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What is the neurocognitive basis for the considerable individual differences observed in
functioning of the adult mind and brain late in life? We review the evidence that in healthy old
age the brain remains capable of both neuronal and cognitive plasticity, including in response to
environmental and experiential factors. Neuronal plasticity (e.g., neurogenesis, synaptogenesis,
cortical re-organization) refers to neuron-level changes that can be stimulated by experience.
Cognitive plasticity (e.g., increased dependence on executive function) refers to adaptive changes
in patterns of cognition related to brain activity. We hypothesize that successful cognitive aging
requires interactions between these two forms of plasticity. Mechanisms of neural plasticity
underpin cognitive plasticity and in turn, neural plasticity is stimulated by cognitive plasticity. WWe
examine support for this hypothesis by considering evidence that neural plasticity is stimulated
by learning and novelty and enhanced by both dietary manipulations (low-fat, dietary restriction)
and aerobic exercise. We also examine evidence that cognitive plasticity is affected by education
and training. This is a testable hypothesis which could be assessed in humans in randomized trials
comparing separate and combined effects of cognitive training, exercise, and diet on measures
of cognitive and brain integrity. Greater understanding of the factors influencing the course of
cognitive aging and of the mechanisms underlying those factors could provide information on

which people could base choices that improve their ability to age successfully.

Keywords: aging, cognition, adaptation, plasticity, diet, exercise, cortex

INTRODUCTION

There has recently been something of a sea change in research on
cognitive aging. Following decades of work that focused relentlessly
and narrowly on age-related cognitive decline, there is now increas-
ing interest in behaviors and factors that can ameliorate the course
of cognitive and brain aging. It is well recognized that on average
older individuals perform more poorly than younger individuals
on selected cognitive functions. However, such decline is not uni-
versal. Across a range of species — rats, monkeys, and humans — a
sizeable subset of older individuals do not succumb to cognitive
or brain decline (Willis and Schaie, 1986; Rapp and Amaral, 1991;
Gallagher etal., 1993; Lee et al., 1994; Glisky et al., 2001). Moreover,
even in old age the brain remains capable of plasticity — ability to
change neurons and networks in response to experience (Kleim
et al., 2003). The apparent persistence of plasticity late in life may
provide some protection against age-related cognitive decline. If
the mechanisms of plasticity were better understood, they could
be exploited to guide interventions aimed at limiting or reversing
age-related cognitive decline.

The neural substrate of cognitive aging is not understood.
Although cortical shrinkage occurs with age, such shrink-
age is unrelated to cognitive change. Several research groups
have attempted to relate regional cortical shrinkage to longi-
tudinal cognitive change and found either an inverse relation
or no relation (Rodrigue and Raz, 2004; Van Petten, 2004; Van
Petten et al., 2004). Looking longitudinally over 5 years, shrink-
age in neither hippocampus nor prefrontal cortex was related
to cognitive change over the same period. Only shrinkage in

entorhinal cortex, known to be the initial site of pathology of
AD, was related to memory change (Rodrigue and Raz, 2004).
Similarly, neuron loss in aging is minimal. Although for many
years, age-related neuron loss was reported, the use of newer, un-
biased, stereological techniques for counting neurons revealed
no significant neuron loss in old age (reviewed in (Morrison and
Hof, 1997). Although cross-sectional studies show near linear
decline in many cognitive functions from young to old adult-
hood (Park et al., 2002), white matter actually increases over the
same age range (Bartzokis, 2004). Synapse loss occurs only late
in life after age 65 or so (reviewed in Masliah et al., 2006) and
is reversible (reviewed in Greenwood, 2007). Effects of aging on
biophysical properties of neurons are selective and subtle, seen
only in specific brain regions and cell types (Burke and Barnes,
2006). Dopamine neurotransmission has been found to influence
working memory performance, in a way that varies with age but
also varies with cognitive performance regardless of age (Volkow
et al., 1998; Backman et al., 2000). Thus, the substrate of cogni-
tive aging is not known. One source of the difficulty in relating
brain structure to cognitive change in old age may be the brain’s
ability to adapt. In light of evidence that plastic changes leading
to improved function after training can occur even following
stroke (Taub et al., 2002; Ro et al., 2006), plastic changes may be
ongoing, even in the face of cortical shrinkage and white matter
damage. As reviewed below, there is evidence for such adaptation
in old age in the heightened activation of cortical regions sup-
porting executive resources, claimed to occur as compensation
(Grady, 1996; Grady et al., 2005; Wingfield and Grossman, 2006).
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Understanding the plasticity mechanisms that may contribute
to individual differences in cognitive aging is critical if we are
to develop ways and means of ameliorating it.

NEURONAL AND COGNITIVE PLASTICITY: ANEUROCOGNITIVE
HYPOTHESIS FOR AMELIORATION OF COGNITIVE AGING

We hypothesize that successful cognitive aging requires interactions
between neuronal and cognitive plasticity, with the interactions being
stimulated by environmental demands and supported by factors
which enhance brain integrity. Neuronal plasticity refers to changes
at the neuronal level known to be stimulated by experience, e.g.,
neurogenesis, synaptogenesis, dendritic arborization, and network
re-organization. Cognitive plasticity refers to changed patterns of
cognitive behavior, e.g., greater susceptibility to distractors, and
dependence on executive control, both known to be increased in
aging. Manifestations of cognitive plasticity depend upon neural
plasticity mechanisms. We further argue that in the absence of dis-
ease, factors that enhance this interactive process can promote both
cognitive integrity (preserved cognitive ability) and brain integrity
(preserved brain structure) in healthy old age. An important factor
is exposure to novel experiences. There is substantial evidence that
novelty detection is an important trigger in memory formation
(Straube et al., 2003). Consistent with our claim that novelty can
trigger plastic changes is evidence that environmental enrichment —
associated with both improved cognitive performance and increased
brain weight and cortical plasticity (reviewed in Grossman et al.,
2003) — has no additional brain or cognitive effects 6 months after
initiation (Kempermann and Gage, 1999). This indicates that the
novelty of the new environment was the factor that induced the
resultant brain and cognitive changes. Also consistent is evidence
that new learning must occur for newborn neurons to survive
(Mouret et al., 2008; Waddell and Shors, 2008). Like neuronal plas-
ticity, cognitive plasticity may similarly thrive on novelty, although
this remains a speculative hypothesis at present. To the extent that
cognitive plasticity requires changed cognitive strategies and new
learning, it may also be subject to individual motivation and cir-
cumstances. If so, to age successfully, the individual may need to
be exposed to novel cognitive demands (e.g., voluntarily learn new
material and skill and experience new challenges) in order to fully
benefit from mechanisms of neural and cognitive plasticity. In sum,
we propose that if an adult brain (a) retains normal mechanisms of
neuronal plasticity, (b) is stimulated by novelty (new experiences,
including learning), (c) has sustained neural integrity supported
by diet and exercise and other factors, then it will be able to adapt
cognitively and age successfully.

