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Abstract

While limited research is available, evidence indicates that physical and mental activity influence the aging process. Human data show
that executive functions of the type associated with frontal lobe and hippocampal regions of the brain may be selectively maintained
or enhanced in humans with higher levels of fithess. Similarly enhanced performance is observed in aged animals exposed to elevated
physical and mental demand and it appears that the vascular component of the brain response may be driven by physical activity whereas
the neuronal component may reflect learning. Recent results have implicated neurogenesis, at least in the hippocampus, as a component c
the brain response to exercise, with learning enhancing survival of these neurons. Non-neuronal tissues also respond to experience in the
mature brain, indicating that the brain reflects both its recent and its longer history of experience. Preliminary measures of brain function
hold promise of increased interaction between human and animal researchers and a better understanding of the substrates of experienc
effects on behavioral performance in aging.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction 2. Human cognitive decline: fitness and aging

For the most part, investigations of aging on plasticity of ~ Much of the current research on human cognition and
brain and cognition have been functionally dichotomized. aging has focused on characterizing the qualitative and
Brain plasticity typically has been examined using ani- quantitative changes that take place in human cognition
mal models while studies of cognitive plasticity have been from young adulthood to old age. Indeed, the great majority
performed predominantly in humans. Recent advances inof this research suggests that both general as well as process
neuroimaging techniques and a convergence of behavioralspecific declines occur in a variety of perceptual, cognitive
intervention strategies have begun to narrow the gulf be- and action-related processes during the course of normal ag-
tween animal brain plasticity and human cognitive studies ing. Older adults typically perform more poorly than young
of aging. In the following discussion, we will review the adults in terms of both response latency and accuracy on
unique contributions of animal and human studies to our un- tasks as diverse as perceptual speed, working memory, track-
derstanding of plasticity during aging, highlight those areas ing, decision making, explicit memory and multiple task pro-
of overlap, and speculate on promising avenues for further cessing21,113,149] Indeed, a recent large cross-sectional
research. study of 350 individuals from their 20s through their 80s

