intervention for cardiovascular disease for
some time now, perhaps utilizing this paradigm should also be strongly considered for the
prevention of neurodegenerative disorders. It would be possible, for example, to assign in-
house “health coaches” to work with afflicted individuals to improve compliance.

Summary
Recent findings suggest that both clinical and animal studies should more carefully consider
the triad of symptoms often occurring in the age-related neurodegenerative complex
(depression, movement, and cognitive impairment). More appropriate and inclusive animal
models need to be developed, taking into consideration the complex processes leading to
depression, memory loss, and motor dysfunction in the elderly. Powerful studies have shown
effective preventive measures for this triad of symptoms: should efforts be focused on these
preventive life-style changes, and be prescribed to patients with AD and PD, such as is the case
for cardiovascular disease? These are challenging issues that could represent a truly
translational research effort.
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Fig. (1).
Age-related neurodegenerative complex can be caused by a number of different factors,
isolated or in combination. While aging itself is the most common denominator, oxidative
stress, inflammation and protein aggregation, for example, are all part of the common pathology
seen in PD and AD patients. Studies on movement disorders or memory loss with aging should
include at least minimal studies on the other modalities described as well (and listed above in
this figure), to reach further understanding of this common co-morbidity in the aged population.
For example, most animal models for PD are not tested for cognitive loss or loss of motivation
or attention, studies that would definitely add to the validity for future clinical treatment and
for more successful drug development.
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Fig. (2).
Aging leads to a series of parallel processes, which all affect behavior to different extents.
Inflammation, oxidative stress and reduced neuronal function can all have detrimental
outcomes on “thinking, moving, feeling”. As the oxidative stress and inflammation increase
and neuronal function decreases with age, eventually the individual will develop clinical
symptoms. It is important to note, though, that symptoms do not occur (“asymptomatic”) until
significant damage has already occurred and the individual crosses the threshold (green bar).
It is not known why certain individuals are prone to AD rather than PD, or why certain
individuals have PD earlier in life than others. Better animal models are needed to explore
these processes.
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