We next consider the empirical support for our hypothesis. First,
we consider the evidence that the capability for neuronal plasticity
continues late in life. Next, we consider the evidence that cognitive
plasticity occurs late in life. We then evaluate our hypothesis in light
of evidence that education and training experiences are associated
with increased neural plasticity, improved cognitive performance,
and brain changes. We also evaluate our hypothesis in light of
evidence that certain voluntary behaviors and experiential factors
appear to stimulate and sustain neural plasticity (types of diet, and
exercise) and are associated with improved cognitive functioning.
Finally, we consider testable predictions of the hypothesis and direc-
tions for future research.

NEURONAL PLASTICITY IN OLD AGE

Mattson has argued that neurons and glia respond to environmental
stressors in aging by either adapting or succumbing, with adaptation
associated with successful aging (Mattson et al., 2002). The aging
brain can adapt through cellular defense mechanisms— DNA repair,
release of neurotrophins, and promotion of neurogenesis (Anderson
etal., 2001) —but also through the capability of dendrites and syn-
apses to change in response to environmental demands (Chklovskii
etal.,2004). Recent animal work suggests that certain plastic changes
(expanding and contracting of dendrites) can occur over weeks
(Lee et al., 2006). Moreover, such changes have been seen following
forelimb training, during which spines form rapidly on dendrites of
pyramidal neurons in contralateral motor cortex (Xu et al., 2009).
Also important to our hypothesis, synaptogenesis is promoted by
novelty. Compared to control animals, rats that learned a maze but
also those that only swam in the maze for the same amount of
time showed larger neuronal responses to stimulation and greater
dendritic tree complexity. The authors concluded that the novelty of
having to swim and explore on a daily basis affected synaptogenesis
in adult-generated neurons (Ambrogini et al., 2007).

Another potential mediator of neuronal plasticity could be
change in neural networks. Reorganization of cortical circuits is
seen following sensory loss (Florence et al., 1998) and following
frank brain damage when neurons near the lesion take over func-
tion (Engelien et al., 1995; Taub et al., 2002; Ro et al., 2006). In
monkeys, axon sprouting has been seen from near an ischemic
injury to a distant target (Dancause et al., 2005). There is imaging
evidence that this occurs in humans as well (Voss et al., 2006).
Moreover, new projections have also been observed in response
to training, in the absence of damage. Novel cortico-cortical pro-
jections with functionally active synapses have been seen to arise
when monkeys are trained in tool-use, but not in naive monkeys
(Hihara et al., 2006).

Neurogenesis is another important mechanism of neural
plasticity. Mammals produce thousands of new hippocampal
granule cells each day throughout life (van Praag et al., 1999).
This is seen even in aged animals (van Praag et al., 2005), and
aged humans (Eriksson et al., 1998; Curtis et al., 2003, 2007).
Despite initial skepticism about the existence of neurogenesis
(Rakic, 1985) in adult animals (Das and Altman, 1971), there
is now a consensus that adult neurogenesis occurs in all mam-
malian species studied. Established “neurogenic” regions are the
dentate gyrus of the hippocampus, the subventricular zone (the
source of neocortical neurons in development), and the olfac-
tory lobe. There is still debate on whether neurogenesis takes
place in adult mammalian neocortex (Gould and Gross, 2002;
Rakic, 2002; Bhardwaj et al., 2006). Importantly, it appears that
newborn neurons can create functional connections. Several
experimental approaches, including microscopic imaging and
electrophysiology have clearly demonstrated that these newly
formed neurons not only exhibit all the characteristics of func-
tional neurons but that they are integrated into existing networks
in which they actively participate, expressing postysnaptic poten-
tials and spontaneous action potentials (Englund et al., 2002;
Song et al., 2002; Kokoeva et al., 2005) and receiving excitatory
and inhibitory inputs from the established neuronal network
(Toni et al., 2008).
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Summary

There are a number of mechanisms in the adult brain that allow
plastic change. Even late in life, human brains are capable of both
neurogenesis and functional recruitment of neurons adjacent to
a lesion. Thus the older human brain retains the means to be re-
wired, a capability that may be exploited to help limit age-related
cognitive decline.

COGNITIVE PLASTICITY IN OLD AGE

There is evidence from several sources that, late in life, individu-
als either consciously or unconsciously adopt different cognitive
approaches compared to the young. These changes could be con-
sidered compensatory or strategic or both. First, it has long been
acknowledged that older people are more susceptible to distractors,
and this observation is the basis for the well-known “Inhibition”
theory of cognitive aging that has been used to explain age-related
deficits in performance on different cognitive tasks (Hasher et al.,
1991). More recently, however, Hasher and colleagues found evi-
dence that reduced inhibitory processes can confer a benefit to
older adults. They observed a relation between the ability to ignore
apparently irrelevant distractors and the use of those distractors in
a subsequent task (Healey et al., 2008). During the reading of pas-
sages during which participants were instructed to ignore imbedded
italicized words, older people were more slowed than the young by
the presence of those irrelevant words. However, in a subsequent
task in which the irrelevant words were the solution to a problem
(3 weakly related words could be linked if a fourth word was sup-
plied), older people performed better than young (Kim et al.,2007).
It has long been considered a deficit that older people are less able
to ignore distractors then the young. However, when viewed in the
context of other tasks and demands, such increased distractibility
could confer a benefit. Are old people less able to ignore apparently
irrelevant information or have they “learned” over the course of a
long life that sometimes apparently irrelevant information may be
relevant at a different time and/or context? We speculate that the
latter explanation suggests a degree of cognitive plasticity associ-
ated with aging.

Secondly, there is evidence that those who age successfully proc-
ess information differently from young people. Neuroimaging stud-
ies in older adults fairly consistently find bilateral activation of
prefrontal cortex (PFC) on a range of tasks on which young people
activate PFC unilaterally (Reuter-Lorenz et al., 2000; Cabeza, 2002;
Cabezaetal.,2002; Rugg et al., 2002; Morcom et al., 2003; Gutchess
etal.,2005). This was also seen in studies finding weaker activity of
posterior regions but greater activation of anterior regions, notably
PFC, across a range of tasks (Grady et al., 1994; Davis et al., 2008).
Reuter-Lorenz interpreted their finding as revealing a compensa-
tory process in older people, such that both hemispheres are needed
by older people to carry out a task that one hemisphere can do in
young people (Reuter-Lorenz et al., 2000). Others have reported
that the bilateral brain activations seen in older people are linked to
processing effectiveness. In an incidental memory paradigm, Rugg
and colleagues found that although young people activated left PFC
and left BA-20 during word classifications, old people activated
PEC bilaterally. Bilateral activation during word classification was
also related to the success of encoding in an old group (Morcom
et al., 2003). Moreover, bilateral PFC activity was associated with

faster RT (Reuter-Lorenz et al., 2000), also suggesting a benefit
from the additional right PFC recruitment. Older people who were
good at comprehending complex sentences showed reduced left
temporal-parietal activation but greater left dorsal inferior frontal
and right temporo-parietal activation during the task relative to
young people. These regions have been associated with rehearsal
of verbal information in working memory (Chein and Fiez, 2001).
In contrast, those older people who were poorer at comprehen-
sion showed greater activation of dorsolateral PFC (Cooke et al.,
2002), a region linked with general problem solving (e.g., Paulus
et al., 2002).