indicated a consistent decline in the quality of performance

across a wide variety of tasks over the lifespaBd4].
Despite such declines in a multitude of perceptual, cog-
" The first three authors contributed equally to this publication. nitive a_nd_momr processes dur_lng th? course_ of aging,
* Corresponding author. Tek:1-217-333-4472; fax:+1-217-244-5180.  recent findings suggest that a variety of interventions can be
E-mail address: wgreenou@s.psych.uiuc.edu (W.T. Greenough). used to impede or minimize selective aspects of cognitive
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decline. For example, age-related deficits in the ability to evidence has been epidemiological studies in which longi-
concurrently perform multiple tasks or rapidly switch be- tudinal data is examined to predict cognitive change some
tween two different tasks can be reduced through training years later. The goal of one such stud}, with over a
[111,112] Indeed, not only can age-related deficits in mul- thousand participants, was to predict cognitive change, as
tiple task performance be reduced on a set of trained tasksindexed by a composite cognitive measure that included
but performance improvements can be retained for severallanguage, verbal and non-verbal memory, conceptualiza-
months [112], see als¢17]). Furthermore, older adults who  tion, and visuospatial tests, over a 2.5 years period in adults
learned to rapidly shift their priorities between concurrently between the ages of 70 and 79. As previously observed,
performed tasks were able to apply this processing strategyeducation and income were strong predictors of cognitive
to an untrained set of tasks, thereby dramatically reducing vitality at the original assessment as well as 2.5 years later
age-related deficits in dual-task performance as compared60]. Interestingly, a number of measures of cardiorespira-
to a control group of young and older adults who were tory fitness and general physical activity level also served
trained with a more traditional multiple task method. Other as strong predictors of cognitive vitality for this population.
studies have demonstrated the effectiveness of a variety ofin a more recent study, the relationship between cognition
different intellectual training programs for the improvement (measured via the mini-mental state examination) and phys-
and maintenance of memof{69], visual search and at- ical activity (assessed via self-report measures of walking
tention[14], fluid intelligence[174], and spatial orientation ~ and total kilocalories expended per week) of 5925 com-
and inductive reasoning skil[475]. munity dwelling older women over a period of 6-8 years
Another intervention strategy that has been shown to re- was examined176]. Even after adjusting for a variety
duce selective aspects of cognitive decline is fithess train-of covariates (e.g. education level, co-morbid conditions,
ing. Consistent with the research on the behavioral effectsand smoking) they found that women with greater physi-
of exercise in aging animals reviewed below, there is now a cal activity levels at baseline assessment were less likely
substantial body of literature that suggests that a lifetime of to experience cognitive declines at follow-up sessions (see
exercise can result in enhancements in a number of aspectalso[116]).
of cognition. Much of this literature has focused on aerobic  The results of cross-sectional, prospective and retrospec-
exercise such as walking, running, bicycling and swimming. tive epidemiological studies suggest a link between the
With few exceptions, cross-sectional studies have reportedcognitive vitality of older adults and fitness level. An im-
benefits of aerobic exercise on both peripheral and centralportant question, however, is whether randomized clinical
components of reaction tinj&9,27,43,86,130,159T hat is, trials also support this link. Indeed, a number of intervention
individuals who had engaged in exercise for a lengthy period studies have found improvements in cognitive function with
of their lives were faster in responding to the presentation of fitness training. For example, in a now classic study, Dust-
auditory or visual stimuli, discriminating between multiple man et al. observed performance improvements in a number
stimuli, and making ballistic movements. Additionally, ex- of tasks including, critical flicker fusion, digit symbol and
ercisers have been shown to outperform non-exercisers onStroop following a 4-month exercise progrgsb]. These
tasks such as reasoning, working memory, Stroop, Trails-B, improvements were specific to an aerobic exercise group
Symbol digit, vigilance monitoring, and fluid intelligence exhibiting a significant improvement in cardiovascular func-
tests[1,33,44,48,52-54,56,137,152,15%However, differ- tion (27% improvement in V@ max). In contrast, subjects
ences in performance on seemingly similar tasks betweenthat participated in a strength and flexibility program and
lifetime exercisers and non-exercisers have not always beerthose in a non-exercise control group did not show perfor-
found. For example, there were no reported beneficial ef- mance improvements across test administrations. Similarly,
fects of exercise level on the performance of simple and it was reported that a 3-year aerobic fithess program served
choice reaction time tasks, short-term memory and digit to eliminate declines in choice reaction time performance
span tasks, and for measures of somatosensory thresholdthat were observed for a non-exercise control grfiug].
[1,45,54,166,167] Interestingly, fitness-related performance sparing was not
In general, the effects of exercise on cognitive processesreported for a simple reaction time task. Finally, 124 seden-
of older adults appear to be beneficial, yet the cross-sectionaltary but healthy older adults (age range 60-75) were trained
nature of these studies complicates their interpretation. Thefor a period of 6 months with either an aerobic (walking) or
presumably positive effects of exercise may, in fact, reflect anaerobic (toning and stretching) exercise progfado].
self-selection of individuals who are fast and accurate re- Each of the subjects was tested in a variety of attention and
sponders to participate in exercise. Of course, to the ex-memory tasks, selected because components of a subset of
tent that lifestyle differences (e.g. diet, smoking, nutrition) these tasks have been shown, either through human lesion,
co-vary with exercise, these factors may also account for all neuroimaging, or animal studies, to entail executive con-
or part of the relationship between fitness and cognition.  trol processes and to be supported, in part, by frontal or
Clearly, converging evidence regarding the efficacy of pre-frontal cortical regions of the brain. These regions of
exercise and fitness for the maintenance of cognitive func- the brain and the processes they support have been shown
tion of older adults is necessary. One source of convergingto exhibit large and disproportionate age-related declines
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Fig. 1. lllustration of how different forms of exercise can differentially influence specific types of cognitive processes. Following a 6-month train
period, reaction time was significantly quicker in the aerobically trained subjects (walkers) on the switch trials, while reaction time forirsudijeszis

in a toning program was not affected. This switch task demands executive control, which has been suggested to be heavily dependent upon activation of
pre-frontal and/or frontal cortical areas. In contrast, tasks that did not require recruitment of frontal cortex were not differentially inByesiteet

form of exercise. These observations suggest that the effects of exercise are not ubiquitously expressed throughout the brain, rather execcise has a
dramatic influence on specific aspects of cognition.