Also reporting age-related differences in activation during mem-
ory retrieval (but not during encoding), Rypma and D’Esposito
(2000) found no accuracy differences between the groups. However,
they did find that, among the young, faster participants showed less
dorsolateral PFC activation during retrieval than slower participants.
By contrast, older adults showed the opposite pattern, interpreted as
indicating that higher PFC activation is necessary for older adults to
maintain the same level of performance as young people.

Grady and colleagues have argued that a more accurate charac-
terization of the differences is that older adults recruited anterior
regions to compensate for sensory processing deficits in occipito-
temporal regions (Grady et al., 2003). Consistent with that view,
young people with high-IQs compared to those with average IQs
showed greater activity in prefrontal and parietal areas on difficult
trials of a working memory task (Gray et al., 2003). The same inves-
tigators also found that the well-established association between
self-control and higher IQ is mediated by activity in anterior pre-
frontal cortex (Shamosh et al., 2008). We have argued that a gradual
shift from a bottom-up, stimulus-driven strategy in the young to a
more top-down, controlled strategy directed from prefrontal areas
in the old is the normal developmental course (Greenwood, 2007).
This represents a second aspect of cognitive plasticity in aging.

Summary

There is human evidence that: (a) Activation of PFC is associated
with higher IQ; (b) On average, older adults who activate PFC more
extensively appear to benefit cognitively from that strategy. This
suggests that, with age, there is increasing reliance on the executive
functions associated with PFC and, further, that a cognitive benefit
is associated with that increased reliance.

NOVEL COGNITIVE EXPERIENCES IN YOUTH STIMULATE
NEURAL PLASTICITY MECHANISMS AND EXERT BROAD
BENEFITS ON COGNITION

We have reviewed studies that provide compelling evidence that
neuronal plasticity mechanisms are retained in aged human brains,
as well as studies that indicate the existence of cognitive plasticity
in older adults. What are the conditions that stimulate mechanisms
of cognitive and neural plasticity? The neurocognitive framework
advanced in this paper states that neural and cognitive plastic-
ity mechanisms interact to produce successful aging. Two sources
of evidence support the hypothesis: (1) Novel cognitive experi-
ences both stimulate mechanisms of neural plasticity and lead to
broad cognitive benefits, even late in life. (2) Factors that stimulate
mechanisms of neural plasticity promote cognitive integrity, even
late in life.
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“EDUCATION" IN YOUNG ANIMALS EFFECTS COGNITIVE AND BRAIN
INTEGRITY

Our hypothesis predicts that experiences that stimulate brain plas-
ticity mechanisms confer benefits on cognition in general, but such
experiences are of greatest importance late in life. There is a large
animal literature documenting the brain and cognitive benefits of
“environmental enrichment” (Rosenzweig and Bennett, 1972). This
refers to a manipulation in which standard laboratory housing (one
animal per cage with food, water, and bedding) is replaced with
large cages containing cage mates along with toys, tunnels, and
hidden food. Such “enriched” housing has been well-documented
to yield changed cortical structure and superior cognitive perform-
ance relative to animals without those housing experiences. The
cortical brain changes are macroscopic, such as increased cortical
thickness and weight, and microscopic, such as increased dendritic
extent and synaptic size (Greenough et al., 1985; Faherty et al.,
2003). Thus experience can change brains both structurally and
functionally. That the effects of environmental enrichment do not
endure beyond about 6 months (Kempermann and Gage, 1999)
suggests that it is the novelty of the experience that stimulates the
brain changes.

Benefits of environmental enrichment are conferred even in
old age (Kempermann et al., 1998; Frick and Fernandez, 2003;
Arendash et al., 2004). For example, Kempermann and colleagues
randomly assigned mice to standard or enriched housing at middle
age (6 months) or old age (18 months out of a 24-month aver-
age lifespan). In the 18-month-old animals, after only 4 weeks of
enrichment there was both a three-fold increase in new neurons
and better performance on a spatial working memory task (Morris
water maze) compared to the same aged animals kept in standard
housing. A confound between exercise and cognitive stimulation
is common to most studies of environmental enrichment. A few
studies that attempted to separate effects of cognitive stimulation
from effects of exercise reported that exercise alone has an effect
on neurogenesis equal to that of enriched housing (van Praagetal.,
1999).

Learning can affect synapse numbers in adults. Chen et al.
(2010) assessed synapse numbers in hippocampal sections after
young adult rats were allowed 30 min of unsupervised learning
by being placed in a novel, complex environment. Learning more
than doubled the number of synapses in the hippocampal CA1b
field. Learning also appears to rescue newborn neurons from pro-
grammed cell death. Although adult neurogenesis occurs even in
older adult humans (Eriksson et al., 1998; Bhardwaj et al., 2006),
many newborn neurons do not survive long (e.g., Takasawa et al.,
2002). Learning of a new skill (eyeblink conditioning) appears to
rescue new neurons from programmed cell death (Leuner et al.,
2004). Consistent with that, induction of long term potentiation
(LTP) - believed to be the neural basis for memory formation —
improves the survival rate of newborn neurons in dentate gyrus
(Bruel-Jungerman et al., 2006). Moreover, several studies have
reported a positive correlation between neurogenesis and learn-
ing a new skill, e.g., the water maze task (Kempermann et al., 1997;
Kempermann and Gage, 2002) (Bruel-Jungerman et al., 2005). Also,
learning can benefit from neurogenesis (Gould et al., 1999; Shors
etal., 2001). Not all studies have observed a relation between new
learning and neurogenesis (Dobrossy et al., 2003) and one study

found an inverse effect (Saxe et al., 2007), suggesting that the
relation may be complex and variable. Nevertheless, there is a grow-
ing literature documenting the importance of adult hippocampal
neurogenesis to learning — including learning pattern separation
(Clelland et al., 2009), a hidden spatial goal (Garthe et al., 2009),
and eyeblink trace conditioning (Dalla et al., 2009).