[172]. The primary question addressed was whether perfor- For example, both aerobic and anaerobic exercise groups
mance on tasks that had components of executive controlimproved performance on a memory search task across
processes would be improved over the course of the exercisdest administrations that spanned 12 wegk8]. A later
program for the walkers but not for the stretching group, study reexamined the effects of aerobic exercise on mem-
while non-executive control processes would show equiva- ory search performance in older (60—83 years) and less fit
lent performance trends for both exercise groups. Largely, subjects performing a memory search task both separately
this was the pattern of results observed in the study. Theand in conjunction with a secondary auditory discrimina-
aerobic training group improved to a significantly greater tion task [117]. The secondary task was included in an
extent than the anaerobic group in their ability to ignore ir- effort to determine whether more attentional demanding
relevant visual information, abort a pre-programmed action, tasks would benefit from short-term programs of exercise.
and coordinate multiple tasks, all skills that involve aspects There was no significant difference in the pre/post-memory
of executive control and are supported, at least in part, by performance exhibited by members of an aerobic exercise
regions of frontal and prefrontal cortex. An example of group or control group (for other failures to find cog-
such an improvement is shown kig. 1. As can be seen nitive benefits associated with improvements in fitness,
in the figure, the aerobically trained subjects (walkers) dis- see[91,129,133].
played faster reaction time performance after the 6-month  To summarize, the literature suggests that although a life-
intervention on the switch trials. In contrast, the anaerobic time of aerobic exercise may help preserve a subset of cog-
group (toning) failed to show similar improvements on the nitive capabilities in older adults, the benefits of short-term
switch trials. Previous studies have suggested that switchingprograms of exercise are more equivocal. A possible con-
between tasks taps a number of aspects of executive controfound in making direct comparison in the literature con-
[4,143] Interestingly, both the walkers and toning group cerns the nature of the cognitive processes that have been
showed small and equivalent improvements in reaction time examined as well as the exercise programs. A comparison
on the non-switch trials. These tasks do not involve execu- of the fithess levels reported for the post-exercise groups
tive control processes. Taken together, the results of thesdn the longitudinal studies and those reported for the life-
longitudinal studies (see al§d1,57,87,125,173]are sup- time exercisers clearly suggests that high levels of fithess are
portive of selective improvements in a number of cognitive achieved after years, rather than months of training. There-
processes with relatively short-term programs of aerobic fore, it might be unreasonable to expect that brief periods
exercise. of exercise could have beneficial effects on a wide array of
While the effects of aerobic exercise on cognition and cognitive processes. Instead, it is conceivable that short-term
performance appear to be encouraging, other longitudinal exercise benefits might be restricted to a subset of cognitive
studies have failed to observe improvements in cognitive processes that have shown the most substantial age-related
function in response to increased levels of aerobic fitness.decrements.
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Fig. 2. Exhibition of the differential influence of exercise on specific types of tasks. Fitness effect sizes were substantially larger for tasks and ta
components that included executive control processes (i.e. processes including planning, scheduling, coordination, inhibition, workip¢haretasks

that involved minimal executive control processing. These findings suggest that while exercise may have a global effect on the brain, the effects of
exercise also appear to be selectively enhanced in specific brain regions (as is evident by the differential improvements on specific types of tasks).

In order to further test this selective cognitive improve- One aspect of this work that parallels observations from
ment hypothesis as well as to examine other potential human studies involves hippocampal-dependent tasks that
moderating influences on the relationship between fithessparallel those requiring executive function in humans. For
training and cognition, Colcombe and Kranjé6] recently example, it has been demonstrated that physical activity
performed a meta-analysis on all of the randomized fit- enhanced performance on a spatial learning task in rodents
ness trials with control groups from 1966 until the present [65,67] In addition to increasing performance, exercise has
conducted with adults over the age of 55. Consistent with also been shown to increase the acquisition rate of a spatial
our selective improvement hypothesis, fithess effect sizeslearning task[11]. Interestingly, light (non-aerobic) exer-
were substantially larger for tasks and task components thatcise, forced walking in an alley, had virtually no discernible
included executive control processes (i.e. processes includ-effect on tests of skilled motor performance, whereas motor
ing planning, scheduling, coordination, inhibition, working skill training generalized very well to novel motor tasks
memory) than tasks that involved minimal executive control (seeFig. 3and alsq107]).
processing (sekig. 2). Fitness also had larger positive ef-
fects on cognition when training sessions exceeded 30 min
for older adults (>65 years of age), and when the subject . C . ;
samples comprised greater than 50% females. Thus, the4' Brain plasticity in aging animals
results of the meta-analysis begin to establish the boundary
conditions on the relationship between fitness and cogni-
tion as well as to suggest potentially fruitful lines of future
research. One important area of research that is lacking is
the examination of the relationship among fitness, cognition
and brain function in human studies. To date such informa-
tion is not readily available. To examine such relationships,
animal models are of great utility.

The responsiveness of human cognition to interventions
such as exercise is paralleled by animal studies of brain
responsiveness to experience. Origins of this work date to
Hebb [88,89] who was among the first to show that the
conditions under which animals were housed affected their
behavioral abilities. Subsequently, Rosenzweig eflal4]
demonstrated that the volume of the cerebral cortex could be
altered by rearing animals in what they termed “enriched”
versus “impoverished” environments. It has since become
clear that this cortical volume change involves modification
3. Behavioral effects of exercise in aging animals in both neurons and non-neuronal tissue. Furthermore, work
using a similar paradigm (now referred to as a complex
There is a small but consistent body of literature on the environment) has demonstrated that this type of conditioning
effects of exercise on behavioral learning tasks in animals. can also mitigate age-related declines in neural structure (e.g.
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Fig. 3. Depiction of the performance of rats on three measures of motor
skill (parallel bars, rope climbing, and rotarod) after training on an obstacle
course (AC) or walking in a closed alley (MC). While motor skill training