EDUCATION IN YOUNG HUMANS EFFECTS COGNITIVE AND BRAIN
INTEGRITY

Environmental enrichment in animals translates roughly to for-
mal education in humans, and those with better educations in
childhood decline less cognitively in old age (Colsher and Wallace,
1991) and have lower risk of AD (Yu et al., 1989). Although it
would be difficult to randomly assign humans to an “enriched” or
“impoverished” environment long enough to see brain effects (and
it would not be ethical to do so in children), there have been efforts
to compare brains of people who differ in their level of cognitive
functioning. The brains of high-IQ children, undergo episodes of
cortical thickening and thinning during childhood while cortical
change is more linear in average-IQ children (Shaw et al., 2006).
Consistent with that finding, the brains of high-functioning, but
not average-functioning, older people appear to undergo cortical
thickening in midlife (Fjell et al., 2006). Likewise, a recent study
found that older people who exhibit good retention for new memo-
ries over months showed stable cortical thickness while those with
poorer retention showed cortical thinning (Walhovd et al., 2006).
Brain differences have been seen in functional neuroimaging studies
as well. As reviewed above, there is evidence that increased reliance
on PFC is associated in the young with better working memory
performance (Gray et al., 2003) and higher IQ (Shamosh et al.,
2008).

Formal education also alters brain activity patterns during task
performance. In young adults, more education is associated with
less frontal activation during encoding and recognition memory
tasks while in older adults, more education is associated with greater
bilateral frontal activity (Springer et al., 2005). This suggests that
cognitive strategies change with age and change differentially
according to early life experience (education). Evidence that more
education is associated with greater reliance on prefrontal regions
and better maintenance of cognitive performance late in life is
consistent with our hypothesis that exposure to complexity and
novelty stimulates neural plasticity mechanisms.

EDUCATION (COGNITIVE TRAINING) IN ADULTHOOD CAN CHANGE
COGNITIVE AND BRAIN INTEGRITY

Consistent with our claim that exposure to novelty stimulates neu-
ronal plasticity, learning can change the human brain morphologi-
cally. Human cortical organization changes in response to different
types of perceptual-motor motor training. Novice Braille readers
read with one finger and retain separate representation of each
digit in the appropriately mapped region of somatosensory cortex.
Skilled Braille readers, on the other hand, read with three fingers
held together and have a “smeared” representation of those digits
in their somatosensory cortical map (Sterr et al., 1998). Stringed
instrument players (e.g., violin) who use their left hand on the
strings have an enlarged hand area in the right hemisphere com-
pared to the left (Elbert et al., 1995).
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These findings provide evidence that learning can stimulate
cortical reorganization. However these investigations were obser-
vational studies in which the participants self-selected to be
Braille readers or stringed instrument players. More convincing is
areport of brain changes as a consequence of random assignment
to a motor activity (Draganski et al., 2004). College students were
randomly selected and taught to juggle for 3 months. Their brains
were scanned before training, 3 months after initiation of training,
and 3 months after juggling practice had ceased. Several regions
(intraparietal sulcus and area MT) were found to increase in volume
3 months after beginning juggling and to have decreased in volume
(though not to pre-training levels) 3 months after ceasing to prac-
tice (Draganski etal., 2004). Nor are such changes in brain structure
limited to motor training. Structural brain change in parietal cortex
and hippocampus is detectable during and after 3 months of the
extensive knowledge acquisition required of medical students pre-
paring for their board exams (Draganski et al., 2006).

Formal cognitive training has been employed as a means of
heightening cognitive functioning in old age. In the context of the
hypothesis, cognitive training would be predicted to exert effects
similar to formal education. In older people, nearly all studies have
found that cognitive training benefits the specific cognitive func-
tions that are trained (e.g., Ball et al., 2002; Willis et al., 2006). It
has been harder to show that the benefits of cognitive training
transfer to untrained tasks or to real-world functioning. Willis and
colleagues (Willis and Schaie, 1986; Ball et al., 2002) have been
pioneers in conducting longitudinal cognitive training and assess-
ment of older individuals. After 5 years of annual cognitive training,
compared with the control group, participants who received rea-
soning training (though not those receiving memory or processing
speed training), showed less functional decline in “instrumental
activities of daily living,” with a small effect size (0.29). Formal
cognitive training has also been associated with functional brain
changes. In humans, there is evidence that training is associated
with changed patterns of regional brain activation, particularly of
prefrontal cortex. Kramer’s group have been in the forefront of this
research. They trained older participants on a “useful field of view”
task (requires detection of peripheral events during a demanding
foveal task) and observed training-related increased activation in
right precentral gyrus and right inferior frontal gyrus. Moreover, the
increased activation correlated positively with increased accuracy
over training sessions (Scalf et al., 2007). In another study, the same
group looked at brain activation patterns before and after train-
ing in a dual-task paradigm. A region in dorsolateral prefrontal
cortex showed increased activation after training and in a man-
ner correlated with improved performance (Erickson et al., 2007).
Also reporting brain change associated with cognitive training is
a recent study aimed at reducing distractibility. After 8 weeks of
either distractibility or control training, older individuals under-
going distractibility training showed relatively greater increases in
cerebral blood flow in prefrontal cortex. Moreover, the increase in
blood flow showed a modest association with decreased distract-
ibility on a cross-modal task (Mozolic et al., 2010).

What are the mechanisms underlying these experience-related
morphological and activation changes? An array of plasticity mech-
anisms have been found to be enhanced by experience, including
axon sprouting, dendritic branching, spine growth, and associated

synapses (for a review see Chklovskii et al., 2004). Neurogenesis
may not contribute to cortical change as it appears to occur only
in certain subcortical areas. Non-neural cells could also contribute
to cortical volume changes as exposure to challenging experiences
and learning alters existing glial cells and also up-regulates glio-
genesis in cerebral cortex at the same time and place as neuronal
remodeling (Dong and Greenough, 2004). White matter changes
may contribute to the functional changes observed with cognitive
and motor training. Functional anistrophy (FA) is a measure of the
integrity of white matter microstructure measured in a diffusion
tensor imaging (DTI) scan. Training on a working memory task
was found to be correlated with increased white-matter integrity
(measured in fractional anistrophy, FA) both near the intraparietal
sulcus and in the anterior body of the corpus callosum in young
people (Takeuchi et al., 2010). Similarly, training on a visuo-motor
skill (juggling) was associated with increased FA in white matter
underlying the intraparietal sulcus (Scholz et al., 2009). This work
was carried out in young people, so it is not known if older adults
would show similar plasticity. Nevertheless, the increased integ-
rity of white matter fibers tracts could be a substrate for altered
functional changes by allowing faster transmission between brain
regions. Additional work will be needed to determine if it is signifi-
cant that the cognitive training produced more widespread effects
on white matter than the sensorimotor training.

Summary

Evidence from a range of sources indicates that exposure to novelty
is a key factor in promoting and maintaining mechanisms of brain
plasticity and cognitive integrity. This is seen in environmental
enrichment (complexity) effects even in old animals, and is also
seen in the protective effects of education in childhood on adult
human cognition. It can even be seen when the novel experiences
— in the form of formal training — occur late in life. Novel experi-
ences can change human brains, expanding cortex and increasing
axonal integrity, whether they involve sensorimotor training or
cognitive training.

BEHAVIORS THAT ENHANCE NEURAL PLASTICITY ALSO
IMPROVE COGNITIVE INTEGRITY

Another prediction of our hypothesis is that factors that promote
neural plasticity should result in improved cognitive function
generally — particularly important late in life. In what follows, we
consider the evidence pertaining to this prediction. A number of
factors have been implicated in enhancing neuronal plasticity —e.g.,
physical exercise, diet, estrogen, cognitive—enhancing drugs. We
limit our discussion to physical exercise and diet because there is
good-quality human and animal evidence on these factors.

PHYSICAL EXERCISE

While the benefits of exercise on physical health are well known,
a sizeable body of animal research points to the benefits of exer-
cise on cognition and brain function. Rats given access to run-
ning wheels show improvement in various learning and memory
tasks and neural changes (Cotman and Berchtold, 2002). Studies
conducted in older humans have also pointed to beneficial effects
of aerobic activity on cognitive and brain function (reviewed in
Hillman et al., 2008).
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Physical exercise is associated with improved cognitive
performance in healthy animals, even in old age (van Praag et al.,
2005). Rodents who exercise typically show superior learning on
arange of learning and memory tasks compared to non-exercisers
(Vaynman et al., 2004; van Praag et al., 2005; Nichol et al., 2007).
Exercise also reduces the degree of impairment in spatial learn-
ing in rats associated with a high fat diet (Molteni et al., 2004). A
related line of animal research indicates that cardiovascular exercise
is generally neuroprotective (for a review, see Cotman et al., 2007).
Animals who exercised on a running wheel before an experimental
stroke showed reduced infarct volume and better function after the
stroke (Ding et al., 2006; Hayes et al., 2008). These findings suggest
that exercise confers broad benefits on neuronal integrity.

What mechanisms are involved in the benefits of exercise on
cognition and brain function? Increased neurogenesis in the hip-
pocampus has been consistently observed in exercise interven-
tion studies in animals (van Praag et al., 1999; Trejo et al., 2001).
Exercise-induced increased numbers of new neurons in the hip-
pocampus can occur in young adulthood (van Praag et al., 1999).
More importantly, the same exercise-driven increase can occur in
old age (van Praag et al., 2005). Finally, continued voluntary exer-
cise in rodents has been found to reduce the typical age-dependent
decline in adult neurogenesis that occurs in sedentary animals
(Kronenberg et al., 2006).

Most studies of the effects of physical exercise in humans are
observational, comparing cognitive functioning between groups
who self-select whether and how much to exercise. Despite this
design limitation, similar to the well-controlled animal studies
that use random assignment, human observational studies find
exercise to be associated with cognitive benefits. This has been con-
firmed in several recent meta-analyses (Colcombe and Kramer,
2003; Heyn et al., 2004; Etnier et al., 2006). Colcombe and Kramer
(2003) hypothesized that effects of aerobic exercise on cognition are
specific to executive functioning — a somewhat loosely defined set
of functions characterized by ability to form and carry out plans,
resolve conflicts, etc. In a meta-analysis they found that the larg-
est effects of exercise were seen for tasks dependent on executive
processes, although significant effects were also observed for non-
executive tasks such as spatial processing and perceptual speed.

Kramer and colleagues have also been in the vanguard of studying
effects of exercise on cognition in previously sedentary older people.
After 6 months of random assignment to either aerobic (walking) or
non-aerobic (stretching and toning) supervised exercise sessions for
45 min 3 days a week, those assigned to aerobic exercise (a) performed
better on an executive attention task and (b) showed greater activa-
tion of brain regions associated with working memory (Colcombe
et al., 2004). Smiley-Oyen et al. (2008) conducted a randomized
trial comparing aerobic training with strength training in old people
and also found benefits of aerobic training on tasks dependent on
executive functioning, although their battery was weighted toward
such tasks. Working memory capacity appeared to play a role in
the findings. A similar study found faster RT both immediately and
30 min after aerobic exercise, but not after resistance exercise or rest.
Moreover, the strongest effect was seen on tasks that required greater
working memory capacity (Pontifex etal., 2009). This study is impor-
tant as it shows effects of acute exercise on cognition, suggesting some
overlap in mechanisms with effects of chronic exercise.

Another study in non-demented older people at increased risk
of dementia based on self-assessment of memory problems also
found cognitive benefits of exercise. People randomly assigned to an
aerobic exercise intervention (increase in number of steps (meas-
ured by a pedometer) taken per week over the 24-week interven-
tion period, showed a significant increase in a standardized test of
global cognitive function (ADAS-Cog). Another group who were
randomized to “usual care” showed a slight decline in the ADAS-
Cog over the same period of time (Lautenschlager et al., 2008).
Although Alzheimer’s Disease (AD) is not the primary focus of
our review, it is relevant to note that cognitive decline has been
found to be slowed in AD patients who exercised (Teri et al., 2003;
Rolland et al., 2007) and incidence of AD was lower in people who
chose to exercise (Larson et al., 2006).

Summary

When considered together, evidence from both animal and
human studies supports the view that aerobic exercise (walk-
ing, strength-training), but not non-aerobic exercise (stretching/
toning) has a robust effect on cognitive performance in both
healthy and demented older adults. There is some support for
the view that executive functions benefit selectively from aerobic
exercise. However, that is not a consistent finding. One possible
mechanism of such selectivity could be the claim by a number of
investigators that PFC is selectively vulnerable to negative effects
of aging (e.g., West, 1996; Raz et al., 1997). If so, then that selec-
tive vulnerability of prefrontal cortex to age-related loss (broadly
defined) mightlead to a particular benefit from improved vascular
health due to exercise. However, as there is only weak and conflict-
ing evidence for the claim that PFC is somehow more subject to
age-related white or gray-matter shrinkage or hypometabolism
(Greenwood, 2000; Piguet et al., 2009), no conclusion can be
drawn at present.

Neural mechanisms underlying exercise effects

What factors underlie the effects of physical activity on brain
and cognitive functioning? Several mechanisms have been iden-
tified: neurogenesis; synaptic plasticity; neurotrophins; cerebral
blood flow.