945

to a complex environmer20]. These observations could

be accounted for by one of two primary neural mechanisms:
(1) that neurogenesis was occurring at a rate that greatly
exceeded that of apoptotic cell death; or (2) that existing
cells were expanding the number of contacts made with
surrounding neurons. The former explanation was not met
with overwhelming enthusiasm as mitosis within the central
nervous system was considered to be, at best, a very lim-
ited and restricted phenomenon and seemed even less likely
as a mechanism in mature or senescent animals (addressed
below). Without the (apparent) possibility of new cell addi-
tion, the most parsimonious explanation was that the exist-
ing neuropil was simply augmented in some manner.

In studies employing the complex environment paradigm,
typically rodents are reared in a complex environment con-
dition (EC; this abbreviation is maintained frofa44]).

For this type of conditioning, rodents live in large cages

that are filled with a variety of objects that are replaced, or
repositioned each day to maximize learning. While this EC
experience is still “deprived” in comparison to rodents in

their natural environment, this condition is considerably

more stimulating than standard laboratory housing condi-
tions in which animals are housed in individual cages (ICs)
or social cages (SCs), containing only food, water and bed-
ding material. In general, the results of studies comparing
cerebral cortex suggest that the level of neuropil expan-
sion positively correlates with the degree of environmental
complexity[72,96,171]

While the cerebral cortex is frequently the focal point of
studies attempting to study the “memory” of an event, certain
forms of learning emphasize other brain areas. For exam-
ple, there is strong evidence that the cerebellum is capable
of responding to experience in a manner much like cerebral
cortex. Pysh and Weigd.38] reared mice in object-filled
cages and forced them to swim, climb wires and poles, and
perform other tasks involving exercise and presumably mo-
tor learning. They reported that these experiences resulted in
a thickening of specific cerebellar lobules and that dendritic
branching was more extensive on Purkinje cells in these
animals. Similarly, Floeter and Greenoud®4] studied
monkeys (infant, juvenile and adult) reared in a colony envi-
ronment with a variety of objects that allowed for both gross
and fine motor activity. They reported that cerebellar Purk-
inje cell dendrites were larger in the colony animals, relative

(AC) enhanced performance on a number of subsequent behavioral tasksig controls that had been cage-reared either socially in pairs

motor activity (MC) alone had little effect on performance, compared to
inactive (IC, daily handling only) rats (frorfl07]).

[80]) as well as increase neuron proliferation and survival
in the hippocampufl01,168]

5. Synaptogenesis

Early studies of brain morphology indicated that regions

or individually in closed environments that did not permit
sight or sound of other monkeys. Similarly, Purkinje cell so-
mata size in some cerebellar areas was greater in the colony
animals, compared to controls. In contrast to the Purkinje
cell measures, granule cell dendritic fields showed no sig-
nificant effects of the rearing conditions. These data suggest
that experience-driven plasticity may be restricted to specific
synapses. That is, the parallel fiber axons of the granule cells
(and the climbing fiber synapses from the inferior oli}#j)
exhibit synaptic number plasticity on both Purkinje neurons

of cerebral cortex were heavier and thicker in rats exposedand inhibitory stellate neurons in cerebellar cortex, while
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Fig. 4. lllustration of the influence of rearing conditions on dendritic morphology. The inset diagram is a caricature of a dendritic branch awdrspines

a series of concentric rings super-imposed. The frequency of events such as sphere intersections at constant intervals from the cell bodyeate determi
using these rings (from Sho]lL54]). Sphere intersections are a measure of the amount of Purkinje cell dendrite receiving parallel fiber input. In this
figure, the baseline rats were sacrificed at the outset of the experiment. The two remaining groups were housed for an additional 2 months in either :
complex environment (EC) or in a social environment that was devoid of further stimulation (SC). EC housing mitigated some of the spiny branchlet
degeneration normally seen at this age, as is reflected in the data from the SC condition.