Neurogenesis and exercise. Animal work has consistently shown
that physical exercise increases proliferation and survival of new
neurons in the dentate gyrus of the hippocampus of adults (Gould
et al., 1999; van Praag et al., 1999; Lou et al., 2008; Naylor et al.,
2008). Rodents given access to a running wheel typically volun-
tarily run as much as 3-8 km per night and this is associated
with a doubling or tripling of the number of newborn cells in
the subventricular zone of the dentate gyrus where neurogenesis
occurs. Voluntary wheel running over long periods of time is also
associated with an increase in survival of later-stage progenitor
cells and newly-formed (early post-mitotic) neurons in mouse
dentate gyrus (Kronenberg et al., 2006). After experimental stroke,
voluntary running enhanced progenitor cell survival in dentate
gyrus in mice (Luo et al., 2007). This effect may extend beyond
the hippocampus, as running rats also showed significantly higher
number of cholinergic neurons in the diagonal band of Broca
(Ang et al., 2003).
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Synaptic plasticity. Some of the benefits of exercise on learning may
be attributable to its effects on mechanisms of synaptic plasticity. LTP,
which is a durable increase in the strength of a synapse after being
repeatedly stimulated, appears to be the basis for memory formation,
in that it can be induced by learning alone (Whitlock et al., 2006). In
the dentate gyrus of the hippocampus, benefits of exercise have been
observed on both neurogenesis (Pereira et al., 2007) and LTP (Farmer
etal., 2004). Finally, exercise also alters the length and complexity of
dendrites and of the density of the spines found on dendrites (Eadie
etal., 2005). These exercise-induced dendritic changes can improve
the efficiency of communication between neurons.

Neurotrophins. Neurotrophins are naturally occurring growth fac-
tors long known to pay a major role in neuronal development, but
more recently found to act as synaptic modulators. There is emerg-
ing evidence that neurotrophins may mediate effects of exercise
on cognition. The effects of exercise on new neuron formation
(neurogenesis) and new capillary blood vessel formation (angio-
genesis) are associated with upregulation of several neurotrophic
agents (brain-derived neurotrophic factor, BDNF (Berchtold et al.,
2001), insulin-like growth factor, IGF-1 (Trejo et al., 2001), vascu-
lar endothelial growth factor, VEGF (Fabel et al., 2003; Lou et al.,
2008), and nerve growth factor, NGF (Ang et al., 2003). BDNF
specifically plays an important role in modulating LTP (reviewed
in Poo, 2001). BDNF concentration in CSF was found to decrease
with age among older cognitively normal people, and lower CSF
BDNF concentration was associated with both poorer immediate
recall and delayed recall at baseline and after 3 years (Liet al., 2009).
Also in humans, serum BDNF was recently found to be related
to hippocampal shrinkage and memory decline late in adulthood
(Erickson et al., 2010).

Cerebral blood flow. Exercise can increase neurogenesis and affect
BDNF gene expression in the brains of adult rats. One week of
low- or moderate-intensity exercise in a treadmill running task
enhanced neurogenesis in the dentate gyrus of hippocampus. Gene
expression levels in the low-intensity exercise group were greater
than the high-intensity group for BDNF (Lou et al., 2008). Exercise
can also increase cerebral blood flow with consequences for cog-
nition. A recent human neuroimaging study observed that blood
flow increased selectively in the dentate gyrus following a 3-month
aerobic exercise program. Moreover, that increase was related to
both improved cardiopulmonary and cognitive function. Reported
in the same paper, a similar exercise manipulation in mice also
resulted in increased blood flow in dentate gyrus that was correlated
with neurogenesis in the same structure (Pereira et al., 2007). This
finding is consistent with a recent report that blood glucose levels
in older people were related to both blood flow in dentate gyrus
and memory performance (Wu et al., 2008b). This indicates that
aerobic exercise has the potential to counteract the apparent nega-
tive influence of blood glucose levels on the integrity of the dentate
gyrus and memory formation dependent on it.

DIET AND NUTRITION

There is increasing evidence that diet can have direct effects on
brain function apart from simple nutrition. Stimulation of vagal
afferents from the gastrointestinal tract has become a standard

treatment for a type of epilepsy (reviewed in Gomez-Pinilla, 2008).
Omega-3 fatty acids, available through cold water fish, influence
the ionic permeability of plasma membranes at synaptic regions
thereby affecting synaptic and cognitive function (Bourre et al.,
1989; Adams et al., 1996; Freeman et al., 2006). Diets that are high
in saturated fat appear to negatively affect cognitive processing
and increase the risk of neurological dysfunction (Molteni et al.,
2002; Greenwood and Winocur, 2005). We focus on two aspects
of diet — restriction of calories and resveratrol — which may act
through the same mechanisms. Restriction of calories in an oth-
erwise balanced diet — “calorie restriction” or “dietary restriction”
(DR) — exerts positive effects on insulin and blood glucose levels in
rodents and primates, including humans. It should be noted that
DR must be implemented carefully to avoid dangerous deficiencies.
Poor glucose regulation is linked to hippocampal atrophy and poor
memory performance even in non-diabetics (Convit et al., 2003).
Resveratrol, a polyphenol found abundantly in red grapes and red
wine, appears to exert its effects via some of the same mechanisms
as DR and has been found to protect the hippocampus from insults
such as stroke (reviewed in Baur and Sinclair, 2006). Thus, both
DR and resveratrol have a role in hippocampal neuroprotection.
Both can influence neural plasticity, as the dentate gyrus of the
hippocampus is the source of new neurons in all species examined,
including humans. Likewise, a high fat diet exerts negative effects
on cognition. A high-fat diet has been shown to increase insulin
resistance (Tschop and Thomas, 2006), and insulin resistance has
been linked to hippocampal dysfunction (Convit et al., 2003). We
describe the experimental evidence from studies examining the
effects on cognition and brain function of DR and high-fat diet.

Dietary restriction
In a large range of species, DR has been observed to extend the
lifespan by 20-40% (reviewed in Weindruch and Sohal, 1997).
Effects of DR can be seen even when initiated in old age in ani-
mals (Ingram et al., 1987) and in midlife in humans (Walford et al.,
1999). In addition to lifespan, it has been known for some time
that DR reduces the incidence of age-related disease, maintains
youthful physiological measures, increases resistance to stress, and
protects neurons against toxic insults (for reviews, see Mattson,
2000; Heilbronn and Ravussin, 2003). In a primate model, Roth
and colleagues randomly assigned monkeys for 6 months to a DR
or ad libitum diet then exposed them to a neurotoxin to produce a
hemiparkinson condition. Compared to ad libitum monkeys, DR
monkeys showed significantly higher levels of locomotor activity,
dopamine (DA), and glial cell line-derived neurotrophic factor
(Maswood et al., 2004). Even when initiated in old monkeys, DR
improves some markers of health (fasting and peak insulin, triglyc-
erides; Lane, 2000). Random assignment of DR in adult primates
(aged 7-14 years out of a 27-year average lifespan) lowered the
incidence of aging-related deaths, but not of deaths overall. DR
monkeys showed other benefits, including preservation of lean
muscle mass, prevention of diabetes, cancer, cardiovascular dis-
ease, and preservation of subcortical gray matter volume (Colman
et al., 2009).

Perhaps related to the above-mentioned benefits on physiology
and cellular defense, DR also has benefits for cognition. In rodents,
DR maintains cognitive functioning in old age (Ingram et al., 1987)
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and prevents deficits in LTP (Eckles-Smith et al., 2000). One
underlying mechanism may be the effects of DR on glucose regu-
lation. Poor glucose regulation has been linked to lower memory
performance and hippocampal atrophy in non-diabetic older peo-
ple (Convit etal.,2003). Another mechanism that may be supported
by DRis increased plasticity in rodent hippocampal NMDA circuits
(Fontan-Lozano et al., 2007). DR also eliminated the previously
observed age-related loss in numbers of subunits of types of the
glutamate receptor (Shi et al., 2007).

What about effects of DR in humans? As might be expected,
controlled, random assignment studies of DR are not possible with
humans, and even observational studies are rare, but the limited
available evidence is nevertheless illuminating. Observational stud-
ies of people voluntarily restricting their diets suggest effects similar
to those seen in rodents (Walford et al., 1999; Fontana and Klein,
2007), but such designs are limited because participants self-select.
Probably the best observational data comes from the Biosphere 2
project. The participants in that experiment in self sufficiency inad-
vertently experienced about a 30% reduction in calories for about
3 months due to crop problems. Nevertheless, during that time
they showed a decline in metabolic rate, body temperature, blood
pressure, blood glucose, and insulin (Walford et al., 1999). Only a
few empirical human studies have been conducted using random
assignment to DR. Six months of randomly assigned DR in healthy,
sedentary adults has been found to improve fasting insulin levels
and body temperature —both considered to be markers of longevity.
DNA damage was also reduced in the DR group (Heilbronn et al.,
2006). They also assessed properties of cultured cells collected from
humans who had undergone 6 months of DR. These cells showed
greater resistance to stress (increased heat resistance) and also up-
regulation of the sirtuin 1 (SIRT1) gene, linked to longevity.

Only a few studies have assessed cognition in the context of DR.
In a small randomized clinical trial of 12 over-weight adults aged
25-50 years, there was no effect on cognition after 6 months of DR
(Martin et al., 2007). A larger randomized study did see improved
memory following 3 months of DR in 50 post-menopausal women.
Normal to overweight older women were assigned to 3 months of
either: DR (instructed to achieve 30% reduction of calories), “UFA”
(instructed to achieve 20% enhancement of unsaturated fatty acid
consumption), or Control (instructed to not change eating habits).
Verbal memory increased by 20% in the DR group, in a manner cor-
related with resting plasma fasting insulin. There were no memory
changes in the other groups (Witte et al., 2009).

In summary, animal work with DR shows robust effects on
lifespan, resistance to neuropathology, and age-related declines in
health and cognition in a range of species, including infra-human
primates. While human work to date is limited, initial results suggest
beneficial effects of DR on health, markers of longevity, and — in
one study — cognition.

Resveratrol

Resveratrol is a natural polyphenol notably abundant in grapes,
grape skins, and red wine. Resveratrol has been found to have
broad beneficial effects on health. A recent review has summarized
effects of resveratrol on cancer, angiogenesis, drug metabolism,
heart disease, platelet aggregation, antioxidant activity, stress, and
aging (Baur and Sinclair, 2006). Interestingly, there is increasing

evidence that resveratrol acts by mimicking the beneficial effects
of DR. Resveratrol has been hypothesized to activate the SIRT1
gene which has a role in longevity across a large range of species
(Browner et al., 2004). In a direct test of that hypothesis, Barger
and colleagues compared gene expression changes in middle aged
and old mice on a control diet, a DR diet, or resveratrol-supple-
mented diet. Both the DR and the resveratrol-supplemented diets
inhibited expression of genes associated with brain, cardiac, and
skeletal muscle aging, and prevented age-related cardiac dysfunc-
tion (Barger et al., 2008). In a separate study they also directly
compared transcriptional changes associated with (a) resveratrol
(b) standard diet, (c) alternate day fasting, and (d) high-calorie
diet. They found resveratrol induced gene expression patterns
that paralleled those induced by DR. Moreover, on resveratrol, the
animals had less heart disease, fewer cataracts, and greater mobil-
ity, although lifespan was not extended (Pearson et al., 2008).
Sinclair and colleagues also observed that resveratrol counteracts
the negative effects of a high-calorie diet on the liver (Baur and
Sinclair, 2006).

Overall, therefore, does the evidence on resveratrol indicate that
the benefits of DR be obtained without the rigors of restricting
calories? Baur and Sinclair have estimated that drinking about two
glasses of red wine a day provides a pharmacologically relevant
dose of resveratrol (Baur and Sinclair, 2006). The resveratrol lit-
erature is consistent with the “French Paradox,” in which there is
low risk of cardiovascular disease with a diet high in saturated fat
that includes regular consumption of red wine (Renaud and de
Lorgeril, 1992).

Dietary fat

There is increasing evidence that a high-fat diet can impair cogni-
tion. Both experimental studies in rodents and epidemiological
studies in humans observe similar cognitive deficits from such a
diet (for a review, see Greenwood and Winocur, 2005). A high-
fat diet reduces both neuronal plasticity and the capacity of the
rodent brain for learning (Greenwood and Winocur, 1996). Such
a diet is associated with greater deficits after experimental injury
and reduced hippocampal plasticity (Wu et al., 2003). One source
of the negative effect of a high fat diet on cognition may be the
development of insulin resistance and its effect on the hippoc-
ampus (Greenwood and Winocur, 2005). This is consistent with
recent findings by Small and colleagues that high levels of blood
glucose are associated in humans with hippocampal pathogenesis
(Wu et al., 2008b). Cognitive deficits in spatial working memory
associated with a high fat diet were avoided in animals allowed
access to wheel running but were not avoided in animals that were
sedentary (Molteni et al., 2004). Because BDNF levels increased in
the running animals but decreased in the sedentary animals, the
authors concluded that both the high-fat diet and the exercise influ-
enced the same mechanisms of synaptic plasticity but in opposite
directions. As reviewed above, another mechanism may involve the
Sirtl enzyme. Resveratrol is a Sirtl ligand. Mice with overexpres-
sion of SIRT'1 showed fewer consequences of a high fat diet —lower
lipid-induced inflammation and better glucose tolerance (Pfluger
etal.,2008). Considered together, these findings suggest a common
mechanism underlying effects of resveratrol, dietary fat, DR, and
even exercise on cognition.
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Summary. Specific forms of exercise (aerobic) and diet (low-fat,
DR) promote brain integrity with consequences for cognitive
integrity. There are a number of mechanisms of plasticity that are
affected, including neurogenesis, synaptic plasticity, neurotrophin
release, and there is some evidence that there is an overlap in the
mechanisms underlying the benefits of aerobic exercise and a low-
fat diet.