the target of Purkinje cell output, the lateral deep nucleus, treadmill (FX), a second group exercised voluntary on a run-
did not exhibit synaptic number plasticif22,103-106] ning wheel attached to their home cage (VX), and a final
While the EC paradigm has proven to be vital in study- group remained undisturbed in their cages except for daily
ing the mechanisms of synaptogenesis, such studies havehandling to simulate the treatment of the other groups (IC).
by in large, focused on developing or young—adult sub- The results showed that cerebellar cortical synapse density
jects. Yet the capacity for synaptogenesis is not restricted towas elevated in the AC group but unaffected by exercise.
these periods as similar dendritic growth occurs in the cor- Likewise, Kleim et al.[102] compared AC, MC (a modi-
tex of young (3—4-month-old) and mature (15-month-old) fication of the exercise group in which animals are yoked
rats [78,93,165] Likewise, in studies assessing the effects to paired AC subjects and prompted to traverse a flat al-
of experience and aging on synaptic loss in the cerebellum,leyway) and IC rats after several days of training. They re-
it was reported that sectors of the dendritic arbor of Purk- ported that the number of synapses did not differ in motor
inje cells from rats housed in EC conditions beginning at cortex across groups after 1 or 2 days of training, but in-
24-26 months of age were more extensive when comparedcreased in the AC group across days 5, 10 and 20. By con-
to controls (seé-ig. 4, [80]). trast, the mean size of synapses in the AC rats, as reflected
While the aforementioned experiments provided valuable in cross-sectional length of the post-synaptic density, peaked
insight regarding the relationship between experience andat day 2 relative to controls, before synapse number changes
neural morphology, it was not clear whether any neural were detectable, then decreased to control levels at day 5,
activity or only learning-associated neural activity was the when most of new synapses came into place, and gradually
basis of the morphological differences between treatmentrose again across days 10 and 20. Furthermore, the number
conditions. In an attempt to resolve this issue, we assessedf perforated synapses (which increase in response to both
the effects of these two potential sources independitly experiencg81] and following induction of LTP[71]) fol-
To maximize the opportunity for learning, a group of mature lowed a pattern essentially identical to that of synapse size.
adult female rats was trained on an acrobat course (AC), aTaken together, these observations indicate that routine ac-
challenging series of elevated planks, rope, wire cloth, chain tivity of cells need not trigger synaptogenesis; that some as-
and dowels. The latency to navigate the task and the numbermpect of the activity that is related to skill acquisition or other
of errors made decreased dramatically across training sesforms of learning is an essential feature necessary to induce
sions. Additional groups of animals served as controls for the synaptic modification; and that synaptogenesis is likely a
physical and associated neural activity experienced by thephenomenon that occurs throughout the brain. These general
AC rats. One group was prompted to exercise on a moving observations are currently being extended to both developing
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and senescent animals in an attempt to determine how ex-6. Neurogenesis
perience might influence neuronal morphology across the
lifespan and whether such experiences might have rehabili- In addition to maintaining the ability to modify specific
tative effects. neuronal properties outlined above, it has become clear that
While it appears that the underlying neuronal architec- at least some regions of the adult brain can also respond
ture is amendable to differential experiences across theto environmental stimuli by adding new neurons. Though
lifespan, surely functional correlates of such synaptic mod- this form of brain plasticity still evokes some controversy,
ifications must be present as well. To address this question,postnatal neurogenesis is now gaining general acceptance.
we have begun to examine the physiological correlates of The first report of adult neurogenesis dates back to 1962
AC, MC, and IC training[42]. Using electrodes that span in a study assessing the response of the brain to injury.
cortical layers, it is possible to elicit evoked responses that Using ®H-thymidine incorporation into mitotic cells,
exhibit a characteristic early latency component (associatedAltman[5] reported that not only were new glial cells found
with multiunit discharge) and a later component (likely rep- in response to the insult, but there were also several labeled
resenting the monosynaptic EPSP, for review[88§). One cells that appeared to have a neuronal morphology. Subse-
day of training was without effect on baseline responses, quently, cell division was characterized in the subventricular
however, after only 5 days of training, the amplitude of zone, olfactory bul[6], hippocampus and neocorté¥x].
the later component was increased in both the AC and MC Unfortunately, Altman used light microscopy and a general
groups and the early component was elevated in the AC an-cytological stain to assess cell lineage, a method that made it
imals. In contrast, only the IC animals showed a significant difficult to positively identify that labeled cells were indeed
propensity for LTP induction at these early time points, of neural, and not glial origin. For this reason, Kaplan and
indicating that capacity for plasticity in the trained animals co-workers combined this method with electron microscopy
may have been “used up” with training. Following 10 days in a subsequent attempt to determine cellular morphology
of training, basal evoked response amplitudes in AC, MC, and demonstrate neurogenesis in the rodent hippocampus
and IC animals did not differ and all animals displayed a [97] and visual corteX98]. Kaplan followed these observa-
capacity for LTP, suggesting that the circuits involved in tions with a report of mitosis in the subventricular zone of
processing this information may have been “reset” in the the adult monkey, demonstrating that cell division occurs in
AC and MC groups, thereby making LTP expression once not only rodents and cats, but in the adult primate as well
again possible. [99]. Even with these reports, the notion that new neurons
This research indicates that structural and functional were generated in adulthood was not well accepted. It was
changes are not only correlated, but are also modifiable not until new techniques and detection methods were devel-
by differential experience across the lifespan. Such mor- oped that the study of adult neurogenesis was re-instigated.
phological (e.g[58,121) and physiological plasticity (e.g. Using these new methods, neurogenesis has subsequently
[132,142) can occur very rapidly. While physiologically been reported in the adult rodent hippocamList], olfac-
defined modifications are somewhat easier to detect, a sig-tory bulb, and cerebral cortex and in other species such as
nificant amount of dendritic change must occur before it non-human primatelg6,77,109]and human$59].
can be readily discerned. In aged animals, the rate at which Accepting that neurogenesis occurs in adulthood, the
learning (behaviorally defined) and synapse addition (mor- focus in the study of this phenomenon has been directed
phologically defined) occur could simply be delayed. That at characterizing the occurrence of neurogenesis and deter-
is, senescent animals may be as capable of plastic responseasining what stimuli can modulate the proliferation and/or
(defined both morphologically and behaviorally), but the survival rate of these newly formed neurons. Recently, it
rate at which these animals achieve optimal performance iswas demonstrated that exercise on a running wheel in-
delayed. The extent of change is not stable across the lifescreased the rate of neuron proliferation in the rodent dentate
pan, as declines in the magnitude of experience-inducedgyrus when compared to both learning and inactive con-
brain plasticity in older animals have been reported (e.g. trols [168]. How exercise might specifically increase cell
[23,78). Moreover, aged animals may readily learn novel proliferation is unknown; however, several biochemical
tasks, but may attempt to use alternative learning strate-candidates exist. For example, serotonin, a neurotransmit-
gies (some of which are not always the most efficient ter known to be increased in response to exerfds¢ and
strategies or readily available) to accomplish similar goals, chronic antidepressant administration, has been shown to
as has been previously suggesfd®]. Such alternative  increase neuron proliferatiof29,120] In contrast, sero-
strategies could be interpreted as compensatory in naturetonin depletion decreased neuron proliferat[@8]. Sero-
[34] as there are undoubtedly functional and structural tonin is not the only compound in the brain known to be
declines associated with advanced age that could under-modulated by exercise and to influence adult neurogenesis.
lie learning and memory deficits. These observations hold For example, brain-derived neurotrophic factor (BDNF)
promise that behavioral “therapy” may be a useful strategy mRNA is up-regulated in response to exerdisé6] and has
in mitigating age-related neuronal deterioration throughout been shown to induce neurogenesis in regions of the brain
the brain. that do not commonly undergo neuron proliferatid36].
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Moreover, administration of BDNF has been shown to pro- in measures of myelin, exhibit similar plastic responses to
mote survival and/or neuronal differentiation of progenitor experience. Early work by Szeligo and Leblofiéb4] and
cells in vitro [153]. In contrast, increased stress levels, subsequent work by Juraska and Kop@k] indicated that
which are known to elicit multiple hormonal as well as neu- complex environment exposure subsequent to weaning af-
ronal responses, including decreasing BDNF mRNA levels fected myelination of subcortical and callosal white matter
[146], have been reported to decrease neuronal proliferationaxons. Again, this form of plasticity is not limited to de-
in the dentate gyrufr5]. Furthermore, reduction of corti-  velopment as corpus callosum myelination was increased in
costeroid levels, which are elevated in response to stressadult EC rats, compared to IC rdf30]. It is fascinating to
have been shown to increase cell proliferation in aged ratsconsider what roles are played by dramatically increasing
to levels comparable with young adu[&7]. Further study the conduction velocity in a specific callosal pathway in an
of these types of behavioral and chemical interventions will adult animal (or human).
hopefully provide a better understanding of the molecular  Together these data suggest an orchestrated response of
mechanism(s) controlling neuronal proliferation throughout numerous cell types in the brain to experience. The plastic-
the brain and how age influences these effects. ity of neurons occurs in the context of changes of tissues
Several recent studies have focused on the viability of we view as supporting neuronal function. There is ample
these newly formed neurons and what factors might in- evidence that plasticity of astrocytes could modify neuronal
fluence this process. For example, olfactory occlusion hasinteractions (e.g[18,124,126), and the myelination con-
been shown to not only decrease proliferation rates, but tosequences of experience must certainly modify function as
also decrease survival rates of newly formed neurons in well. The impression generated is that all (or most) elements
the olfactory bulb[49]. In contrast, exposure to a complex of brain (1) have the capacity for plastic change in response
environment has been reported to elevate neuron survivalto demand, and (2) reflect in their structural and functional
in the dentate gyrufl01]. While the rate of neurogenesis organization the history of experience.
in the dentate gyrus may decrease with age, exposure to
a complex environment has been reported to increase not
only the survival rate of newly formed neurons in aged 8. Vascular plasticity
mice (20-month-old), but also the likelihood that a progen-
itor cell would differentiate into a neuron and not a glial As is evident above, investigations of pathological modi-
cell [100]. These observations suggest that both experiencefications of the brain associated with the aging process have
and exercise can influence survival rate of new neurons andfocused almost exclusively on neuronal morphology; how-
selectively direct proliferating cells to a neuronal fate. ever, significant deterioration of the brain’s vasculature also
occurs[50,51,61,62] This decline may include loss of ves-
sels, changes in vessel wall characteristics, deposition of col-
7. Glial plagticity lagen and other material, and declines in blood flow, oxygen
extraction and glucose transpt66]. The precise role that
Less well known than these effects of neuron addition these degenerative changes may play in cognitive impair-
and plasticity of established neurons are the extensive ef-ments observed with aging is still unclear. In fact, whether
fects of experience upon non-neuronal elements of the brain.these changes precede pathological changes in the neuron
For example, astrocyte process surface density is approxi-or are a product of altered neuron function is still a matter
mately 20% greater per neuron in the visual cortex of EC of extensive debate.
rats, compared to IC ratd57]. An issue of interest, al- It is clear, however, that increasing evidence supports the
ready addressed above, is the specific relationship of thesebservation that manipulating blood flow to the brain alters
changes to the types of functional demands. Specifically, behavioral performance on a variety of tagk®3,135] For
there are at least two aspects of living in a complex environ- example, administration of erythropoietin (a glycoprotein
ment that could influence brain function: (1) learning, which that stimulates red blood cell production) has been shown to
clearly occurs based upon demonstrations that EC animalsenhance cognitive performance in rodej®8,148]and hu-
exposed after weaning or in adulthood differ behaviorally mans[2,122,128] Similar effects were obtained using the
from SC or IC reared animals (e[68,69,79,82,89,93] and cholinergic agonists citicoling8] and milmaline[151] as
(2) neuronal activity, driven by peripheral stimulation. Using well as the alpha-2A adrenergic agonist, guanfi¢ir® all
10-month-old rats exposed to either motor learning (AC), of which have been reported to increase blood flow. A signif-
exercise (VX), or inactive conditions (IC), it was shown that icant body of work has also linked estrogen with increased
the volume of astrocyte processes in the cerebellar cortex ofblood flow and enhanced cognitive performance (for review,
AC rats was highly correlated with synapse number per neu- see[119]).
ron and, surprisingly, not correlated with measures of vas- Behavioral strategies may also be capable of increasing
culature[10]. These astrocyte measures reflected changesblood flow and enhancing cognition. Numerous animal stud-
induced in adult animals, indicating that astrocytic plasticity ies have documented transient increases in cerebral blood
is not limited to development. Oligodendrocytes, reflected flow [70,83,158] oxygen extraction, and glucose utilization
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[170] during the execution of motor tasks as well as for is activated and lacks sufficient vascularization to support
a brief period following the cessation of physical activity. chronic levels of elevated neuronal activity. It is important
It is likely that prolonged exercise and the concomitant to emphasize that while the angiogenesis we have described
neural activity associated with it have significant long-term reflects a chronic change in the capillary innervation of the
consequences for behavioral and neural plasticity. For ex-brain, it may also substantially alter the dynamics of the
ample, several studies have reported that neurotrophinsblood-vascular response on a moment-to-moment basis. For
such as BDNF, VEGF, and FGF are elevated following example, when adult rats were permitted to exercise, blood
prolonged periods of exerci§é3,74,127,146] Though the volume within the motor cortex was approximately 19%
consequences of growth factor up-regulation are presentlygreater than control animalgl60,162] seeFig. 5). Flow al-
unclear, several studies have reported that animals exposedernating inversion recovery (FAIR) images, which are sen-
to prolonged exercise regimens exhibit significantly bet- sitive to flow rate, obtained from animals breathing air with
ter performance on a variety of spatial learning tasks that a normal level of CQ indicated that blood flow rate within
cannot be attributed simply to enhanced muscle strength orthis increased capillary volume did not differ from that of
endurancg11,65-67,139] Further studies will be neces- inactive controls. However, when exposed to elevated CO
sary to determine whether growth factor interactions with levels, the exercise group displayed enhanced flow rates.
neurons, capillaries, or glial cells underlie this phenomenon. Finally, immunolabeling of actively growing vessels indi-