COMBINATIONS OF FACTORS

Because each of the factors that appear to slow or reverse age-
related cognitive decline has typically been investigated by a sepa-
rate research group, few studies have considered the influence of
combinations of factors. Gomez-Pinilla and colleagues examined
synergistic effects of omega-3 fatty acids (DHA) and exercise in
rats. The omega-3 enriched diet was associated with improvements
in spatial learning and this effect was heightened in rats assigned
to exercise. Moreover, animal assigned to both diet and exercise
manipulations showed the greatest reductions in levels of oxidized
proteins in hippocampus (Wu et al., 2008a). A combined investi-
gation of two factors with a putative influence on cognitive aging
has been carried out in dogs (Milgram et al., 2002). Young and
old dogs were randomly assigned to either (a) fortified (anti-oxi-
dant enriched) vs standard diet; (b) standard housing vs enriched
housing (housing with kennel-mates and toys and outdoor walks;
or (c) both fortified diet and enriched housing. Because the ani-
mals assigned to the “enriched” condition were also walked more,
exercise, and cognitive stimulation were confounded. While both
manipulations improved performance of the older dogs on a size
discrimination and reversal learning task compared to the controls,
performance of the old dogs was best in the group who experienced
both manipulations. Older people were randomly assigned to aero-
bic training, cognitive training, or both (# = 8 in each group). The
aerobic training was two supervised 45 min sessions per week of
interval training (brisk walking and/or jogging) and the cognitive
training was 90 min per week of broad-based memory and atten-
tion training aimed at strategies. The memory quotient from the
Wechsler Memory Scale showed improvement from pre- to post-
training in all three experimental groups (aerobic, cognitive, and
combined groups) while the controls showed no improvement.
Improvement was greatest in the combined groups (Fabre et al.,
2002). A similar combined effect has been observed in humans in
an observational study. In a large study of community-dwelling
older people, (a) adherence to a Mediterranean-type diet (low in red
meat and saturated fat, high in fruits, vegetables, cereals, and fish)
and (b) amount of physical exercise were examined for effects on
risk of AD. Both higher Mediterranean diet adherence and higher
levels of exercise were independently associated with lower risk of
developing AD over 15 years (Scarmeas et al., 2009).

DIRECTIONS FOR FUTURE RESEARCH

It is important for the wellbeing of everyone — those who are old
and those who will one day be old — that we improve our under-
standing of the factors that influence cognitive and brain integ-
rity late in life. Enhanced understanding of these factors and their
mechanisms could allow people to adopt a lifestyle that increases
their ability to age successfully. We have summarized evidence that
the minds and brains of older individuals retain the capability for

both neural plasticity and cognitive plasticity (“Neuronal and
Cognitive Plasticity: A Neurocognitive Hypothesis for Amelioration
of Cognitive Aging”). We hypothesized that these capabilities can
be stimulated and sustained in the aging brain by exposure to novel
experiences, including education and training (“Novel Cognitive
Experiences in Youth Stimulate Neural Plasticity Mechanisms and
Exert Broad Benefits on Cognition”). Moreover, lifestyle factors of
diet and exercise (“Behaviors that Enhance Neural Plasticity Also
Improve Cognitive Integrity”) can play a role in that they support
the underlying neural plasticity mechanisms. As noted above, some
of the behaviors affecting cognitive aging — low dietary fat, DR,
resveratrol consumption, exercise — appear to share a mechanism
or mechanisms. This suggest that combined factors would have
the strongest effect on cognition, as has been seen in a few studies
(“Combinations of Factors”). However, very few combined studies
have been conducted.

An important next step would be a comprehensive human study
with random assignment to compare separate and combined “treat-
ment” effects. Older people could be randomly assigned to diet,
exercise, and cognitive manipulations (separately and combined) for
some extended period of time (probably months). All manipulations
would have to be supervised or monitored in some way. Predictions
could be made for outcome measures on (a) a range of cognitive
tasks, (b) patterns of brain activation, (c) measures of brain integrity
such as FA measured in DTI, (d) fitness measures like VO, ,and
(e) activities of daily living. The most powerful dietary manipulation
would involve restriction of calories, which would limit the dura-
tion of the study. A likely less potent but easier manipulation would
involve random assignment to either a Mediterranean or more typi-
cal diet. The cognitive manipulation could compare effects of train-
ing on novel vs non-novel tasks. Selection of the cognitive training
tasks would require careful consideration and also pilot work. The
exercise manipulation would compare aerobic with non-aerobic
exercise, using exercise parameters established in previous research
(Hillman et al., 2008). Based on findings of Fabre et al., Milgram
et al., and Scarmeas et al., and on evidence (reviewed above) that
exercise and DR share mechanisms in common, it can be predicted
that stronger effects on cognitive performance would come from
combinations of effects — e.g., novel training plus DR plus aerobic
exercise. However, more complex interactions could be observed.
In addition, measures of brain integrity such as FA (measured in
DTI) and recently shown to increase after sensorimotor and work-
ing memory training can also be predicted to increase differentially
after novel relative to non-novel training.

CONCLUSIONS

Given that the population of older adults is rapidly increasing
throughout the world, it is imperative that we gain a better under-
standing of the neurocognitive bases of individual differences in
functioning of the older brain and mind. Many nations are now
faced with the prospect of large numbers of their workers retiring
in the next few years and a number of countries are consequently
raising the retirement age. In the US, the full retirement age is 66
for people about to retire and 67 for people born after 1960. In
2008 Italy changed the retirement age from 57 to 60 for women
and to 65 for men. Britain plans to raise the retirement age from
65 to 68 by 2044. Germany is increasing the retirement age to 67
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by 2029. As a result of such policies, there will be greater numbers
of older adults in the workforce. Even workers who do retire will
have economic incentives to continue working. In a recent report,
McKinsey & Company determined that 85% of US baby boomers
plan to work in retirement (Farrell, 2008) — in part because they
have not saved sufficiently. In order for older workers to continue
to earn money to support themselves late in life, they need to avoid
the decline in cognitive functioning that accompanies aging on
average.

These demographic trends indicate that there are economic as
well as personal reasons for older adults to enjoy cognitive vital-
ity for a longer period of time as they age. Although the neural
substrate of cognitive and brain aging is still unknown, the fac-
tors influencing that substrate are beginning to be increasingly

well understood. Our hypothesis predicts that manifestations of
cognitive plasticity depend upon neural plasticity mechanisms,
which are enhanced by exposure to novelty and cognitive challenge
and supported by factors with broad effects on health — notably
diet and exercise. To date there have been no randomized trials in
humans of the multiple factors influencing cognition in old age.
As the first wave of baby boomers reaches retirement age, there is
an urgent need to acquire knowledge about the optimal way to age
successfully so that our older citizens can remain vital and produc-
tive as long as possible.
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