Perhaps the most striking effect of exercise on plasticity cated that motor cortex is capable of substantial increases
of the brain’s vascular system is that of angiogenesis, thein vessel density across 30 days of training. In other words,
growth of new capillaries from preexisting vessels. Initially structure, perfusion, and response rate of the vascular sys-
angiogenesis, much like that for neurons, was believed totem were altered by exercise.
be limited to periods of developmefit5,36,84,145]or in Taken as a whole, the literature indicates that the brain
response to pathological insuli2,85,108,131]It has since  vascular system is highly plastic and remains so across the
been reported that angiogenesis is a natural consequence difespan. The vascular system is capable of responding to
heightened physical activity and the concomitant increase in environmental demands in both a phasic and tonic man-
neural activity, and can be induced by exposure to a complexner. Any manipulation that increases brain vascularization,
environmen{24] and exercis¢22,92] Thus, this growth is  and hence blood flow, might prove to be an effective strat-
not restricted to developmental periods but extends, albeitegy to minimize or delay the cognitive declines associ-
less robustly, into maturity and beyofB]. ated with aging. Finally, the data provide additional insight

Recently, the etiology of angiogenesis in the rat cere- into how the vascular system might be altered in the ag-
bellum has been characterized. Using an antibody againsting human and how the progress of these changes might be
the CD61 integrin expressed only on developing capillaries non-invasively monitored via functional magnetic resonance
[39,40]in the cerebellum of adult animals that exercised for imaging (fMRI) and positron emission tomography (PET)
a variety of periods of time, it has been reported that an- imaging.
giogenesis begins quickly (within 3 days) after the onset of
a voluntary exercise program and that this growth tempo-
rally coincides with elevated levels of exercise performance 9. Brain imaging and humans
[161,163]

While it is clear that angiogenesis persists across the lifes- The rapidly developing field of human neuroimaging
pan, the precise signals and mechanisms for capillary ad-provides a means for establishing the relationship between
dition are unknown. Cellular hypoxia and glucose deficits, fithess, cognition and brain function. Indeed, in recent
both likely products of intense exercise, as well as exerciseyears, there has been a growing body of literature examin-
itself, have all been reported to increase the production of ing age-related differences in patterns of brain activation,
VEGF [115,150,155]which is believed to be the primary through the use of PET and fMRI, in a variety of cogni-
growth factor associated with capillary formation in the de- tive operations including attention, multi-task processing
veloping brain[47,63] Recently, expression of at least one and task switching, linguistic processing, and aspects of
target for VEGF, the tyrosine kinase receptor flk-1, has beenworking and long-term memory. Although it is beyond the
observed to increase prior to the onset of both cerebellarscope of the present paper to provide a detailed discussion
and cortical angiogenesis, suggesting that activation of thisof this research, there are several important observations
receptor may be critical for the induction of vessel growth that are noteworthy. A substantial number of studies inves-
[31,32] tigating aging, cognition, and brain function have found

Angiogenesis in the brain is not restricted to the cerebel- evidence for dedifferentiation, that is, the observation that
lum. This phenomenon has also been demonstrated in visuablder adults show less specificity than young adults in the
cortex of rats exposed to complex environmej24] and regions of brain that are recruited to carry our a variety of
more recently in primary motor cortex of rats permitted to cognitive taskg35,134] For example, using PET to study
exercise voluntarily160,162] We hypothesized that angio- age differences in verbal and spatial working memory, it
genesis is likely to occur in any area of the adult brain that was reported that while younger adults showed a lateralized
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Fig. 5. This figure portrays the effects of exercise on blood flow in the brain of rats. Panel A depicts structural (left) and functional (right) magnetic
resonance images from an exercise animal (VX, top) and control animal (IC, bottom) which illustrate the marked changes in signal intensity that
accompany exercise. Deoxygenated hemoglobin in the blood subtracts from the image, such that greater blood utilization darken the imagets on the righ
The loss of signal is greater in the exercising animal in the upper right. Panel B provides a graphical representation of this effect for all animals.

pattern of frontal activity in these tasks, older adults showed compensatory hypothesis, it is conceivable that older adults
a pattern of bilateral frontal activation in both memory tasks may counteract, in part, cognitive deficits by recruiting ad-
[140]. Similarly, right frontal activation has been observed ditional cortical regions. For example, using event-related
in young adults during retrieval of verbal material, whereas fMRI it was shown that higher levels of activation of dorso-
older adults displayed bilateral frontal activation in the lateral prefrontal cortex were associated with faster working
same tas118] (see alsd34]). It is possible that similar  memory retrieval in older adulfd47]. Furthermore, using
events could be occurring in animals solving laboratory PET, it was reported that activation levels in the left parahip-
tasks using strategies that change with age, as proposed byocampal and right middle frontal gyri were significant pre-
Barnes et al[16]. dictors of reaction time in older adults during encoding of

Thus far, it is uncertain whether dedifferentiation in brain verbal materia]118]. These studies suggest that older adults
activity during aging serves as a compensatory function or use a selective compensatory mechanism when processing
instead represents a marker of decline. With regard to theinformation.
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